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Abstract 

Resveratrol is a natural polyphenol present in many plant species and derived foods 

including grapes and red wine. It has been shown to possess chemotherapeutic properties in 

animal cancer models as well as many biological effects in vitro. In this study, the effects of 

three resveratrol metabolites including resveratrol-3-0-D-glucuronide, resveratrol-4' -O-D

glucuronide and resveratrol-3-0-D-sulphate on the growth of colon cancer cell lines have 

been investigated. 

The growth inhibitory effects of resveratrol, piceatannol, pterostilbene and the glucuronide 

and sulphate metabolites on Caco-2, CCL-228 and HCT -116 cells were assessed using the 

neutral red and MIT assays. Resveratrol and its metabolites inhibited the growth of cells 

with ICso values in the range of 9.8-31 j.1M whilst piceatannol and pterostilbene in the range 

of 21.7-29.6j.1M and 5-34.5j.1M respectively. Apoptotic assessment by DAPI staining, Z

V AD-FMK pre-treatment and percentage of cells in sub-O 1 by F ACS all revealed the 

absence of apoptosis. Treatment of differentiated Caco-2 mono layers showed that 

resveratrol was capable of inhibiting the growth of cells following treatment on the apical 

but not basolateral membrane and the effects were less profound with the metabolites. Only 

high concentrations (500j.1M) of metabolites (not used in any of the growth studies) appeared 

to be toxic to nonnal cells as measured by a haemolysis assay. 

Resveratrol was capable of causing S phase arrest in all 3 cell lines at 30f.1M whilst the two 

glucuronides caused 00/01 arrest in Caco-2 and CCL-228 cells only. Resveratrol-3-0-D

sulphate had no effect on the cell cycle. Growth inhibition caused by resveratrol and its two 

glucuronides was reversed by the addition of an AMP kinase inhibitor (compound C) or an 

adenosine A3 receptor antagonist (MRS-1191). Treatment with the highly selective A3 

receptor agonist, 2CI-IB-MECA caused growth inhibition and the A3 receptor was detected 

in all 3 cell lines. Levels of cyclin D I as measured by western blot were significantly 

reduced at higher concentrations (100j.1M) but p-AMPK was not reliably increased in all 

cases. 

Resveratrol glucuronides were shown to inhibit the growth of three colon cancer cell lines 

by 00/01 arrest and depletion of cyclin D 1. These findings strongly suggest a role of the 

adenosine A3 receptor in the observed inhibition therefore, providing a novel target for 

resveratrol and its metabolites. 
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Chapter 1. General Introduction 

1.1 Cancer 

Cancer is a collection of diseases characterised by changes at the genomic level. The 

identification of mutations that generate oncogenes with a dominant gain of function 

and the recessive loss of function of tumour suppressor genes are the main 

characteristics (Hanahan and Weinberg, 2000). Their initial discovery was via their 

modification in both human and animal cancer cells in vitro and the cancer phenotype in 

experimental models (Bishop and Weinberg, 1996). Tumourigenesis is a multi-step 

process leading to genetic alterations which force the change of normal cells into 

malignant ones therefore leading to neoplasia (Hanahan & Weinberg, 2000). 

The process of carcinogenesis is caused by either one or a mixture of chemical, 

physical, biological and genetic attack on individual cells (Balmain et al., 1993). These 

include chemical carcinogens such as aromatic amines, polycyclic hydrocarbons, 

ultraviolet and ionising radiation which cause major structural mutations in DNA. It has 

been shown that certain oncogenic viruses, such as adenoviruses are also capable of 

causing DNA structural modifications (Balmain et al., 1993). Three steps of 

carcinogenesis have been identified and these include initiation, promotion and 

progression (Hanahan and Weinberg, 2011, Farber, 1984). 
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1.2 Cancer statistics 

Cancer is one of the leading causes of death in both men and women worldwide (Siegel 

et at., 2012) with 12.7 million cases being reported in 2008 and death rates reaching 

approximately 7.6 million (WHO). The latest U.S cancer statistics have reported a total 

of 1,638,910 new cancer cases and 577,190 deaths from cancer to occur in 2012 (Siegel 

et at., 2012). In the United Kingdom, 320,000 new cancer cases were reported in 2009 

and cancer was responsible for 157,275 deaths in 201 0 (Cancer Research UK). 

1.3 Hallmarks of Cancer 

Hanahan and Weinberg (2000) were the first to characterise the acquired capabilities of 

cancer. These include: a) self-sufficiency in growth signals, b) insensitivity to 

antigrowth signals, c) evasion of apoptosis (programmed cell death), d) limitless 

replicative potential, e) sustained angiogenesis and, t) tissue invasion and metastasis. 

Recently however, additional hallmarks of cancer involved in the pathogenesis of some 

if not all cancers have been identified, which are divided into two groups: a) emerging 

hallmarks (deregulating cellular energy and avoiding immune destruction) and, b) 

enabling characteristics (genome instability and mutation, and tumour-promoting 

inflammation) (Hanahan and Weinberg, 2011). 
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1.4 Colorectal Cancer 

Colorectal cancer is a type of tumour that occurs in the large intestine or the rectum and 

is largely a carcinoma; that is a cancer that is instigated in the skin or in tissues that line 

internal organs. Certain other types of cancers have been found to affect the colon 

including lymphoma, melanoma and sarcomas but these are rare. All colon cancers 

exclusively arise in the glands present in the lining of the colon and rectum (Tortora and 

Derrickson, 2008). Like all cancers, there is no sole cause of colorectal cancer. The 

majority of tumours begin as non-malignant or benign polyps that consequently lead to 

the formation of a tumour. 

In the UK in 2009, 41,142 new colorectal cancer cases were reported and colorectal 

cancer was responsible for 16,013 deaths in the UK (Cancer Research UK). Between 

the years 2005-2009, 54% of men and 56% of women in England survived their 

colorectal cancer for 5 years or more. Collectively, these statistics make colorectal 

cancer the third most common cancer in men after prostate and lung cancer and the 

second most common in women after breast cancer (Cancer Research UK). 

1.5 Symptoms 

Most of the cases of colorectal cancer are asymptomatic but certain symptoms may be a 

sign of colorectal cancer (Sack and Rothman, 2000). These include: 

• Pain in the abdomen and tenderness in the lower abdomen 

• Presence of blood in the faeces 

• Changes in bowel habits, diarrhoea or constipation 

• Narrow stools 

• Unexpected weight loss 
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1.6 Signs and tests 

With the aid of screening, colon cancer can be detected prior to the development of 

symptoms and therefore patients have a better prognosis due to the early stage of the 

tumour. Tests include faecal occult blood test (FOBT) employed for the detection of 

small amounts of blood in the faeces accompanied by either colonoscopy or 

sigmoidoscopy (Sack and Rothman, 2000). Blood tests are also employed for the 

measurement of complete blood count (CBC) (to test for anaemia) and liver function. If 

there is any indication of colorectal cancer with the fore mentioned tests, further tests 

will be employed in order to identify whether the tumour has spread. Computed 

tomography (CT) or magnetic resonance imaging (MRI) scans may be used as well as 

positron emission tomography (PET) scans for the staging of cancer. 

1.7 Stages 

There are currently two staging systems in place for colorectal cancer; Dukes' staging 

system and the TNM staging system (T -tumour size; N-number of lymph nodes 

affected; and M-presence of metastasis) (Kim et ai., 2011). The Dukes' system is 

subdivided into 4 distinct classes namely, A, B, C and D. Dukes' A corresponds to the 

cancer which is only present in the innermost lining of the colon or rectum or even 

characterised by a small growth in the muscle layer. Cancers classified as Dukes' stage 

B mean that the cancer has grown through the muscle layer of either the colon or the 

rectum. In Dukes' C the cancer has invaded at least one lymph node in the vicinity of 

the colon whilst in the final stage, Dukes' D the cancer has metastasised to another 

organ, usually the liver or lung (Figure 1.1). 
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The scenario in the TNM (Tumour, Node, Metastases) classification is slightly more 

complex. This involves the size of the primary tumour (T), the presence of cancer cells 

in the lymph nodes (N) and whether the cancer has metastasised to another site (M). 

Spread to other organs 

Lyr : 
nex 

Figure 1.1 Stages of colorectal cancer. Taken from National Cancer [nstitute 

(http://visualsonline.cancer.gov/details.cfm?imageid=7181 ). 
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1.9 Current therapies 

The current treatment options for colorectal cancer include surgery, chemotherapy or 

radiotherapy. Chemotherapeutic drugs currently being used for the treatment of 

colorectal cancer include 5-Fluorouracil (5-FU), capecitabine, oxaliplatin, irinotecan 

and uftoral. These can either be administered neo-adjuvantly (prior to surgery to reduce 

the size of the tumour) or adjuvantly (after surgery to ensure that any remaining cancer 

cells are killed) (Meyerhardt and Mayer, 2005). More specifically, 5-fluorouracil and 

capecitabine belong to a family of chemotherapy drugs known as anti-metabolites that 

act by blocking the synthesis of DNA and RNA therefore leading to growth inhibition. 

Oxaliplatin on the other hand is categorised in the 'alkylating agent' group which have 

an effect on the cell cycle and act by causing crosslinkage of the DNA strands therefore 

preventing DNA synthesis whilst irinotecan acts by inhibiting the topoisomerase I 

enzyme therefore blocking the proliferation of cells and halting cell division (Andre et 

al., 2004). Uftoral, also known as tegafur-uracil is a combination of chemotherapy 

drugs (Douillard et al., 2002). Following drug metabolism, tegafur is converted to the 

active drug (5-Fluorouracil), whilst uracil aids in the delay of the breakdown of 5-FU 

therefore increasing its half-life. 

1.10 Chemoprevention 

One of the expanding areas in cancer research is the concept of chemoprevention and 

the ability of natural products to prevent carcinogenesis. Chemoprevention is 

characterised by the use of natural products and/or synthetic compounds that are capable 

of delaying, preventing, or reversing the development and progression of tumours (Pan 

et al., 2011). The affected targets associated with their chemopreventive effects include 

the control of signalling pathways, gene expression modulation of proteins involved in 
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the control of proliferation, differentiation and apoptosis and inhibition of inflammation, 

metastasis and angiogenesis (Pan et al., 2011). 

The most widely known chemopreventive agents are the non-steroidal anti

inflammatory drugs (NSAIDs) including aspirin and sulindac, which have been shown 

to inhibit cyclooxygenase (COX). The COX inhibitory activity is important in cancer 

chemoprevention for its ability to catalyse the change of arachidonic acid to pro

inflammatory compounds including prostaglandins that can promote tumour growth, 

fonn an inflammatory microenvironment during cancer fonnation and evade immune 

control (lang et al., 1997, Pan et ai., 2011). Furthennore, COX enzymes are also 

capable of activating carcinogens in fonns that damage DNA (Jang et ai., 1997). 

Studies conducted so far, have resulted in noteworthy findings. More specifically, it has 

been shown that resveratrol is capable of preventing or slowing the development of 

several illnesses including cancer, cardiovascular disease and ischaemic injuries (lang et 

al., 1997, Bradamante et at., 2004, Wang et at., 2002, Sinha et ai., 2002). Furthennore, 

studies have demonstrated that resveratrol is also able to improve stress resistance and 

prolong the lifespan of different organisms ranging from yeast to vertebrates (Howitz et 

al., 2003b, Valenzano et ai., 2006). 

Colorectal cancer risk and its correlation with diet are presented in Table 1.1 (Research, 

2011) (World Cancer Research Fundi American Institute for Cancer Research, 2011). 

Several risk factors for colorectal cancer have been identified so far, including diet, 

physical activity, alcohol consumption, smoking and family history of which a detailed 

analysis is depicted in Table 1.1. Studies provide strong evidence to support that 
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approximately 57% of colorectal cancer cases in men and 52% in women in the United 

Kingdom are correlated to lifestyle and environmental factors (Parkin et at., 2011). 

8 



Table 1.1 List of dietary products and compounds shown to either decrease or increase the risk 

of colorectal cancer. 

Effect References 

High intake of red & Increased risk WCRF/AICR,2011 
processed meat 

Fish No sufficient data for WCRF/AICR,2011 
decreased risk 

Dietary fibre Protective role WCRF I AICR, 2011 

Fruits and vegetables No sufficient evidence for WCRF I AICR, 2011 
protection but decreased 
risk of lung cancer 

High-fat diet No association WCRF/AICR,2011 

Milk consumption Reduced risk WCRF/AICR,2011 

Dietary sugar intake Uncertain WCRF/AICR,2011 

Vitamin B6 Decreased risk! WCRF/AICR,2011/(Chan 
Increased risk and Giovannucci, 2010) 

Vitamin BI2 No association! higher (Eussen el ai., 20 I 0, Key el 
levels reduce the risk ai., 2012, Le Marchand et 

ai., 20 II, Kune and 
Watson, 2011, Dahlin etal., 
2008) 

Calcium and vitamin D Protection WCRF/AICR,2011 

supplements (combination) 

Obesity Increased risk WCRF/AICR, 2011 

Alcohol consumption (even Increased risk WCRF/AICR,2011 

at moderate levels) 

Smoking Increased risk WCRF/AICR,2011 

NSAIDs (aspirin) Reduced risk WCRF/AICR,2011 

Oestrogen-only HRTI Oral Protective effect! no WCRF/AICR, 2011 

contraceptives association 

Ulcerative colitis, Crohn's Increased risk WCRF/AICR, 2011 

disease and type II diabetes 

Radiation exposure Increased risk WCRF/AICR, 2011 

Familial adenomatous Increased risk (Feamhead el al., 2002) 
polyposis (F AP) and 
hereditary non-polyposis 
colorectal cancer 
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1.11 Resveratrol 

Resveratrol (3,5,4' -trihydroxy-trans-stilbene) (RV) is a natural polyphenol present in 

red grapes (Vilis vinifera), peanuts, and berries, amongst other sources and was first 

isolated in 1940 from the roots of the white hellebore (Veratrum grandiflorum o.Loes) 

(Takaoka, 1940) and in 1963 from the roots of Polygonum cuspidatum (Nonomura et 

al., 1963). This plant is used in conventional Chinese and Japanese medicine and known 

as ko-jo-kon, for the treatment of suppurative dermatitis, gonorrhoea favus, athlete's 

foot, and hyperlipidemia (Vastano et al., 2000, Cichewicz and Kouzi, 2002, Lee et al., 

1998, Takaoka, 1940). Resveratrol is composed of two aromatic rings connected by a 

methylene bridge. This compound is produced naturally by 72 different plant species 

and exists in both the cis- and trans- configurations of which only the trans- isoform is 

biologically active (Figure 1.2) (Catalgol et al., 2012, Soleas et al., 1997). 

A B 

HO 

HO 

OH OH 

Figure 1.2 Structures of cis-resveratrol (A) and trans-resveratrol (8). 
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In 1976, resveratrol was characterised as a phytoalexin produced in plants other than 

grapes in response to fungal infection (Botrytis cinerea), injury, ultraviolet radiation or 

other stresses (AGGARWAL et aI., 2004, Langcake and Pryce, 1976). 

Resveratrol synthesis is limited to the leaf epidennis and grape skin. Since grape skins 

are not used in the fermentation process during white wine production, the levels of 

resveratrol are significantly greater in red wine (Catalgol et a/., 2012). Studies have 

shown that fresh grape skins contain 50-100mg resveratrol per gram, corresponding to 

5-10% of their biomass, whilst the concentration in wine ranges from O.2mgll to 

7.7mgll (Saiko et al., 2008). 

Only in 1992 did resveratrol attract further attention when it was suggested to be 

involved in the cardioprotective effects of red wine (Siemann and Creasy, 1992). 

Resveratrol was found not only to have cardioprotective effects, but also anti

inflammatory, anti-cancer and other beneficial effects in vitro. 

1.12 The"French Paradox" 

The phenomenon known as the "French Paradox" arose after epidemiological studies 

identified an inverse correlation between the intake of red wine (alcohol consumption at 

the level of intake of 20-30g per day) and the occurrence of cardiovascular disease. This 

is clearly exemplified by the 40% lower incidence of infarction in France compared to 

the rest of Europe regardless of the very high saturated fat diet (Renaud and de Lorgeril, 

1992). The hypothesis however, that drinking red wine will protect against a diet high in 

fat is yet to be proven and remains inconclusive (Opie et aI., 2011). 
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1.12.1 Effects of resveratrol on the cardiovascular system 

Multiple in vitro studies have been conducted in order to discover the mechanisms of 

action of resveratrol. Two factors which have been shown to be involved in the 

pathogenesis of cardiovascular diseases are oxidative damage and reactive species 

(reactive oxygen species-ROS and reactive nitrogen species-RNS) (Ago et al., 2010, 

Schiffrin, 2010). The three major ROS which have been shown to be involved in 

cardiovascular diseases are superoxide (02-), hydroxyl (OH) and hydrogen peroxide 

(H202). The two main RNS are nitric oxide (NO) and peroxynitrite (Catalgol et al., 

2012). Studies have shown that resveratrol is capable both of increasing the resistance 

to vascular oxidative stress by acting as a H202 scavenger and inhibiting endothelial cell 

death caused by oxidative stress at concentrations 10-4 mollL and 10-5 mollL 

respectively, contributing to its cardioprotective properties (Ungvari et al., 2007). 

However, it is uncertain if polyphenols, including resveratrol or flavonoids, at 

bioavailable concentrations «IJ.lM) have any appreciable antioxidant effects (Halliwell, 

2008). 

Nitric oxide (NO) plays an important role in the pathogenesis of cardiovascular 

diseases. It is produced by the endothelial NOS (nitric oxide synthase) and plays a key 

part in maintaining cardiovascular homeostasis (Catalgol et al., 2012). It is important to 

point out that low NO concentrations are advantageous to the cardiovascular system 

(cause vasodilation) but high concentrations have reverse effects due to the reactive 

characteristics of the compound. Treatment of HUVEC (human umbilical vein 

endothelial cells) with resveratrol (l0-100J.lmollL) caused an increased expression of 

endothelial nitric oxide synthase (eNOS) mRNA which could possibly be responsible 

for the cardioprotective effects exerted by resveratrol (Wallerath et al., 2002). 

12 



Further studies have investigated the antioxidant properties of resveratrol as well as its 

ability to inhibit oxidation reactions. One such study revealed that resveratrol (20J.1M) 

hindered apoptosis related to oxidative stress in peripheral blood mononuclear cells 

(Losa, 2003). Results from a study by Oas and colleagues (2005) showed that 

resveratrol at concentrations greater than 30J.1M, is capable of pre-conditioning rat 

hearts via adenosine A3 receptor signalling, leading to CREB (cAMP response-element 

binding protein) phosphorylation either through Akt-dependent or -independent 

mechanisms ultimately leading to cardioprotection (Oas et al., 2005). 

A study conducted by Robich and colleagues (2010) using the Yorkshire swine 

hypercholesterolemic model showed that resveratrol administration (lOOmg/kg/day 

orally) positively affected certain cardiovascular disease risk factors including high 

body mass index, cholesterol, glucose tolerance and systolic pressure by decreasing all 

these parameters(Robich et al., 2010). Another study explored the effects of resveratrol 

in hypocholesterolemia using apolipoprotein E (apoE) (-/-) mice. It was found that 

resveratrol supplements (0.02% and 0.06% w/w) induced a decrease in the 

concentration of total-cholesterol (total-C) and low-density lipoprotein cholesterol 

(LOL-C) in plasma, decreased the existence of atherosclerotic lesions and periarterial 

fat accumulation and blocked the expression of the intracellular adhesion molecule-l 

(lCAM-l) and vascular cell adhesion molecule-l (VCAM-l) in atherosclerotic lesions 

(Do et al., 2008). Furthermore, resveratrol (2.3mgIL) was shown to provide 

cardioprotection by significantly minimising the infarct size of wild-type mouse hearts 

relative to control via activation of the survivor activating factor enhancement (SAFE) 

pro-survival signal transduction pathway that consists of the activation of TNF-a and 

signal transducer and activator of transcription 3 (STAT 3) (Lamont et al., 2011). 
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1.13 Biological activities of resveratrol 

The precise mechanism of action by which resveratrol exerts a variety of beneficial 

effects in several species and disease conditions is still unknown. It is clear however, 

that resveratrol exhibits multiple biological activities (Figure 1.3). In the sections that 

follow, some key molecular and cellular mechanisms affected by resveratrol will be 

discussed. 

Figure 1.3 Molecular targets of resveratrol for anti-carcinogenic effects. AP, activator protein; 

c-IAP, cellular inhibitor of apoptosis protein; NF-KB, nuclear-factor kappa B; PARP, poly 

(ADP-ribose) polymerase; STAT, signal transducers and activators of transcription; VEGF, 

vascular endothelial growth factor. Adapted from (Harikumar and Aggarwal, 2008). 
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1.13.1 Resveratrol and longevity 

It has been suggested that resveratrol is capable of increasing the lifespan and 

additionally promotes healthy aging. Studies investigating the effect of resveratrol on 

the lifespan of several organisms including Saccharomyces cerevisae, Caenorhabditis 

elegans (worm) and Drosophila melanogaster (fruit fly) revealed a strong correlation 

(Wood et al., 2004, Howitz et al., 2003a). 

Several studies have shown that caloric restriction leads to overexpression of Sir2 (a 

conserved NAD+-dependent deacetylase) therefore increasing the lifespan in these 

organisms (Catalgol et al., 2012). Sir2 belongs to the sirtuin (SIRT) pathway which 

affects the cell cycle, response following DNA damage, apoptosis, metabolism and 

autophagy (Satoh et al., 2011). Sir2 can become activated by various factors including 

caloric restriction (by increased intracellular NAD concentration), diminishment of its 

negative regulator, or by a pharmacological approach by the use of activators including 

resveratrol (Pearson et aI., 2008). One member of the SIRT family, SIRTI (the 

mammalian homolog of Sir2) is associated with caloric restriction and the reduction in 

diseases related with age (Pacholec et al., 2010). 

A study by Howitz and colleagues (2003) identified that resveratrol acts as an effector 

of in vitro activity of SIRTI (increasing SIRTI activity). This finding was further 

substantiated by a more recent study by Price et aI. (2012). Additionally, cell based 

assays further supported the findings that resveratrol was a direct SIRTI target in vivo 

and therefore, explained several of the physiological benefits linked to resveratrol. 

In addition, resveratrol (12.5~M, 25~M and 50~M) is capable of increasing AMPK 

levels, mitochondrial number and insulin sensitivity whilst decreasing insulin-like 

growth factor-l (IGF-l) levels and improving motor function (Baur el al., 2006). 
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However, increased longevity was only observed in elderly mice treated with resveratrol 

leading to decreased inflammation, and apoptosis in the vascular endothelium. Contrary, 

younger mice on a standard diet did not reveal signs of increased longevity when treated 

with resveratrol (Pearson et ai., 2008). 

A study revealed that a moderate dose of resveratrol (2SJ.l.M) in mice was capable of 

increasing mitochondrial biogenesis and function whilst also activating AMPK and 

increasing the levels ofNAD+ in skeletal muscle (Price et ai., 2012). Adult mice with a 

whole-body deletion of SIRTI however, did not exhibit these health-promoting 

benefits. AMPK activation with high resveratrol concentrations (SOJ.l.M) was found to 

occur independent of SIRTI thus exemplifying the importance of different resveratrol 

concentrations. More importantly, there was no evidence of improved mitochondrial 

function in the SIRTI knockout group at both resveratrol concentrations (Price et ai., 

2012). SIRTI is therefore, an important target in facilitating the effects of resveratrol on 

the biogenesis of mitochondria. 

1.13.2 Resveratrol and cancer 

A plethora of studies have been conducted to date investigating the effects of resveratrol 

in cancer and numerous targets have been identified. Resveratrol is capable of blocking 

tumourigenesis and inhibits Phase I whilst inducing Phase II enzymes therefore 

increasing the detoxification of carcinogens (Catalgol et ai., 2012). Furthermore, effects 

include alterations in the cell cycle, the ability to cause apoptosis, suppressing 

angiogenesis and therefore invasion and metastasis. This natural polyphenol has also 

been shown to be a good candidate for sensitising cancer cells (HT-29 colorectal cancer 

cells) to chemotherapeutic agents like etoposide (Kundu and Surh, 2004). The inhibition 
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in the growth of tumour cells in the in vitro scenario has consequently directed to pre-

clinical animal studies in order to assess the effects in vivo (Bishayee, 2009). 

Extensive research over the past decade has identified resveratrol as a good candidate 

for chemoprevention and cancer therapy (Pezzuto et al., 2006, Aggarwal et al., 2004). 

Resveratrol is capable of suppressing the growth of a wide range of human cancer cells 

in vitro (extensively reviewed by Aggarwal et al., 2004). The chemotherapeutic 

potential of resveratrol was shown to be mediated via various cell signalling pathways 

and include cell cycle arrest, inhibition of cell proliferation, induction of apoptosis, and 

inhibition of angiogenesis and metastasis where most of these are summarised in the 

following sections. 

Resveratrol was found to possess a dual function on the MAPK pathway. It is capable 

of activating MAPK at low concentrations (lpM to 10J.1M) and thus increase 

proliferation, but, can block the signal transduction of this pathway at higher 

concentrations ranging from 50J.1M to 100f,.lM causing a decrease in proliferation 

(Miloso et al., 1999). 

1.13.3 Inhibition of COX by resveratrol 

Jang and colleagues were the first to suggest that resveratrol might be a successful 

candidate for chemoprevention due to its ability to inhibit the enzymatic activity of 

cyclooxygenase-I (COX-I, EDso= 15J.1M) and cyclooxygenase-2 (COX-2, EDso= 

85J.1M). Epidemiological studies have identified that long-term inhibition of COX 

decreases the risk of tumour development while the deletion of the gene encoding COX-

2 has protective effects in a mouse model of colorectal cancer (Baur and Sinclair, 2006). 

Resveratrol is capable of reducing the activity of total COX in both cancerous and 

normal tissues in vivo (Aziz et al., 2005, Khanduja et al., 2004) by modest selective 
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blockage of COX-l activity and reduction of the COX-2 mRNA levels (Li et al., 2002, 

Subbaramaiah et al., 1998, Martin et al., 2004). In addition, Calamini and colleagues 

(2010) have demonstrated the ability of resveratrol-4' -O-D-sulphate (metabolite of 

resveratrol) to inhibit COX-l (ICso 5.1 J,lM) and COX-2 (ICso 2.5J,lM) (Calamini et al., 

2010). COX-l is important for sustaining normal physiological activity whilst COX-2 is 

involved in inflammation and the production of prostaglandins at the site of 

inflammation (Murias et al., 2004, Zykova et al., 2008). The expression of COX-2 is 

influenced by different stimuli including oncogenes and tumour promoters (Murias et 

al., 2004). 

1.13.4 Effects of resveratrol on drug metabolism 

The process of drug metabolism is divided into two phases that differ in the enzymes 

involved. Phase I enzymes are constitutively activated and are composed of cytochrome 

P450's (CYP's) and flavin monooxygenases but are capable of being expressed further 

(Baur and Sinclair, 2006). These enzymes are capable of promoting the excretion of 

foreign compounds by making them more polar by oxidation, reduction or hydrolysis. 

Phase II enzymes on the other hand consist of conjugating and antioxidant enzymes that 

become activated and function to detoxify dangerous chemicals. In vitro studies have 

demonstrated that resveratrol (0.18J,lM) is capable of inhibiting the activity of several 

Phase I enzymes whilst upregulating Phase II enzymes. The stimulation of Phase II 

enzymes by resveratrol and other chemopreventive agents is therefore believed to be a 

promising approach for cancer prevention (Giudice and Montella, 2006). 
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1.14 Resveratrol in clinical trials 

To date, there have been 59 clinical trials involving resveratrol, some of these 

completed whilst others still recruiting volunteers (clinicaltrials.gov). A brief summary 

of some of these clinical trials is presented in Table 1.2. Of these, several studies have 

focused on the use of resveratrol in cancer. More specifically, one Phase I study 

investigated the effect of resveratrol administered at different doses from four distinct 

sources (resveratrol tablets or grape powder at two different concentrations within each 

group) on the Wnt signalling pathway in a clinical setting (NCT00256334). The results 

from this study showed that resveratrol was capable of inhibiting the Wnt target gene 

expression in normal colonic mucosa, suggesting a chemopreventive activity (Nguyen 

et al., 2009). A further study currently recruiting participants aims to identify the effects 

of resveratrol on Notch-1 signalling in patients with low grade gastrointestinal tumours 

(NCTOI476592). 

One of the first studies investigating the pharmacokinetics of resveratrol was by 

Goldberg and colleagues in 2003 who reported the highest serum concentrations of 

revseratrol and metabolites after 30 minutes oral ingestion with free resveratrol 

corresponding to 1.7-1.9% in plasma. The low levels of free resveratrol « 40nmoVL) 

made the authors conclude that concentrations reached through dietary consumption 

would not be sufficient to induce any biological effects, according to in vitro findings 

(5-100J.LM) (Goldberg et al., 2003). 

Clinical pilot studies however, evaluating the safety and pharmacokinetics of resveratrol 

as a single or repeat dose (0.5, 1.0, 2.5 or 5.0g) on healthy volunteers, identified an 

average peak plasma concentration of resveratrol of 2.4J.1M at the single highest dose. 

The maximum plasma concentration of the two glucuronides however, appeared to be 
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three-to-eight fold higher and a correlation between the plasma concentration and time 

curve (area under the curve) has shown a 23-fold increase compared to resveratrol 

suggesting a greater exposure of the metabolites (Boocock et al., 2007a, Brown et al., 

2010). In the follow-up study, administration of resveratrol at the same doses as 

mentioned above was carried out for 29 days. This identified a 2.4-13 fold increase in 

peak plasma concentrations of the three main metabolites relative to resveratrol (0.19 to 

4.24/lM) (Brown et aI., 2010). Based on these findings, in vitro concentrations of the 

metabolites up to 55/lM appear to be reached in vivo. The highest well tolerated 

repeated dose of resveratrol has been reported to be 1.0g (Boocock et al., 2007). Since 

resveratrol undergoes extensive metabolism in humans, contribution of the metabolites 

to this activity could possibly produce plasma concentrations of total resveratrol that are 

efficacious. Patel et a1. (2010) have identified that resveratrollevels in human colorectal 

tissue following a 1.0g oral dose were in agreement with resveratrol concentrations 

capable of causing anti-tumourigenic effects in vitro using cancer cell lines and in the 

gastrointestinal tract of Apcmin mice following an effective dose (240mg/kg, 10-14 

weeks) leading to a decrease in intestinal adenoma formation (Sale et al., 2005). 

Extensive research has identified the anticarcinogenic effects of resveratrol in vitro and 

results from cancer preventive and therapeutic studies in experimental animal models 

further substantiate these findings (Bishayee, 2009). The current in vivo studies have 

revealed that resveratrol inhibits carcinogenesis in various organ sites including skin, 

breast, prostate, lung as well as the gastrointestinal tract. One such study has shown that 

resveratrol (200/lg/kg for 100 days in drinking water) was capable of inhibiting AOM

induced colon carcinogenesis in male F344 rats by increasing the expression of Bax and 

p21 (Tessitore et aI., 2000). 

20 



Table 1.2 Overview of published and on-going clinical trials involving resveratrol. The 

numbers in brackets represent the number of individuals. Adaptedfrom Patel et al., 2011. 

Cohort Form of Resveratrol Dosing regime Study outcome Reference 
resveratrol dose 

Healthy males White wine, 25mg/70kg Single Similar (Goldberg et aI., 
(12) white grapes resveratrol 2003) 

juice or absorption with 
vegetable juice all three 

matrices 

Healthy males Grape juice 0.32, 0.64, 0.96 Single Metabolite (Meng et aI., 
(3) (200,400,600 or or 1.92 mg profile 2004) 

1200 ml) 

Healthy males 500mg capsules 0.5, 1, 2.5 or Single Metabolite (Boocock et aI., 
(18) and 5.0g profile. No 2007b) 
females (22) serious adverse 

effects caused. 

Healthy males 250ml red wine, 14~glkg Single Resveratrol six (Ortufto et aI., 
(II) 1 L grapes juice, fold more 2010) 

or 10 tablets bioavailable in 
red wine and 
grape juice than 
tablets 

Healthy males Capsules 200mg Single followed Resveratrol was (Nunes et aI., 
(12 young) and by multiple well-tolerated 2009) 
females (12 doses three by young and 
elderly) times a day (2 elderly subjects 

days) and a 
final single dose 

Healthy males Capsules 25, 50, 100 or Six times per Well-tolerated (Almeida et aI., 
(20) and I50mg day, for 13 except for some 2009) 
females (20) doses mild adverse 

reactions being 
reported 

Male (9) and 500mg caplets 0.5 or I.Og Once daily for 8 Metabolite (Patel et aI., 
female (11) days prior to profile in 2010) 
colorectal surgery tumour tissue 
cancer patients 

Healthy males 500mg caplets Ig Once daily for Modulation of (Chow et aI., 
(11) and 28 days enzymes 2010a) 
females (31) involved in 

carcinogen 
activation and 
detoxification 
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Table 1.2 
continuation 

Colon cancer Plant-derived 3.886mg, 14 days Inhibition of (Nguyen et aI., 
patients (8) resveratrol 15.54mg, Wnt signalling 2009) 

tablets 0.073mg in normal 
(20mg/day or (O.32J.lM) and colonic mucosa 
80mg/day) or 0.1l4mg suggesting a 
grape powder (0.5J.lM) beneficial role 
(80g/dayor respectively ofresveratrol in 
120g/day) colon cancer 

prevention 

Patients with 2.5g nla Twice daily; Effects of On-going 
gastrointestinal three months resveratrol on NCTOl476592 
neuroendocrine Notch-I; 
tumours safety/efficacy 
(estimated study 
enrolment 7} 

1.15 Is bioavailability a problem anymore? 

The efficacy of orally administered resveratrol depends on its absorption, metabolism 

and tissue distribution. The main problem is the fact that resveratrol is found at 

nanomolar concentrations in the blood which does not reflect the effects seen in vitro 

which are in micromolar concentrations (Baur and Sinclair, 2006). Bioavailability has 

been regarded as a major issue and this was illustrated by the very low amount of 

resveratrol present in wine (0.3-7mg aglycones/L and 15mg glucoside/L in red wine) 

(Manach et al., 2004). The majority of studies have implicated resveratrol in disease 

prevention; however, only a few studies have investigated the bioavailability and 

metabolism of resveratrol (Yu et al., 2002). A small number of in vivo studies in 

animals and humans revealed a very low level of intestinal uptake of resveratrol 

therefore leading to only minute levels in the bloodstream due to widespread gut and 

liver metabolism (half-life of - 8 to 14 minutes) (Saiko et al., 2008). Resveratrol is 

accumulated in the intestinal mucosa (Baur and Sinclair, 2006). In humans, the majority 

of resveratrol after an intravenous dose is converted to sulphate conjugates in 
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approximately 30 minutes (Saiko et al., 2008). For instance, Calamini et al. (2010) 

reported plasma concentrations as high as 0.5flM for resveratrol and 2-10flM for 

resveratrol-4'-O-D-sulphate after oral administration of pure resveratrol thus concluding 

effective in vivo inhibition of COX-l and COX-2. Resveratrol conjugates have not been 

tested extensively in vitro and currently, the active form of resveratrol responsible for 

the effects reported is still unknown. 

Current research however, has provided evidence that the bioavailability of resveratrol 

is no longer an issue since pharmacokinetic experiments using a mixture of resveratrol-

3-0-D-sulphate and resveratrol-4'-O-D-sulphate in mice have shown that resveratrol 

metabolites are absorbed and undergo hydrolysis thus liberating free resveratrol 

(Andreadi, 2012). Possible reasons as to why resveratrol exhibits chemopreventive 

properties in in vivo colorectal cancer animal models could be the accumulation of the 

drug in the colon. It is also possible that resveratrol metabolites in the blood become 

deconjugated back to free resveratrol in target tissues or even excreted into the bile 

following enterohepatic circulation leading to deconjugation in the colon by colonic 

bacteria. 

1.16 Resveratrol metabolites 

Despite its low bioavailability, in vivo evidence has shown that resveratrol has a 

protective role in rodent models, which suggests that its conjugates (e.g. trans-RV-3-0-

D-glucuronide, resveratrol-4' -O-D-glucuronide, trans-resveratrol-4' -O-D-sulphate and 

trans-resveratrol-3-0-D-sulphate), or other metabolites (e.g. piceatannol), may be active 

(Figure 1.4). The metabolites reach 3-8 fold greater concentrations than the parent 

compound after absorption and possess longer half-lives therefore leading to greater 
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exposure (reaching 23-fold) to the metabolites compared to the aglycone (Patel et al., 

2011). 

Currently, only one study has investigated the effect of the sulphated metabolites 

against breast cancer cells (Miksits et al., 2009). The three major sulphated metabolites 

were tested and these studies demonstrated that unlike resveratrol, the metabolites 

showed low cytotoxicity in malignant and non- malignant breast cancer cells (ICso= 

202-228J.lM). This, however, may not be representative of the effects in vivo mainly due 

to the presence of sulphatases which could probably de-conjugate the metabolites back 

into resveratrol (Miksits et al., 2009). Resveratrol conjugates are not able to enter the 

cell easily unless bound on a specified transporter. More specifically, p-glycoprotein a 

member of the ATP-binding cassette (ABC) transporter superfamily, acts as an efflux 

pump to export resveratrol and its metabolites back into the gut lumen (Lohner et al., 

2007). 

Studies have shown that resveratrol becomes converted to piceatannol (the 

tetrahydroxylated form of resveratrol) by the action of cytochrome P450 CYP 1 B 1 

(Potter et al., 2002). Piceatannol, a naturally occurring polyphenol (trans-3,4,3' ,5'

tetrahydroxystilbene) is an analogue of resveratrol and like resveratrol is synthesised in 

plants in response to fungal and other environmental stress, making them phytoalexins 

(Figure 1.4A) (Wolter et aI., 2002). Treatment of Caco-2 cells with increasing 

concentrations (12.5 to 200J.lmollL) of piceatannolled to reduced cell growth in a dose

and time-dependent manner (Wolter et al., 2002). The same study revealed using flow 

cytometry that Caco-2 cells were reduced in the GO/G 1 and G21M phases of the cell 

cycle, while an increase was observed in the S phase following a 100J.lmollL 

concentration. These effects were suggested to be mediated by the up-regulation of 
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positive cell cycle regulators, including cyctin E and cyctin A which are at their highest 

activity in the S phase. 

Pterostilbene (trans-3,5-dimethoxy-4' -hydroxystilbene) IS a natural dimethylated 

analogue of resveratrol found most abundantly in blueberries (Figure I.4B) (Pan et al., 

2009). Like resveratrol, it is known to exert anticancer, anti-inflammatory and 

antiproliferatory effects. Pterostilbene (50J,lM) has been shown to decrease the 

expression of COX-2 as well as various cytokines that promote inflammation including 

TNF-a, IL-I~ and IL-6 in HT-29 colorectal cancer cells (Paul et al., 2010). 

Pterostilbene was also found to be responsible for reducing the levels of cyclin 0 I in 

HT -29 cancer cells, a protein overexpressed in patients with primary colorectal 

adenocarcinoma, adenomatous polyps and familial adenomatous polyposis (Paul et al., 

2010). 
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Figure 1.4 Structures of piceatannol (A), pterostilbene (B), resveratrol-3-0-0-glucuronide (C), 

resveratrol-4' -O-O-glucuronide (0) and resveratrol-3-0-0-sulphate (E). 
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1.17Cell cycle 

The process of cell division compnses of two distinct processes namely, DNA 

replication and separation of replicated chromosomes into two identical cells 

(Vermeulen et al., 2003). Cell division is separated into two main stages: mitosis (the 

actual process of nuclear division) and interphase (the stage in between two mitotic 

phases). The process of mitosis is further sub-divided into four distinct stages including, 

prophase, metaphase, anaphase and telophase. More specifically, the interphase includes 

G 1, S and G2 phases where DNA replication occurs in S phase. Prior to S phase, there 

is a gap phase called G 1 at which point the cell is getting ready for DNA synthesis 

(Figure 1.5). Following the S phase is a further gap phase called G2 where the cell 

prepares for mitosis. Prior to cells committing to DNA replication, they can enter a 

resting phase (senescence) called GO. Cells in the body which are not growing or 

proliferating constitute the majority of cells in this senescent GO phase. 
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Figure 1.5 The cell cycle and the corresponding cyclins in each of the four phases. 

Adapted from (Malumbres and Barbacid, 2001). 

1.17.1 Cell cyele control 

1.17.1.1 Cyelin-dependent kinase (CDK) regulation 

The cell cycle is tightly controlled by three distinct entities, the cyclin-dependent 

kinases (CDK), CDK substrates and through restriction points and checkpoints. Several 

cellular proteins known as the CDKs are responsible for regulating the passage of cells 

from one phase of the cell cycle to another. These are a family of serine/threonine 

protein kinases that become activated at particular points of the cell cycle. More 

specifically, CDK4, CDK6 and CDK2 are active in the 01 phase whilst CDK2 and 

CDKl for S and G21M phases respectively. Once these CDKs become activated they 
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cause activation of downstream proteins by phosphorylation (Morgan, 1995, Pines, 

1995). Unlike their activating proteins (cyclins), the CDK protein levels remain steady 

throughout the cell cyele. Depending on the phase of the cell cyele, different cyelins are 

essential. More specifically, cyelin D, which exists in 3 isoforms (cyelin D 1, D2 and 

D3) is capable of binding to CDK4 and/or CDK6 to form a complex known as the 

CDK-cyelin D complex, which is required for the entry of cells into G 1. Cyelin E is 

also a G 1 cyelin, but, forms a complex with CDK2 that is responsible for the transition 

from G 1 to S phase. Cyelin A on the other hand, binds to CDK2 and is involved in S 

phase progression but is also capable of complexing with CDKI in G21M in order to 

encourage the transition into M phase. The M phase of the cell cyele is additionally 

regulated by the cyelin B- CDKI complex (Vermeulen et aI., 2003). 

CDK activity is additionally negatively controlled by cell cycle inhibitory proteins 

known as CDK inhibitors (CKI) which are capable of controlling CDK activity in two 

ways, either by binding to CDK alone or to the CDK-cyclin complex (Malumbres and 

Barbacid, 2001). There are two types ofCDK inhibitors known as the INK4 family and 

CiplKip family. More specifically, the INK4 family consists of four members, pIS, pI6, 

P 18 and p 19 which are responsible for binding to and forming a stable complex with 

CDK therefore preventing the binding to cyelin D. The CiplKip family consists of p21 

(Waft, Cipl), p27 (Cip2) and pS7 (Kip2). The function of these inhibitors is to 

inactivate GI CDK-cyclin complexes and less so the CDKI-cyclin B complexes. The 

inhibitor p21 further exerts its actions by inhibiting DNA synthesis by attaching to and 

inactivating the proliferating cell nuelear antigen (PCNA). The activity of CDK 

inhibitors is tightly controlled by internal and external signals. The p21 expression for 

example, is tightly controlled at the transcriptional level by the tumour suppressor gene 
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p53. Increased activation of piS and p27 depends on the transfonning growth factor 

beta (TGF-P) which promotes growth arrest (Venneulen et aI., 2003). 

1.17.1.2 CDK Substrates 

Activation of CDK causes phosphorylation of key proteins therefore leading to the 

progression of the cell cycle. The retinoblastoma tumour suppressor gene (pRb) for 

example, is the substrate of CDK4/6-cyclin D that becomes phosphorylated during early 

G I causing the complex to breakdown and subsequently releasing the two known 

transcription factors E2F -I and DP-I (Malumbres and Barbacid, 200 I). These 

transcription factors function by controlling the gene transcription of key proteins which 

are essential for progression into S phase. The CDK2-cyclin E complex is responsible 

for phosphorylating its corresponding inhibitor, p27, causing it to degrade. This 

complex further phosphorylates histone HI and this activity is thought to playa role in 

chromosome condensation during DNA replication. Histone HI is also a substrate of 

CDKI-cyclin B (Venneulen et al., 2003). 

1.17.2 CeU cycle and cancer 

In cancer, the tight control of the cell cycle is lost leading to uncontrolled cell 

proliferation. It is known that mutations that can lead to cancer occur in two families of 

genes, the proto-oncogenes and tumour suppressor and DNA repair genes. More 

specifically, mutations in proto-oncogenes encourage cancer growth whilst the 

inactivation of tumour suppressor genes (PRB and p53) causes proteins that inhibit the 

progression of the cell cycle to become dysfunctional (Easton et al., 1998). Mutations 

also appear in vital proteins involved in the cell cycle. For example, it has been reported 

that CDK4 is overexpressed in several cell lines whilst mutations in the CDK4 and 

CDK6 genes lead to insufficiency of CKI binding (Wolfel et al., 1995, Easton et al., 
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1998). Constitutive activation of cyclin D I and inactivation of CDK inhibitors including 

p16 and p27 has also been reported (Wolfel et aI., 1995). 

1.17.2.1 Resveratrol and the cell cycle 

Data from studies on a range of cell lines have suggested that resveratrol has strong 

anti-proliferative characteristics in vitro (Walle et al., 2004, Delmas et al., 2000). 

Resveratrol prevented the proliferation of tumour cells by directly inhibiting DNA 

synthesis and by impeding different phases of cell cycle development (Kundu and Surh, 

2004). This inhibition is partly attributed to the capability of resveratrol to block the 

cells from entering mitosis subsequently leading to cell cycle arrest in G I, S or G21M. 

This naturally occurring polyphenol also inhibited the expression of cyelin BI in MCF-

7 and SW -480 cells, whilst also down-regulated the expression of cyclins D I and A in 

CCL-228 (SW480) cells at concentrations ranging from 12.5/lmolfL to 200/lmollL 

(Wolter et al., 2003). This suggests a cell type-specific effect of resveratrol in blocking 

the malignant cell cycle progression (Joe et al., 2002). Alternatively, resveratrol 

inhibited the expression of eyelin D I and Cdk4 but increased the expression of cyelins 

E and A in Caco-2 and HCT-116 colorectal cancer cells (Wolter et al., 2001). 

Resveratrol exerts its inhibitory effects by mediating cell-cycle arrest through up

regulation of p21, p27, p53 and Bax (Rimando and Sub, 2008, Gescher and Steward, 

2003). 
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1. 18Apoptosis 

Apoptosis, the process of programmed cell death, is a natural process which occurs 

during development and ageing in order to maintain homeostasis in tissues (Elmore, 

2007). It is the most vital cellular mechanism against transformation of 'new growth' 

that removes a damaged cell whilst also suppressing the development of transformed 

cells that have been inappropriately stimulated to divide despite the absence of mitotic 

stimuli (Kundu and Surh, 2004). The apoptotic process also occurs in response to cell 

damage either by disease and/or toxic agents or as a protective means as in immune 

reactions (Norbury and Hickson, 2001). Morphological characteristics consistent with 

apoptosis include cell shrinkage accompanied by a dense cytoplasm and tightly packed 

organelles (Kroemer et al., 2008). Pyknosis is another characteristic of cells undergoing 

apoptosis and is caused by chromatin condensation along with nuclear fragmentation 

(karyorhexis) (Kroemer et ai., 2005). Plasma membrane blebbing is a further 

morphological change which occurs during apoptosis and subsequently leads to the 

formation of apoptotic bodies. Because these apoptotic bodies are rapidly phagocytosed 

by macrophages, they do not shed their cellular parts and no inflammatory reaction is 

formed. 

Apoptosis can occur in three distinct ways: the extrinsic pathway (death receptor), the 

intrinsic pathway (mitochondrial) and the perforinlgranzyme pathway. The process of 

apoptosis is tightly regulated by a group of proteins which belong to the cysteine 

protease family called caspases which act as both the initiators and executioners of 

apoptosis (Wong, 2011). Both the extrinsic and intrinsic pathways converge at the 

execution phase of apoptosis (Figure 1.6). 
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Figure 1.6 The intrinsic and extrinsic pathways ofapoptosis (Adapted from Wong, 2011). 
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1.18.1 Extrinsic Pathway 

The extrinsic death receptor family is initiated following binding of specific death 

ligands to a death receptor including type I TNF receptor and Fas (CD-95) receptor and 

their respective ligands, TNF and Fas-L (Fas-ligand). These death receptors possess an 

intracellular domain which is responsible for employing proteins like the TNF receptor

associated death domain (TRADD), the Fas-associated death domain (F ADD) and 

caspase-8. The attachment of the ligand to the receptor creates a binding site for the 

adaptor proteins mentioned previously thus forming a complex known as the death

inducing signalling complex (DISC). This in turn causes the activation of pro-caspase 8, 

an initiator caspase that activates apoptosis by activating further downstream caspases. 

1.18.2 Intrinsic Pathway 

The second common apoptosis pathway takes place within the cell and is usually 

initiated subsequently to internal damage like DNA damage and high levels of cytosolic 

calcium amongst others. Activation of this pathway is due to increased mitochondrial 

permeability and release of cytochrome c (a pro-apoptotic molecule) into the cytoplasm. 

Further control proteins include members of the Bcl-2 family consisting of pro- and 

anti-apoptotic proteins. The pro-apoptotic protein members (Bax, Bak, Bad) promote 

the release of cytochrome c whilst the anti-apoptotic ones (Bcl-2, Bcl-XL) block this 

mitochondrial release (Malumbres and Barbacid, 2001). Regardless of this, the initiation 

of apoptosis is a result of the actual balance of pro- and anti-apoptotic proteins. Further 

factors are usually released from the mitochondria during this process including 

apoptosis inducing factor (AIF), second mitochondria-derived activator of caspase 

(Smac), direct lAP Binding protein with low pI (DIABLO) and Omilhigh temperature 

requirement protein A (HtrA2). Complex formation (consisting of cytochrome c, Apaf-
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1 and caspase-9) known as the apoptosome, is the result of cytochrome c release which 

causes caspase-3 activation. The apoptotic factors, SmaclDIABLO and OmilHtrA2 on 

the other hand, function by binding to inhibitor of apoptosis (lAP's) therefore 

promoting caspase activation by blocking the contact between lAP's and caspase-3 and 

-9 (Malumbres and Barbacid, 2001). 

1.18.3 The Common Pathway 

The common pathway also known as the execution phase, involves the activation of 

certain caspases through which both the intrinsic and extrinsic pathways lead to 

apoptosis. Caspase-3 is responsible for cleaving the inhibitor of the caspase-activated 

deoxyribonuclease which is involved in apoptosis. Furthermore, additional caspases that 

are present downstream of caspase-3 function by cleaving certain protein kinases and 

DNA repair proteins amongst other targets. These downstream caspases have also been 

shown to affect the cell cycle and signal transduction pathways which collectively lead 

to apoptosis (Ghobrial et al., 2009). 

1.18.4 Regulation of apoptosis 

The main apoptotic pathways are tightly regulated by certain proteins including p53, 

NF-KB, the ubiquitin proteosome system and the PI3K signalling pathway. p53 also 

known as the "guardian of the genome", is a transcription factor which is involved in 

the regulation of downstream genes responsible for cell cycle arrest, DNA repair and 

apoptosis (Ghobrial et al., 2009). Under normal circumstances, p53 is capable of 

causing cell cycle arrest subsequent to DNA damage to allow enough time for repair. If 

however, the damage is irreparable, p53 is capable of inducing apoptosis. 
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Nuclear factor kappa beta, (NF-lCB) is a nuclear transcription factor which functions by 

controlling key genes that are involved in key pathways including apoptosis, 

tumourigenesis and inflammation (Ghobrial et al., 2009). Certain growth factors and 

cytokines are just two examples of agents causing activation ofNF-lCB. NF-lCB remains 

inactive in the cytoplasm by being bound to proteins of the I1<:B inhibitor family and the 

stimuli cause its activation by phosphorylating IlCB leading to its degradation. Once 

released, it translocates to the nucleus, attaches to different genes and subsequently 

causes their transcription. NF-lCB possesses both pro-apoptotic and anti-apoptotic 

properties either by activation of proteins including c-myc, p53 and caspases or 

activation ofTNF receptor-associated factor and lAP respectively. 

PI3K is a protein kinase which has a vital function in signalling pathways involved in 

cell proliferation, survival and tissue neovascularisation (Ghobrial et al., 2009) which 

has been shown to be upregulated in many cancers (Cantley, 2002). Second messengers 

therefore become activated that subsequently lead to the activation of a downstream 

molecule, Akt. Activation of Akt in turn causes the phopshorylation of specific cell 

survival proteins and inactivation of pro-apoptotic proteins. 

1.18.5 Apoptosis aod taoter 

Evasion of apoptosis is an important pre-requisite for the steps of carcinogenesis. 

Resistance to apoptosis can occur in three distinct manners: a) disturbance in the 

balance between pro- and anti-apoptotic proteins, b) decreased caspase function and c) 

non-functional death receptor signalling (Figure 1.7). Altered regulation of the 

inhibitors of apoptosis (lAPs), the endogenous inhibitors of caspases has been reported 

in many cancers. For example survivin, a member of the lAP family has been found to 
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be aberrantly expressed in certain tumours and the dysregulated expreSSIOn of lAPs 

leads to chemotherapy resistance (Wong, 2011). 

Down-regulation or impairment of caspase activity causes a reduction in apoptosis and 

therefore leads to carcinogenesis. Defects in the death signalling pathways lead to 

inhibition of the extrinsic apoptotic pathway. This includes decreased expression or loss 

of function of the receptor or even a decreased amount of death signals which 

individually cause a malfunction in signalling and consequently, reduced apoptosis 

(Wong, 2011). 
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Figure 1.7 Events leading to evasion of apoptosis and consequently cancer. Taken from Wong, 

(2011). 
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1.18.6 Resveratrol and apoptosis 

Resveratrol at 20Jlg/ml, is capable of inducing apoptosis by positively regulating the 

expression of Bax, p53, PUMA and other pro-apoptotic proteins while concurrently 

reducing the expression of anti-apoptotic proteins including Bc1-2 and surviving (Kuo et 

al., 2002, Shankar et al., 2007). 

It has been revealed that resveratrol can trigger apoptosis in a variety of malignant cell 

types by encouraging cytochrome c release, up-regulation of the pro-apoptotic Bax 

protein, down-regulation of the anti-apoptotic Bcl-2 and through activation of the 

tumour suppressor protein, p53 at a range of 2.3-40JlM (Gusman et al., 2001, Dong, 

2003). Resveratrol caused apoptosis in HL-60 (Human promyelocytic leukaemia cells) 

and the T47D breast cancer cell line by eliciting the CD95-CD95L signalling 

pathway(Clement et aJ., 1998). Alternatively, studies by Delmas and colleagues (2003) 

reported that modulation of Fas/FasL was not responsible for resveratrol-induced 

apoptosis (at 30JlM) in SW-480 colorectal cancer cells; rather it was due to caspase 

activation and up-regulation ofBax and Bak (Delmas et aJ., 2003). 

1.19 p53 

The p53 protein, also known as tumour protein 53 (TP53) is one of the highly studied 

tumour suppressor proteins which is encoded by the tumour suppressor gene TP53 

located on chromosome 17 (17p 13.1). In addition to its involvement in the regulation of 

the cell cycle mentioned previously, it is also responsible for inducing apoptosis and is 

also involved in development, differentiation, gene amplification, DNA recombination, 

chromosomal segregation and cellular senescence (Oren and Rotter, 1999). Gene 

abnormalities of p53 have been reported in more than 50% of human cancers (Bai and 

Zhu, 2006) and aberrant expression of genes controlled by p53 which are implicated in 
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apoptosis and regulation of the cell cycle cause the anomalous activity of p53 therefore 

leading to tumour cell proliferation (Avery-Kiejda et at., 2011). 

Cell cycle arrest caused by DNA damage at the G liS checkpoint is highly dependent on 

p53. This leads to increased expression of p53 which in turn promotes the transcription 

of key genes like p21, Mdm2 and Bax. p21 causes cell cycle arrest and blocks the 

replication of damaged DNA (Figure 1.8). Mdm2 acts by promoting a negative 

feedback loop for p53 by binding to it and inhibiting its transcription therefore causing 

p53 degradation. On the other hand, p 19 is capable of binding to Mdm2 therefore 

inhibiting the p53 degradation, subsequently causing p53 ubiquitination (Aylon and 

Oren, 2011). If DNA damage is irreparable, p53 induces cell death by activating certain 

genes including Bax and Fas amongst others. Cells are capable of initiating cell cycle 

arrest when DNA damage occurs in the G2 phase. This is either dependent on or 

independent ofp53 and is achieved by constant inhibition ofCDKl. 
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Figure 1.8 The p53 signalling pathway.Adapted from Sigma-Aldrich. 

(http://www.sigmaaldrich.comllife-science/cell-biology/leaming-center/pathway-slides-and/the

p53-signaling-pathway.html). 

1.19.1 Resveratrol and p53 

The mechanisms responsible for the induction of apoptosis using resveratrol seem to be 

cell-type specific, either p53-dependent or p53-independent. This was observed through 

a study by Mahyar-Roemer et al. (2001) where it was suggested that resveratrol-induced 

apoptosis of HCT-116 colorectal cells is by a p53-independent mechanism at 

concentrations between 101lM-1001lM (Mahyar-Roemer et ai. , 2001). Furthermore, the 

apoptotic effect of resveratrol was concurrent with caspase activation (mainly by 
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caspase-3 cleavage) and PARP cleavage, of which both events are important in the 

apoptotic pathway. 

1.20 Necrosis 

Unlike apoptosis and cell death by autophagy, necrosis is portrayed by an increase in 

the size of the cell (oncosis), membrane fragmentation, swelling of organelles followed 

by loss of intracellular constituents (Kroemer et al., 2008). Necrosis is regarded as a 

toxic process that does not involve energy and inflammation is usually present (Elmore, 

2007). 

1.21 Autophagy 

The most common type of programmed cell death is apoptosis (Debnath et al., 2005) 

but recently however, there has been a spur of interest in different pathways of cell 

death. More specifically, autophagy has been suggested to be a vital component of non

apoptotic cell death and is classified as a form of cell death that takes place without the 

presence of chromatin condensation (Kroemer et ai., 2005). Rather, autophagy is 

escorted by the accumulation of the cytoplasmic components in vacuoles known as 

autophagosomes leading to immense breakdown by lysosomes. These vacuoles are two

membraned and present within them are degenerating cytoplasmic organelles or cytosol 

(Levine and Kroemer, 2008, Levine and Klionsky, 2004). The autophagic process is 

completed after the blending of the autophagosomes with the lysosomes therefore 

forming autolysosomes followed by the subsequent degradation by lysosomal 

hydro lases (Kroemer et ai., 2008). 
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However, the importance of autophagy as one of the main types of cell death is still an 

issue of great debate. The main reason for this is the highly recognised function of 

autophagy as a survival mechanism during states of scarce nutrients. Therefore, by 

cytoplasmic degradation, the process of autophagy is used to conserve nutrients and 

energy in the stressed cells (starved cells) (Tsukada and Ohsumi, 1993, Straub et al., 

1997, Schlumpberger et al., 1997). The autophagic process in these conditions therefore 

serves to sustain the viability of cells (Debnath et aI., 2005). 

There are three distinct types of autophagy 10 cells including: a) macroautophagy 

(usually called autophagy) which involves the sequestration of the cytoplasmic 

constituents into autophagosomes and subsequently delivered to the lysosomes for 

degradation, b) microautophagy where the cytoplasm is swallowed up directly by the 

lysosomal membrane and, c) chaperone-mediated autophagy where proteins are 

conveyed to the lysosome via a receptor-mediated process. Of the three routes 

mentioned above, only macroautophagy has been linked to type 2 programmed cell 

death (autophagy) (Debnath et aI., 2005). 

1.22 Signal transduction pathways 

Several key proteins of signal transduction pathways involved in maintaining 

homeostasis by controlling the degree of cell proliferation and cell death, become 

dysregulated in human cancers either by constitutive activation, overexpression or 

inhibition. In the sections that follow below only the pathways investigated in this study 

will be described. 
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1.22.1 AMPK 

Adenosine monophosphate (AMP)-activated protein kinase (AMPK) is a eukaryotic 

heterotrimeric protein kinase that is activated in response to nutritional and 

environmental stresses therefore functioning as a metabolic switch (Hardie and Carling, 

1997). It consists of an a-catalytic and ~- and y-regulatory subunits (Rashid et ai., 

2011). Some key functions of AMPK include controlling carbohydrate and lipid 

metabolism and cell proliferation (Rashid et ai., 2011). AMPK is capable of identifying 

increased levels of the AMP/ATP ratio in the stress conditions mentioned above. It 

therefore, preserves energy via inhibition of protein synthesis and mTOR (mammalian 

target of rapamycin) and additionally acts as a checkpoint leading to cell cycle arrest 

through p53 (Jones et ai., 2005). The activity of AMPK is controlled allosterically by 

AMP and via phosphorylation at the Thr172 residue of the a-subunit (Lin et ai., 2010). 

AMPK has been shown to be responsible for controlling several processes that could 

influence the proliferation and/or survival of tumour cells (Shackelford and Shaw, 

2009). LKB 1, a serine/threonine kinase (liver kinase B 1) and a known tumour 

suppressor protein was found to be the main upstream activator of AMPK by direct 

phosphorylation and activation of AMPK (Shackelford and Shaw, 2009). 

The mammalian target of rapamycin (mTOR) has been identified as a downstream 

target of the LKBI-AMPK pathway and has been shown to control cell growth and is 

deregulated in the majority of human cancers (Guertin and Sabatini, 2007). LKB 1 and 

AMPK have also been linked to p53. Studies have additionally identified that AMPK 

affects p53-dependent apoptosis and directly causes p53 phosphorylation at Serl5. 
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1.22.2 Adenosine receptors 

The signalling molecule adenosine is capable of affecting various pathophysiological 

processes like cell proliferation via the involvement with one of the four cell-surface 

receptors, namely At, A2A, A2B and A3. The regulation of adenosine levels is dependent 

on two mechanisms; the release of adenosine from metabolically active cells and its 

extracellular production by degradation of released ATP (Gessi et al., 2007). 

The four receptor isoforms can be distinguished from one another based on their 

pharmacological properties and in their ability to couple to second messengers 

(Fredholm et al., 2001). For example, At and A3 inhibit the activity of adenylyl cyclase 

via Gi proteins, whilst A2A and A2B activate it via Gs proteins (Fredholm, 2003). 

At, A2B and A3 receptors have also been demonstrated to activate several effector 

proteins including phospholipase (PLC) and K+ channels (Yaar et al., 2004) while all 

receptor subtypes regulate the phosphorylation of ERK1I2 (Schulte and Fredholm, 

2000) (Figure 1.9). Adenosine is capable of controlling several processes including cell 

proliferation, differentiation and apoptosis in cancer cells but this depends on its 

extracellular concentration, the adenosine receptor subtype expression and the various 

signalling pathways activated subsequent to binding of specific agonists (Fishman et al., 

2000, Merighi et al., 2002, Mujoomdar et al., 2004). 

Due to the focus ofthis study on the adenosine A3 receptor, the other subtypes will only 

be briefly described. Potent A3 agonists and highly specific antagonists recognised that 

the A3 subtype plays a vital role in the control of tumour cell proliferation caused by 

adenosine (Bar-Yehuda et al., 2001, Merighi et al., 2005). Depending on the 
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concentration of the agonist and the cell type, A3 receptor activation possesses a dual 

function, either by promoting cell growth or inducing cell death (Merighi et al. , 2003). 

Indeed, the A3 receptor is over-expressed on the cell surface of cancer cells including 

colorectal cancer tissue (Gessi et al., 2004). A3 receptor activation stimulates an 

intracellular cascade that induces the activation of phospholipase C and increases 

intracellular calcium concentration (Abbracchio et al., 1995). 
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Figure 1.9 The signalling pathway mediated by adenosine receptors (Adapted from Varani et 

ai. , 2010). 
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1.22.3 PI3K 

Phosphatidylinositol-3 kinases (PI3Ks) are a family of lipid kinases that are capable of 

phosphorylating the inositol ring 3' -OH group in inositol phospholipids. Class I PI3Ks 

are heterodimers which consist of a catalytic subunit (p 11 0) and a regulatory subunit 

(P8S). Class I is further subdivided in IA which is induced by receptors that possess a 

protein tyrosine kinase activity (Receptor Protein Tyrosine Kinase, RPTK) and class IB 

which requires receptors coupled with G protein for activation (Vara et al., 2004). In 

order for a second messenger to be formed, in this case phosphatidylinositol-3,4,S

triphosphate (PI-3,4,S-P3), a substrate is required (phosphatidylinositol-4,S-bisphophate, 

PI-4,S-P2)' 

The activation of RPTK causes the PI3K to bind to the receptor via one or two SH2 

domains and subsequently causes allosteric activation of the catalytic plIO subunit. 

PIP3 brings further signalling molecules with pleckstrin homology (PH) domains to the 

cell surface like PDKI and Akt. PTEN, a PI-3,4,S-P3 phosphatase, negatively regulates 

the PI3K1Akt pathway (Vara et al., 2004). Upon activation, Akt controls the activation 

and inhibition of certain proteins, ultimately leading to cell proliferation and evasion of 

apoptosis. 

The Akt family consists of three members, PKBu (Aktl), PKB~ (Akt2) and PKBy 

(Akt3) (Murthy et al., 2000). In order for a successful activation of Akt to occur, 

phosphorylation of a threonine residue (Tbr308) in the kinase region is required. For 

maximal Akt activation, phosphorylation of a further site at Serine 473 should occur on 

the C-terminal tail (Alessi et al., 1996). 
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The activation of Akt activates several pathways promoting cell survival, growth and 

progression of the cell cycle (Figure 1.10) (Testa and Bellacosa, 2001). Specific targets 

include the pro-apoptotic proteins Bad, procaspase-9 and p21. The main modification of 

the PI3KJAkt pathway in cancer is gene amplification of the PI3K gene, PIK3C (Vara et 

af., 2004). Further changes involved in the carcinogenic process include overexpression 

or constitutive activation of Akt, consequently leading to resistance to anti-proliferative 

signals, evasion of apoptosis, limitless replicative ability, angiogenesis and invasion and 

metastasis (Testa and Bellacosa, 2001). 

~~~ Growth Factor 

Receptor 

PIP3 PIP2 
p -

p - p 

p - p 

P13K PDK1 

PDK2 ---7 p 

~ 0:: . 
p p 

Inhibition of Apoptosls Cell Growth and Proliferation 

Figure 1.10 The PI3K signalling pathway and its downstream effectors leading to inhibition of 

apoptosis or cell growth and proliferation once constitutive activated (Adapted from Varaet af., 

2004). 
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1.22.4 ERKlMAPK 

The extracellular signal-regulated kinase/ mitogen activated protein kinase (MAPK) is a 

member of a larger family of serine/threonine kinases which create important cell 

proliferation signalling pathways starting from the cell membrane and leading to the 

nucleus (Dong et al., 2002). The MAPK family consists of three main subfamilies, the 

extracellular signal-regulated kinases (ERKlMAPK), the c-jun N-terminal kinase (JNK) 

and MAPK14 (Fang and Richardson, 2005). The activity of ERKlMAPK is responsible 

for conveying extracellular signals into intracellular responses. MAPKs phosphorylate 

several intracellular targets including transcription factors, membrane transporters and 

other kinases (Lawrence et al., 2008). 

The ERK transduction pathway is activated by signals being passed on through protein 

kinase C (PKC) or Ras. This triggers the activation of Rafl which consequently 

activates a pathway consisting of MEK and ERK (Dong et al., 2002). The binding of 

GTP to Ras family members is encouraged by PKC which causes the eventual Rafl and 

MAPK activation (Wang et al., 2004b). Raf causes phosphorylation of MEKI and 

MEK2 at serine residues which also phosphorylate ERK. The ERK enzymes function 

by phosphorylating certain targets in the cytoplasm or are capable of migrating to the 

nucleus and cause phosphorylation and consequent activation of several transcription 

factors like c-Fos (Treisman, 1994). These transcription factors regulate specific genes 

which are involved in cell proliferation and anti-apoptotic signals (Lewis et al., 1998). 

Following ERKlMAPK activation, the production of cyclin 01 is induced leading to 

increased cell division. This effect is balanced out by the cell cycle inhibitor protein 

(INK4). The activation of the cyclin-dependent kinase inhibitor 1 for example, is 
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controlled by the RasIRaflMEKlERK pathway (Sato et ai., 2004). The ERKlMAPK 

pathway plays a vital role in cell proliferation and multiple growth factors and proto

oncogenes convey the signals favouring growth and differentiation (DeFazio et al., 

2000). Findings from numerous studies have concluded that activation of ERK MAPK 

is implicated in the carcinogenesis and progression of colorectal cancer (Wang et ai., 

2004a). 

In conjunction with ERK1I2, JNK appears to be vital for the phosphorylation of 

activating protein 1 (API) (Ip and Davis, 1998). Unlike the ERK pathway however, 

JNK proteins are activated by protein kinase G (PKG)IMEKKlISEKlIJNK cascade and 

play a role in cell proliferation and induction of apoptosis (Figure 1.11) (Soh et ai., 

2001). MAPK14 on the other hand, plays a role in the control of cell proliferation and 

differentiation(Fang and Richardson, 2005) with studies now indicating an anti

apoptotic role (Liao and Hung, 2003). 

It has been shown that approximately 30% of cancers possess a deregulated cascade. 

The existing evidence of the involvement of the ERKlMAPK pathway in cancer lies on 

several observations including: 

a) Mutation of Ras in 36% of colorectal cancers, KRAS proto-oncogene mutations 

occurring early in the development of these cancers and increased activity of Ras 

is concomitantly associated with increased ERK activity 

b) Increased kinase activity as a consequence of mutations of BRAF 

(serine/threonine kinase of the Raffamily) 

c) The activation of the transcription factor c-Jun 

d) Lastly, the up-regulation of the EGF receptor leads to increased activation of 

ERKI MAPK signalling. 
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Figure 1.11 The MAPK signalling pathway involved in the process of carcinogenesis. Taken 

from Fang and Richardson (2005). 
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1.23 Aims and objectives 

The initial aim of this study was to investigate the effect of the parent compound, 

revseratrol, two of its analogues (piceatannol and pterostilbene) and its three main 

metabolites on the growth of human colorectal cell lines in vitro using two well 

established viability assays. 

This project further aimed to examine the mechanism of action of the metabolites on the 

cell cycle and its effects, if any, on inducing programmed cell death (apoptosis) using a 

range of techniques. The possible involvement of various molecular targets of key 

signalling cascades discussed previously (e.g AMPK, A3 receptor, MAPK and PI3K) 

were also investigated in order to identify the mechanism of action of resveratrol and its 

metabolites. 
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Chapter 2. Materials and Methods 

2.1 Routine cell culture 

2.1.1 Cancer cell lines 

The human colorectal cancer cell line Caco-2 was purchased from the European 

Collection of Cell Cultures (Salisbury, UK). The HCT-116 and CCL-228 human cell 

lines were kindly provided by Prof. Modjtahedi, Kingston University and were 

purchased from the American Tissue Culture Collection (Manassas, V A). All cell lines 

were cultured in Minimum Essential Eagle's medium (MEME; Sigma- Aldrich, Poole, 

United Kingdom), supplemented with 10% Foetal Bovine Serum (FBS; Sigma-Aldrich, 

Poole, United Kingdom), 1O,000U penicillin, 10mg streptomycin/mL in 0.9% NaCI and 

200 mM L-glutamine (Sigma-Aldrich), and were maintained at 37°C in a humidified 

atmosphere with 5% C02.Caco-2 is a cell derived from the colon from a Caucasian 

patient with adenocarcinoma of the colon. These cells form well differentiated 

adenocarcinomas consistent with colonic primary grade II in nude mice (ECACC). 

They possess a dysfunctional p53, mutant adenomatous polyposis coli (APC) and ~

catenin whilst possess a wild-type k-Ras (Liu and Bodmer, 2006, Nutakul et al., 2011). 

Similarly, CCL-228 (SW-480) cells are colorectal adenocarcinoma cells with a Dukes' 

Type B stage. These cells are positive for the epidermal growth factor receptor and for a 

range of oncogenes including c-myc, K-ras, H-ras, N-ras, myb, sis and fos(Trainer et 

01., 2006). They do, however, possess a mutated p53 (Yang et 01., 1996, Liu and 

Bodmer, 2006). HCT-116 (CCL-247) cells are epithelial and were isolated from a 

colorectal carcinoma. They have a wild-type p53 and APC whilst K-ras is mutated 

(Nutakul et 01.,2011). HCT-116 cells, the only cell line studied here to have a wild type 

p53, are also positive for transforming growth factor beta 1 (TGF-~I) and TGF-~2 

expression (Sun et 01., 1994). 
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2.1.2 Cell culture 

A cryotube of cells was removed from liquid nitrogen (-196°C) and placed in a 37°C 

waterbath for 1-2 minutes. The cryotube contents were transferred to a cell culture flask 

containing 10ml of pre-warmed 10% FBSIMEME and maintained in a humidified 

incubator at 37°C with 5% CO2 overnight after which the medium was replaced with 

fresh medium to remove the toxic DMSO present in the freezing down solution. Media 

was replenished every 3 days until cells reached approximately70% confluency. 

Once the cells reached 70-80% confluency they were trypsinised at passages 8-14 for 

HCT-116 and CCL-228 and passages 50-60 for Caco-2. The cell flask contents were 

discarded and five millilitres of Dulbecco's - phosphate buffered saline (D-PBS) 

(GIBCO, UK) was added to remove any residual media and was later on discarded. 

Three millilitres of 0.25% trypsin-EDT A solution (Sigma-Aldrich) was then added and 

flasks incubated for 5-6 minutes at 37°C in order for the cells to detach. The cell culture 

flask contents were supplemented with 9ml 10% FBS MEME for trypsin deactivation 

and the solution was transferred in a 25ml universal tube for centrifugation at 1500rpm 

for 5 minutes. The supernatant was discarded and the pellet was re-suspended in 5ml 

10% FBS in MEME. Two-hundred microlitres of the cell suspension was added to an 

equal volume of trypan blue (Sigma-Aldrich) and of this 30/JI were transferred to the 

haemocytometer and the cells were counted using the Fast Read Method (Immune 

Systems Ltd, Paignton, UK). 

counts/ml = ___ ~to~ta~l c:::.:o::,::un=ts:......-____ x 104 
X sample dilution(if any) 

number of complete 4x4 grids counted 
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Approximately 1 x 1 06 -2x 1 06 cells were added to each flask for all three cell lines and 

allowed to grow in a humidified atmosphere at 37°C and 5% C02. Media was 

replenished every 3 days. 

2.2 Viability assays 

2.2.1 Neutral red uptake assay 

The neutral red uptake assay is one of the most widely used viability assays that 

provides a quantitative estimation of the number of viable cells. It is a fast and reliable 

assay with minimal background absorbance when measured in the absence of cells. 

Viable cells have the ability to incorporate and bind the neutral red supravital dye in the 

lysosomes which is later extracted (Repetto et al., 2008). Cells were seeded in 96-well 

plates (20,000 cells/well) and treated for 48 hours after which they were incubated for 

2.5 hours with 40Ilg/ml neutral red (Sigma-Aldrich, Poole, UK) in medium. The cells 

were subsequently washed with D-PBS (Fisher Scientific, Loughborough, UK) and the 

dye extracted using de-stain solution (1 % acetic acid in 50% ethanol solution) (Fisher 

Scientific, Loughborough, UK). The absorbance was measured at 540nm using a 

LabTech (L T -4000) plate reader (Uckfield, UK). 

Percent cell growth was calculated relative to the absorbance of untreated cells as 

shown below: 

(Abs (treatment)-blankl abs (control) -blank"') x 100% 

*blank- absorbance of neutral red alone 
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2.2.2 Optimisation of neutral red uptake assay 

A cell number calibration assay was carried out to relate cell number to absorbance and 

provide a large dynamic range to read cells. All three cell lines were seeded at densities 

of 500, 1,000, 2,000, 4,000, 8,000, 16,000, 20,000, 32,000 and 64,000 cells per well 

supplemented with 10%FBSIMEME. Eight hours post seeding, the media was removed, 

and 100J.ll neutral red (40J.lg/ml) was added per well and the plates incubated for 2 and a 

half hours. Cells were then washed with 200J.ll PBS and 150J.ll of 1 % acetic acid in 50% 

ethanol solution were added to each well. The absorbance was measured at 540nm using 

a LabTech (L T -4000) plate reader (Uckfield, UK). The final seeding density was 

decided to be 20,000 cells per well as this falls in the linear portion of the graph. 

Overall, it seems that HCT -116 cells took up the dye much better as compared to the 

other two cell lines. 
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Figure 2.1 Optimisation of cell seeding density. Different cell numbers were seeded and 

following 8 hours incubation the absorbance was measured using the neutral red assay. Values 

represent the means of three independent experiments (6 replicates each) ±SEM. 
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2.2.3 Optimisation of incubation time for neutral red uptake 

A time uptake assay was incorporated into this study in order to identify the optimum 

uptake time of the dye giving the highest absorbance. Briefly 20,000 cells were added 

per well and 48 hours post seeding, 100J.lI neutral red (40J.lg/ml) was added per well and 

incubated for 2, 3, 4 and 5 hours respectively. The dye was subsequently removed and 

the wells washed with PBS. One percent acetic acid in 50% ethanol solution was added 

to solubilise the cells and the absorbance measured at 540nm. Since there was no 

significant difference between the incubation times, 2.5 hours incubation was selected 

for these experiments. Repetto and colleagues recommended an incubation time varying 

from 2 hours to no more than 3.5 hours. 
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Figure 2.2 Optimisation of neutral red dye incubation time. Twenty thousand cells were added 

per well and 48 hours later, cells were incubated with various times of the dye. The absorbance 

was subsequently measured at 540nm. 
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2.2.4 MTT assay 

The Thiazolyl Blue Tetrazolium Blue (3-( 4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H

tetrazolium bromide) (MTT) assay is a quantitative colorimetric assay used for the 

measurement of mammalian cell survival and proliferation (Mosmann, 1983). MTT is a 

yellowish solution which is converted to a purple water-insoluble MTT formazan 

product by mitochondrial dehydrogenases of living cells. Briefly, cells were seeded as 

mentioned previously. One hundred microlitres of a 50Jlg/ml MTT solution (Sigma

Aldrich, Poole, UK) in phenol red free DMEM (GIBCO Fisher Scientific, 

Loughborough, UK) was added to each well in the dark and incubated for 3 hours. The 

MTT was removed and the purple crystals were solubilised with 100JlI DMSO (Sigma 

Aldrich, Poole, UK) for 15 minutes in the dark, at room temperature and the intensity 

was measured colorimetrically at a wavelength of 570 nm using a LabTech (LT-4000) 

plate reader (East Sussex, UK). Percent growth was calculated as in Section 2.2.3. 

2.2.5 Growth of differentiated polarised Caco-2 cells on Transwells 

Caco-2 cells were seeded on Transwell plates (Coming, UK) at 2x 1 05 cells/well in a 

final volume of 500JlI on the apical side and 3ml of complete media on the basolateral 

compartment and allowed to grow and differentiate for 21 days. The transepithelial 

resistance (TEER) was measured using an EVOM meter (epithelial voltohmmeter) and 

values >300 ohm.cm2 confirmed that the monolayerswere suitable for 

electrophysiological and drug permeability experiments. TEER measurements were 

employed for determining the permeability of the tight junctions.Caco-2 cells are 

widely used as a model of the intestinal barrier and culturing them for 21 days leads to 

the formation of a polarised enterocyte-like monolayer with two distinct compartments, 
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the apical and basolateral (Leoni et aI., 2012). Media was replenished every 2-3 days. 

The neutral red uptake assay was carried out after the experiments as described 

previously (Section 2.2) with slight modification. Cells were incubated for 2.5 hours 

with 300JlI of 40Jlglml neutral red dye and subsequently washed with 500JlI D-PBS. 

Three hundred microlitres of 1 % acetic acid in 50% ethanol solution was added to each 

well to solubilise the cells and the contents of the apical compartment transferred to 96-

well plates in duplicate. The absorbance was measured at a wavelength of 540nm as 

mentioned previously. 

2.2.6 Haemolysis of red blood cells 

A modified protocol was used (Arias et ai., 2010).The haemolysis assay has been 

employed previously (Waheed et aI., 2012). A 5ml solution of sheep red blood 

cells(sheep blood de fibrin liquid oxoid) (Fisher Scientific, Loughborough, UK) was 

taken from the initial 25ml stock for each independent experiment. The solution was 

centrifuged at 3000rpm for 10 minutes at 4°C and the pellet was re-suspended in 45ml 

isotonic buffer (l20mM NaCl, 10 mM EDTA, 5mM sodium citrate and 5 mM Tris-HCI, 

pH 7.4) and centrifuged under the same conditions. This step was repeated 6-7 times 

(using 45ml isotonic buffer) until the supernatant became clear (slightly pink). The final 

pellet was re-suspended in 5ml ofD-PBS and from this 1ml was removed and added to 

9ml of PBS to reach an approximate cell number of 5x108 cells/ml. The desired drug 

concentrations were prepared in eppendorfs initially in double concentrations to a final 

volume of 0.5ml which were then diluted two-fold with an equal volume of the red 

blood ceIIID-PBS solution. A vial was also prepared with sheep blood cells in the 

absence of treatment and a positive control vial with 1 % Triton-XI 00 which would later 

on serve as 100% haemolysis. The solutions were incubated for 30 minutes on ice after 

which they were centrifuged at 3000rpm for 10 minutes at 4°C. Two hundred 
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microlitres of the supernatant was added onto 96-well plates in triplicate and the 

absorbance/concentration of haemoglobin released was measured at 540nm using a 

LabTech (LT -4000) plate reader (Uckfield, UK). 

2.3 Growth of cells on chamber slides for microscopic evaluation 

All cell lines were counted and plated on 8-well culture slides (BD Biosciences, Oxford, 

UK) (60,000 cells per chamber) at a final volume of 400J,l1 until they reached -70% 

confluence. Cells were subsequently treated with the test compounds and incubated for 

48 hours. Media was subsequently aspirated, cells washed with 300J,l1 D-PBS and fixed 

with 3.7% paraformaldehyde (Sigma-Aldrich, Poole, UK) for 10 minutes at room 

temperature. The PF A was then removed and cells washed thrice with D-PBS. Cells 

were then permeabilised with 100% cold methanol (Fisher Scientific, Loughborough, 

UK) for 5 minutes and washed three times with D-PBS. One drop of VECTASHIELD 

mounting medium with DAPI (Vector Laboratories, Peterborough, UK) was added per 

chamber and a coverslip was placed on top of the slide and sealed. Cells were then 

visualised under a fluorescence microscope (Leica DFC 420C) and images acquired 

using the Leica Application Suite V3.7 software to determine the presence, if any, of 

nuclear fragmentation. 
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2.4 Growth of cells on chamber slides for immunostaining 

2.4.1 Primary antibody (pS3) titration for immunofluorescence 

HCT-116 cancer cells were trypsinised and 60,000 cells were added per chamber on a 

slide at a final volume of 400J.ll. Cells were then incubated for an according period of 

time until they reached confluency (usually 3 days). Cells were treated with the relevant 

concentrations of resveratrol and metabolites for 48 hours in a humidified atmosphere at 

37°C with 5% C02. The media plus treatments was subsequently removed and cells 

washed with 400J.lI PBS and fixed for 10 minutes at room temperature using 100% ice

cold methanol (Fisher Scientific, Loughborough, UK), washed thrice with D-PBS and 

solubilised with 0.5% Triton-XlO0 (Promega UK, Southampton, UK). Cells were 

washed again three times with D-PBS. Two hundred microlitres of 1 % bovine serum 

albumin (BSA) (Sigma-Aldrich, Poole, UK) in D-PBS was added to the cells and 

blocked for 30 minutes at room temperature. The solution was then aspirated and cells 

washed thrice with D-PBS. Two hundred microlitres of primary antibody (p53) (00-1) 

(sc-126) [Santa Cruz Biotechnology and bought from Insight Biotechnology Ltd 

(Middlesex, UK)] in 1% BSA was added in dilutions of(1:50, 1:100 and 1:500) (Figure 

2.3). Moreover, 1% BSA alone was added to control chambers where only secondary 

antibody was to be added (to make sure there was no non-specific binding) and 

incubated for 1 hour at room temperature. The antibody solutions were subsequently 

removed and cells were washed three times with D-PBS to ensure no residual antibody 

was present. Two hundred microlitres of TRITC-conjugated anti-mouse IgGl(I:200, 

NL007, R&D Systems Abingdon, UK), in 1% BSA was added to cells and incubated 

for 1 hour at room temperature in the dark after which the cells were washed thrice with 

O-PBS. The chambers were then removed from the slide and one drop of 

VECTASHIELO mounting medium with DAPI was added to each compartment. A 
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coverslip was placed on the slide and sealed. Cell images were acquired usmg a 

fluorescent microscope (Leica DFC 420C) using the red and blue filters respectively. 

Images with DAPI stained and TRlTC stained nuclei were overlayed using the Leica 

Application Suite V3.7 software. From the images in Figure 2.3 below, it is evident that 

the optimal p53 concentration was I: 1 00. 

1:50 1:100 

1:500 

Figure 2.3 Photomicrographs representing optimisation of the p53 primary antibody. Cells were 

incubated with I :50, I: 1 00 and 1 :500 dilutions of the antibody. Blue stain represents DAPI 

staining and red staining, p53. Magnification x I 00. 

2.4.2 Immunofluorescence staining of HCT-116 cells for p53 

Once the primary antibody (p53) concentration was optimised, experiments were 

carried out in the same manner as section 2.4.1 . From Figure 2.3 it was evident that the 

I: 100 p53 concentration was the optimum as compared to the other two concentrations. 

HCT -116 cells were treated with 1 flM, IOflM, 30flM and IOOflM concentrations of 
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resveratrol, RV-3-0, RV-4'-0 and RV-3-S for 48 hours. Control untreated wells were 

included containing either primary antibody alone, secondary antibody alone or both. 

Images were quantified using the ImageJ software and the percentage of p53 stained 

cells was calculated relative to the total number of DAPI stained cells. 

2.5 Flow cytometry analysis for cell cycle distribution and apoptosis detection 

A flow cytometer is an instrument that employs an air-cooled argon gas laser which 

emits a single colour beam at 488nm at 15m V of power. As single cells flow through 

the light source, this causes light scattering in different directions. Cells stained with a 

fluorochrome become excited by the laser therefore resulting in a fluorescent emission 

(Nunez, 2001 b). Signals are consequently analysed to collect information about the 

relative size of the cell (forward light scatter-FSC), the complexity (side light scatter, 

SSC) as well as diverse cellular structures and antigens exemplified by fluorescence. 

Flow cytometry also enables the determination of the relative cellular DNA content and 

identifies the distribution of cells in the different cell cycle phases (Nunez, 2001a). The 

cell cycle of proliferating cells consists of 4 distinct phases, 01, S (DNA synthesis), 02 

and M (mitosis). The 02 and M phases however have the same DNA content and on 

that basis cannot be distinguished based on this (Nunez, 2001a). 

Propidium iodide (PI) is a fluorogenic nucleic acid dye that stains DNA and can either 

be measured in the orange or red channel (FL2 or FL3). To avoid any false analysis and 

hence interpretation, RNAases should be incorporated into the PI solution since PI binds 

to RNA. 
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2.5.1 Cell cycle distribution using single agents 

Caco-2, CCL-228 and HCT-116 cells were seeded at a density of lx106 cells at a final 

volume of 10ml per T25 flask. The cell number to volume ratio was directly 

proportional to the cell number to volume ratio for the growth inhibition studies (20,000 

cells per 200J.11). Cells were directly treated with compounds, vehicle control or medium 

alone. Forty-eight hours post seeding and treatment (at the point where control cells 

reached confluency), cells were trypsinised by the addition of Iml 0.25% trypsin in 

EDTA (Sigma-Aldrich, Poole, UK). After the cells detached from the flask, 6ml of 

media were added to deactivate the trypsin and centrifuged at 1500rpm for 4 minutes. 

Since apoptosis was measured, the supernatant was removed and transferred to a new 

centrifuge tube to collect any dead cells by centrifuging at 3000rpm for 5 minutes. The 

pellets were re-suspended in 2ml of D-PBS, and cells washed three times with cold D

PBS by centrifuging at 12000rpm for 5 minutes. The final pellet was re-suspended in 

200J.11 D-PBS and Iml of cold 70% ethanol (Fisher Scientific) in D-PBS solution was 

added gradually by vortex. The samples were incubated overnight at -20°C. Cells were 

then harvested by centrifugation at 3000rpm for 5 minutes and washed once with D

PBS. One hundred microlitres of the cell suspension were added to 100J.11 of trypan blue 

(Sigma-Aldrich, Poole, UK) and cells counted. One million cells were included per tube 

and incubated with 500J.11 of ribonuclease AlPI (propidium iodide) solution (BD 

Pharmingen, Oxford, UK) for 30 minutes at room temperature in the dark. Ten thousand 

events per sample were counted and analysed using the FL3 filter and according 

FSC/SCC dot plots, cell count/fluorescence intensity histograms and FL3A1FL3 W dot 

plots for exclusion of cell aggregates on a F ACS Calibre instrument (Beckton 

Dickinson, UK). Data was analysed using the CellQuest ™ Pro software. 
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2.6 Western Blotting (Method 1) 

Western blotting is a technique where proteins are identified with specific antibodies 

after being separated from one another according to their molecular weight. Separation 

is achieved by gel electrophoresis after which the gel is placed next to a membrane 

(usually nitrocellulose or polyvinylidene fluoride (PVOF) and an electrical current is 

applied in order to transfer the proteins from the gel onto the membrane where they will 

remain adhered. The membrane is subsequently stained with an antibody (raised against 

the protein of interest) and visualised using a chemiluminescent substrate. 

2.6.1 Preparation of celllysates 

HCT-116 cells (wild-type p53) were seeded (60,000 cells per well) on 6-well plates 

(BO Falcon) and allowed to attach and multiply for 24 hours. After treatment with the 

test compounds at the according concentrations, cells were washed twice with ice-cold 

O-PBS and lysed in a buffer containing 150mM NaCI, IOmM Tris-HCI pH7.6, 0.1 % 

Triton x-IOO, 5mM EOTA pH8 and 1 % protease inhibitor cocktail (Sigma-Aldrich, 

Poole, UK). The lysate was then freeze thawed five times (10 minutes in -80°C freezer 

and 5 minutes at 37°C) and centrifuged at 14,000rpm for 10 minutes at 4°C. The 

supernatant was transferred to a new eppendorf and stored at -20°C until protein 

quantification, whilst the pellet was discarded. 

2.6.2 Protein Quantification of Iysates 

One microlitre of sample (supernatant) was added in triplicate on 96-well plates. In 

separate wells, 5J.11 of bovine serum albumin (BSA- Sigma-Aldrich, Poole, UK) 

standards in O-PBS were added in triplicate at increasing concentrations (0.2J.1g/J.11, 

0.4J.1g/J.11, O.6J.1g/J.11, 0.82J.1g/J.11, 1 J.1g/J.11 and 1. 2 J.1g/J.1 I; therefore, 1 J.1g/5J.11, 2J.1g/5J.11, 
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3J.1g15J.11, 4J.1g15J.11, 5J.1g15J.11 and 6J.1g15J.11). Two hundred and fifty microlitres of Bradford 

reagent (Sigma-Aldrich, Poole, UK) was then added per well and placed on a shaker for 

approximately 30 seconds after which the plate was left standing for 20 minutes. The 

absorbance was then measured at 620nm. The absorbencies of the standards were used 

to calculate a standard curve and the protein concentrations of the samples thus 

calculated. Samples were then reduced using a 5x loading buffer (5111 to a final volume 

of 25J.11) and heated at 95°C for 5 minutes. 
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Table 2.1 Recipes for making the solutions for the western blot process. 

Product Constituents Final Final 
Volume (ml) Concentration 

12.5% resolving gel 40% acrylamide 7.8ml } 2% bis-acrylamide 4.lml 12.S% 
1M Tris-Hel pH8.8 9.4ml 0.375M 
10% SOS 0.25ml 0.1% 
Milli H2O 3.5ml 
Total: 25ml 

6% stacking gel 40% acrylamide 3.7ml 
}6% 2% bis-acrylamide 2.0ml 

1 M Tris-Hel pH8.8 3.lml 
10% SOS O.2Sml 0.1% 
Milli H2O 16ml 
Total: 25ml 

lOx Running Buffer 25g SOS nla 
75.7g Tris 
360g Glycerin 
Adjust pH 8.3 with Hel and 
make up to 2.SL with distilled 
water 

lOx TBS-Tween 60.5g Tris nJa 
200gNael 
20ml Tween 
Make up to 2.5L with 
distilled water 

lOx Transfer buffer 17.5g Tris nJa 
225g Glycine 
Make up to 2.SL with 
distilled water 

Sx Loading buffer 2% SOS (w/v) nla 
2-mercaptoethanol 
10% Glycerol 
0.01% (w/v) Bromophenol 
Blue 
62.SmM Tris-Hel 

Stripping buffer ISg glycerol nla 
(Abcam recipe) IgS0S 

10ml Tween 20 
Adjust pH to 2.2 
Bring volume to I litre with 
ultrapure water 

N.B To 20ml of the 12.S% Resolving Gel, 320",1 of 10% ammonium persulphate (APS, Sigma

Aldrich, Poole, UK) was added plus 32J.l1 of TEMEO (N,N,N' ,N' -tetramethylethylenediamine, 

for electrophoresis) (Sigma-Aldrich, Poole, UK). To 10ml of the stacking gel 240",1 of 10% 

APS was added plus 40",1 ofTEMEO. 
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2.6.3 Gel preparation 

The 12.5% resolving gel solution was prepared (see Table 2.1 for ingredients) and 8ml 

was immediately transferred to the gel formation compartment (1.5mm plates). A few 

drops of isopropanol were added to remove any bubbles formed. The gel was left to 

stand for 40 minutes at room temperature in order to polymerise. The 6% stacking gel 

solution was prepared as mentioned in Table 2.1 and after the isopropanol was removed, 

5ml of stacking gel was added followed by the combs and left for 40 minutes to allow 

for polymerisation. Following polymerisation, the comb was carefully removed and the 

wells washed with running buffer using a syringe-needle. 

2.6.4 SDS-PAGE, Immunoblot and developing 

Equal amounts of protein samples (20llg) were separated by sodium dodecyl sulphate

polyacrylamide gel electrophoresis (SDS-PAGE) (150V, 300mA for 90 minutes) using 

a 12.5% resolving gel and 6% stacking gel. A final volume of 25111 was added per well 

for the samples and 15111 of the pre-stained protein marker (Broad range 7-17 5kDa, 

New England BioLabs, Hitchin, UK). Proteins were subsequently electro-blotted onto 

Hybond polyvinylidenedifluoride membranes (Amersham, Buckinghamshire, UK) at 

4°C (300V, 300mA for 90 minutes). The membranes were then blocked overnight at 

4°C in blocking solution (5% (w/v) non-fat dry milk in TBS/Tween). The membranes 

were washed 3 times (15 minutes each time) with TBSlTween and incubated with the 

primary antibody (dilution 1:1000 for p53 and actin) by gently agitating overnight at 

4°C. Following that, the membranes were washed with TBSlTween and incubated with 

the secondary antibody (HRP-conjugated goat anti-mouse IgG (dilution 1 :1000 for p53 

and beta-actin) (Dako, Ely, UK) in TBSlTween and blocking solution) for 1.5 hours at 

room temperature. The membranes were washed three times (15 minutes each time) 
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with TBS/Tween and chemiluminescence was detected using the Amersham ECL 

Western Blotting detection kit (GE Healthcare, Buckinghamshire, UK) by adding 2ml 

of solution A and 50~1 of solution B for 5 minutes and exposing the membranes to 

Amersham hyperfilm (GE Healthcare, Buckinghamshire, UK) in a cassette. Membranes 

were subsequently stripped using stripping buffer (see Table 2.1 for constituents) for 

one hour at room temperature gently shaking and blocked overnight using 10% marvel 

at 4°C. Following blocking, membranes were washed thrice with TBSlTween (15 

minutes each time) and re-probed for the next antibody of interest as described above. 

The density of protein bands in blots were analysed relative to beta-actin using ImageJ. 

2.7 Western blotting (Method 2) 

A different method was carried out here as compared to Method 1. The reason being 

that Method 1 was optimised in Surrey but moving back to Kingston later on, another 

protocol was followed. It is important to note however that experiments using Method 1 

(expression levels of p53) were completed in Surrey. For all other experiments 

(described in Chapters 4 and 5), Method 2 was used. 

2.7.1 Cell lysate preparation 

Caco-2, CCL-228 and HCT-116 cells were seeded at a density of 60,000 cells per well 

and grown until they reached 70% confluence after which they were treated with the 

according concentrations in addition to vehicle control, medium alone and positive 

control for 48 hours. Cells were subsequently washed with D-PBS and lysed for 10 

minutes on ice using NuPAGE LDS sample buffer 4x (Invitrogen, Fisher Scientific, 

Loughborough, UK) diluted in distilled water in the presence of 1 % protease inhibitor 

(Sigma-Aldrich, Poole, UK). The contents were transferred into eppedorfs and heated at 

72°C for 10 minutes and then stored at -20°C prior to protein quantification. 
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2.7.2 Protein quantification 

For protein quantification a Bio-Rad DC Protein Assay (Bio-Rad Laboratories, 

Hertfordshire, UK) was used. This is a colorimetric assay for protein concentration 

detection following solubilisation by a detergent. The reaction is a modified Lowry 

assay, with shorter maximum colour development and longer colour stability after the 

addition of reagents. The assay is dependent on the reaction of protein with an alkaline 

copper tartrate solution and Folin reagent (Lowry et al., 1951, Peterson, 1979). Similar 

to the Lowry assay, the development of colour involves two steps; firstly, the reaction 

between copper and protein in an alkaline solution and secondly, the consequent 

reduction of the Folin reagent by the copper-treated protein from the first step. The 

presence of proteins cause the Folin reagent to undergo reduction by losing up to 3 

oxygen atoms thus producing a species with a characteristic blue colour with a 

maximum absorbance at 7SOnm. 

For the preparation of the working reagent, 20JlI of reagent S was added to each ml of 

reagent A (alkaline copper tartrate solution) making solution A' (Bio-Rad Laboratories, 

Hertfordshire, UK). Six dilutions of the protein standard bovine serum albumin (BSA) 

were prepared in distilled water (Omg/ml, O.2Smg/ml, 0.50mg/ml, O.70mg/ml, I.Omg/ml 

and I.4mg/ml protein) and placed on ice. Five microlitres of sample lysates were added 

to an equal volume of distilled water (this was the sample working solution for protein 

quantification) and placed on ice. Five microlitres of standards and samples were added 

in duplicate on a 96-well plate. Twenty-fivemicrolitres of solution A' were added to 

each well followed by 200JlI of reagent B (dilute Folin reagent). The plate was then 

slowly shaked in order to mix the reagents taking care that no bubbles formed. After 15 

minutes the absorbance was measured at 7S0nm.The standard curve of the BSA 
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standards was created each time and the protein concentration of the samples calculated 

based on it. Calculations were made in order to load 30J.lg of protein per well. 

2.7.3 Polyacrylamide Gel Electrophoresis 

To every 90J.lI of sample lysate, 10J.lI of reducing agent (NuPAGE sample reducing 

agent lOx Invitrogen, Fisher Scientific, Loughborough, UK) was added. Thirty 

micrograms of protein were loaded in each well and 15 J.lI of pre-stained protein marker 

after the wells were washed with running buffer. Proteins were separated according to 

size by gel electrophoresis run at a constant voltage of 195V for 1 hour using a 4-12% 

tris-gel(lnvitrogen).The running buffer was made up using 50ml running buffer (20x), 

and 950ml ultrapure water. From this, 200ml were taken for the inner compartment to 

which SOOJ.lI of antioxidant was added. 

2.7.4 Immunoblot (Transfer process) 

The gel was electroblotted onto a PVDF membrane (pre-wet with methanol for five 

minutes and rinsed in transfer buffer) and run at 30V (500mA) for 2 hours and 45 

minutes. The transfer buffer was made up using 50ml transfer buffer (20x), 850ml 

ultrapure water, 100ml methanol and Iml antioxidant as per the manufacturer's 

instructions. Post-transfer, the membrane was blocked overnight at room temperature 

gently shaking in blocking solution (Sml ultra filtered water, 2ml blocker/diluent A and 

3ml blocker/diluent B, Invitrogen). The blocking solution was then decanted and the 

membrane washed twice with 20ml of water for 5 minutes each time. The membrane 

was subsequently incubated with the antibody of interest at a final volume of 10ml of 

primary antibody solution (7ml ultra filtered water, 2ml blocker/diluent A and Iml 

blocker/diluent B) for 1.5 hours at room temperature or overnight at 4°C at the 

according antibody concentrations (see Table 2.2) and then decanted. The membrane 
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was again washed 3 times for 5 minutes each time with 20ml of antibody wash solution 

[150ml ultra filtered water and lOml antibody wash solution (l6x)], followed by a 30 

minute incubation at room temperature with 10mi secondary antibody solution gently 

shaking. The membrane was again rinsed 3 times with 20ml of antibody wash for 5 

minutes followed by two 20ml washes with distilled water for 2 minutes per wash. 

Without allowing the membrane to dry out completely, approximately 2.5ml of 

Chemiluminescent substrate was added to the membrane and the reaction allowed to 

develop for 5 minutes after which images were captured for an analogous time 

depending on the antibody being probed for using the GeneGnome bio-imaging system 

(Syngene, Cambridge, UK). For re-probing with other antibodies, the membranes were 

stripped for I hour at room temperature gently shaking. The membranes were then 

washed twice with 20ml distilled water followed by three washings with 20ml wash 

solution (5 minutes each time). Probing for antibodies was repeated as mentioned 

previously. Blots were analysed relative to beta-actin using ImageJ (NIH free software). 

Image] analysis is a quantitative analysis of the band intensities. Values were 

normalised relative to the loading control beta-actin and comparisons made with 

untreated cells. 

All reagents for western blotting (method 2) were from Invitrogen, purchased from 

Fisher Scientific (Loughborough, UK) and listed below: NuPAGE LOS Sample Buffer 

(4x) Invitrogen (VXNP0007), NuPAGE sample reducing agent (lOx) Invitrogen 

(VXNP0004), Novex sharp pre-stained protein standard Invitrogen (VXLC5800), Bis

tris gel NuPAGE Novex 15 well for SOS-PAGE 4 to 12% (VXNP0336), NuPAGE 

antioxidant Invitrogen (VXNP0005),Transfer buffer (20x) Invitrogen (VXNP0006), 

MOPS SOS Running Buffer (VXNPOOOI), Western Breeze chemiluminescent kit anti-
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mouse (VXWB7104), and filter paper sandwich PVDF membrane (VXLC2005). 

Protease Inhibitor cocktail (P8340) was from Sigma-Aldrich (Poole, UK). 
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Table 2.2 List of antibodies used for western blotting. Concentrations, incubation periods and 

product codes for each antibody are also stated. 

Antibod~ Dilution Source Incubation Product Supplier 
Period Code 

p53 (DO-I) I: 1000 Mouse Overnight Sc-126 Santa Cruz 
monoclonal at 4°C Biotechnology 

AMPK-a 1:1000 Rabbit Overnight #2603 Cell Signaling 

(23A3) monoclonal at 4°C 

p-AMPK-a 1:1000 Rabbit Overnight #2535 Cell Signaling 
monoclonal at 4°C 

(Thrl72) 

Adenosine A3 1:500 Rabbit 1.5 hours at A3R32-A Alpha 

receptor polyclonal room Diagnostic 

temperature International 

Cyclin 1:500 Mouse 1.5 hours at ablO540 Abcam 

01 [DCS-6] monoclonal room 
temperature 

Beta- 1:2000 Mouse 1.5 hours at #3700 Cell Signaling 

actin(8H I 00 10) monoclonal room 
temperature 

secondary 10ml anti-rabbit 30 minutes VXWP20 Invitrogen 

antibody at room 007 

solution temperature 

alkaline 
phosphatase 

conjugated 

secondary 10mi Anti-mouse 30 minutes Invitrogen 

antibody at room 

solution temperature 

alkaline 

phosphatase 
conjugated 
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2.8 Statistical analysis 

For the growth studies, all values represent the means of 3 independent experiments 

±SEM (3-6 replicates per experiment). Group comparisons were conducted using 

ANOVA and Tukey's post test where, p<0.05 was the criterion for statistical analysis. 

ICso values were calculated using non-linear regression graph where values were 

constrained to 0%- 100%. For ImageJ analysis, results were analysed by repeated 

measures ANOVA and Dunnett's test whilst statistical differences for cell cycle 

distribution experiments were assessed by X: test of the number of cells in one phase 

compared to the remaining phases. For all analyses, the GraphPad Prism statistical 

software was used (GraphPad Prism 5.0.4 Software, Inc. USA). 
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Chapter 3.Investigation of the basic effect on growth of resveratrol and 

its metabolites 

During the past decade there has been a burst of interest in the potential health benefits 

associated with dietary consumption of naturally occurring polyphenols (Athar et al., 

2007). More specifically, in 1997, Jang and colleagues published a paper describing the 

ability of resveratrol to inhibit various cellular events associated with the three main 

stages of carcinogenesis (initiation, promotion and progression) (Jang, 1997, King et al., 

2006). The main reason for this interest is speculated to have commenced following the 

identification of anti-oxidant properties, their abundance in our diet, and their probable 

role in the prevention of various diseases such as cancer and cardiovascular diseases 

(Rimando and Suh, 2008, Manach et al., 2004, Wenzel and Somoza, 2005). 

A study conducted by Jang and colleagues (1997) has reported reduced numbers of skin 

tumours by up to 98% after topical resveratrol administration on mice. There are 

exceptions however, despite the fact that most in vivo studies have demonstrated a 

chemopreventive effect. More specifically, it has been shown that a resveratrol dose of 

1-5mg per kg (body weight) daily did not succeed in affecting the growth or metastasis 

of breast cancer in mice, regardless of the in vitro evidence (Baur and Sinclair, 2006). 

There are currently several Phase I clinical trials for the oral administration of 

resveratrol in humans with doses reaching 7.5g per day (clinicaltrials.gov). 

Yu and colleagues (2002) showed that trans-resveratrol-3-0-D-glucuronide is the 

primary metabolite of resveratrol in human liver and that trans-resveratrol-3-0-D-

glucuronide and trans-resveratrol-3-0-D-sulphate are both significant metabolites in rat 

urine and mouse serum (Yu et al., 2002). A Phase I clinical trial, however, identified 

resveratrol-4'-O-D-glucuronide and resveratrol-3-0-D-glucuronide as the main 

metabolites following oral administration (Wang et al., 2004a). On the contrary, other 
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studies identified the presence of resveratrol-3-0-D-sulphate, resveratrol-4' -O-D

sulphate, resveratrol-3-0-4' -0-D-disulphate, resveratrol-4 ' -0-D-glucuronide 

andresveratrol-3-0-D-glucuronide where the main conjugates were the sulphates both in 

the plasma and urine (Maier-Salamon et al., 2006, Miksits et al., 2005). 

Currently, only a few studies have investigated the effect of the sulphated metabolites 

against breast cancer cells (Miksits et al., 2009, Hoshino et al., 2010, Kenealey et al., 

2011). Miksits and colleagues specifically investigated the effect of the three major 

sulphated metabolites and demonstrated that unlike resveratrol, the metabolites showed 

low cytotoxicity in malignant and non- malignant breast cancer cells (ICso 202-228~M). 

This however may not be representative of the effects in vivo, mainly due to the 

presence of sulphatases which could probably de-conjugate the metabolites back into 

resveratrol (Miksits et al., 2009). Hoshino et al. (2010) also evaluated the biological 

effect of sulphate-conjugated resveratrol metabolites in MCF -7 cells but found low 

antiproliferative activity. It is noteworthy to point however, that resveratrol-3-0-D

sulphate and resveratrol-4'-0-D-sulphate inhibited nitric oxide production by NO 

scavenging and down-regulation of iNOS expression in RA W264. 7 cells. In addition to 

this, the same metabolites collectively revealed an induction ofQRl, DPHH free radical 

scavenging, COX-l and COX-2 inhibition and inhibition of NF-KB (Hoshino et al., 

2010). 

Consistent findings to those of Miksits et al. (2009) were reported by Kenealey et al. 

(2011) where resveratrol metabolites did not induce early pro-apoptotic mechanisms in 

neuroblastoma cells using the Cell Titer Blue reagent (Kenealey et al., 2011). A recent 

study by Storniolo & Moreno (2012) studied the effects of the three major metabolites 

namely, resveratrol-3-0-D-glucuronide, resveratrol-4' -O-D-glucuronide and 

resveratrol-3-0-D-sulphate at concentrations between 1 0~M-50~M on Caco-2 cells and 
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found an antioxidant activity similar to the parent compound (using an Antioxidant 

Assay Kit from Cayman Chemicals), such as growth inhibition and a GO/G 1 arrest 

(Stomiolo and Moreno, 2012). 

Aims and objectives 

The aims of this first chapter were to compare the effects of resveratrol with its 

metabolites piceatannol and the conjugated metabolites, resveratrol-3-0-D-glucuronide, 

resveratrol-4' -O-D-glucuronide, resveratrol-3-0-D-sulphate and a resveratrol analogue, 

pterostilbene, on the growth of three colorectal cell lines, Caco-2, CCL-228 and HCT-

116. 

The neutral red assay was employed and cells were treated for 48 hours with various 

concentrations of the drugs (1~M, 3~M, lO~M, 30~M and 100~M) as described in 

Section 2.2.1. Results were further confirmed with a second viability assay, the MTT 

assay which used the same concentrations and exposure time. 

In addition to the effects of these drugs on colorectal cancer cells, it was vital to identify 

the effects on a polarised Caco-2cell monolayer (fully differentiated cells grown for 21 

days) using two concentrations (I~M and 30~M) for a period of 11 days as well as the 

effect on normal cells. The reason being that the epithelium is polarised with two sides 

(luminal and mucosal), each with different receptors, ion channels and properties. This 

experiment therefore aimed to mimic the intestinal epithelium. The II-day treatment 

experiment was designed to compare the results with those by a study by Schneider et 

al. (2003). In order to investigate the reversibility potential of these agents, cells were 

incubated at 30~M of drugs for 48 hours and allowed to recover for a further 48 hours 

in fresh media in the absence of drugs after which cell numbers were determined. The 
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neutral red uptake assay was employed for the latter two experiments (for method see 

section 2.2.1). 

Any inhibitory effect on cell growth may be due to damage therefore sheep red blood 

cells were used to check for necrosis. In this instance, higher concentrations than those 

used previously were also selected (111M, IOIlM, IOOIlM, 200llM and 500IlM) to ensure 

that the compounds of interest had no cytotoxic effect on normal cells. 
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3.1 Effect of resveratrol, piceatannol and pterostilbene on the growth of colorectal 

cell lines as single agents 

The effect of resveratrol, piceatannol,pterostilbene and the positive control, actinomycin 

D (IOJ.1g1ml) as well as 0.1 % DMSO on the growth of three colorectal cell lines was 

investigated using the neutral red (NR) colorimetric assay. TheHCT-116 cells 

expressing a wild-type p53 were used, as well as CCL-228 (SW480) and Caco-2 cells 

which have a mutated p53. 

Cells were treated with increasing concentrations of the test compounds (1 J.1M, 3 J.1M, 

10J.1M, 30J.1M and 100J.1M) for 48 hours and cell viability was measured using the 

neutral red uptake assay. Statistical analysis was performed by ANOVA and Tukey's 

test and p<0.05 were considered significant relative to the untreated group. It is apparent 

that following treatment with the three compounds, cell growth was inhibited with 

increasing concentrations. 
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Figure 3.1The effect of resveratrol, piceatannol, and pterostilbeneon the growth of Caco-2 cells 

after 48 hours using the neutral red assay. Growth following actinomycin D (IO/lglml) and 

vehicle control (0.1 % DMSO) treatments reached 49.1±4.7% and 92.4±7.7% respectively. 

Points represent mean of n= 18 from 3 independent experiments ±SEM. p:::;0.05 for pterostilbene 

at all five concentrations; p:::;0.05at I/lM, 10/lM, 30/lM and 100/lM piceatannol treatments; and 

p:::;0.05 at 10/lM, 30/lM and 100/lM resveratrol treatments. 

Overall, the effect of the test compounds on the growth of Caco-2 was very similar. 

More specifically, at 100llM RV, PI and PS treatments, the absorbance of cells reached 

0.06, 0.06 and 0.02 (data not shown) with complete inhibition suggesting a cytotoxic 

effect and not cytostatic at this concentration, since the absorbance is near zero and less 

than that of starting cells (see optimisation in Chapter 2) (Figure 3.1). Administration of 

0.1 % DMSO had no effect on the growth of cells with growth exceeding 92.38±7.65% 

(SEM) (Figure 3.1). The positive control actinomycin D exerted a significant effect with 

an inhibition of 51 % at 1 Ollg/ml (p~0.05 relative to untreated). Overall, pterostilbene 

was the most effective with the lowest percent growth at all the concentrations tested 

reaching complete inhibition at 1001lM. Cell growth was decreased with increasing drug 

concentrations. Pterostilbene and resveratrol had lower ICso values of 51lM and 12.61lM 

respectively and 21.71lM for piceatannol with the greatest statistical significance seen in 
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pterostilbene with concentrations as low as IIlM (p<O.OS using ANOVA and Tukey' s 

test relative to untreated). 
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Figure 3.2The effect of resveratrol, piceatannol, and pterostilbeneon the growth of CCL-228 

cells after 48 hours using the neutral red assay. Growth following actinomycin 0 (lOllglml) and 

vehicle control (0.1% DMSO) treatments reached 41.l±3.2% and 10S.8±8% respectively Points 

represent mean of n= 18 from 3 independent experiments ±SEM.p~O .OS at 30llM and 100llM 

concentrations for all three treatments. 

In the case of the CCL-228 colorectal cell line, a profound effect was evident at 30llM 

and 100/lM for all three treatments (Figure 3.2). Growth was significantly reduced at 

30/lM treatments with percent growth reaching 38.7±S.8%, 49.2±7.S% and 64.1 ±13.2% 

for resveratrol, piceatannol and pterostilbene respectively. A noteworthy point to make 

is that at 100llM there was almost complete inhibition with piceatannol and 

pterostilbene but less so for the parent compound, resveratrol (83%±6.2%). Again, there 

was no significant difference between 0.1 % DMSO (vehicle) and control untreated and 

a significant difference after treatment with IOIlg/ml actinomycin D relative to the 

control (p<O.OS). Overall however, the ICso values for CCL-228 cells seemed to be 
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greater after treatment with the three compounds (resveratro142.1 IlM, piceatanno1291lM 

and pterostilbene34.5IlM) (Table 3.1). 
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Figure 3.3The effect of resveratrol, piceatannol, and pterostilbeneon the growth of HCT -I 16 

cells after 48 hours using the neutral red assay. Growth following actinomycin 0 (lOIlg/ml) and 

vehicle control (0.1 % OM SO) treatments reached 18.2± 1.9% and 93.7±7.4% respectively. 

Points represent mean of n= 18 from 3 independent experiments ±SEM. p::;0.05 following 

treatments with 31lM, 30llM and 100llM pterostilbene; p::;0.05 with 30llM and 100llM 

piceatannol treatment; and, p::;0.05 with 30llM and IOOIlM resveratrol treatment. 

The effect of resveratrol, piceatannol and pterostilbene on the growth of HCT -116 

cancer cells was also investigated. Overall, it can be noted that HCT -116 cells were 

similarly sensitive to all three treatments with a steep decrease in growth at 

concentrations greater than lOflM (Figure 3.3). At lOOIlM, >94% inhibition was 

achieved for all three compounds with ICso values of 22.8flM, 28.01lM and 18.31lM for 

resveratrol, piceatannol and pterostilbene respectively (Table 3.1). DMSO did not exert 

any inhibitory effect on HCT -116 cells whilst actinomycin D inhibited cells by - 82% as 

opposed to Caco-2 (45%) with 48 hours incubation (p<O.05). 
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Overall, it is evident that the effects seen in Caco-2 cells were more gradual (linear) as 

compared to the CCL-228 and HCT-116 cells where a steep decrease in growth was 

apparent from lOJ.1M to lOOJ.1M. These findings suggest that lOOJ.1M concentrations are 

toxic to cells making them not capable to recover. 
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3.2 Effect of resveratrol-3-0-D-glucuronide, resveratrol-4'-O-D-glucuronide and 

resveratrol-3-0-D-sulphate on the growth of colon cancer cells as single agents 

3.2.1 Using the NRU assay 

The effect of the three main metabolites against the three colorectal cell lines (Caco-2, 

CCL-228 and HCT-116) was determined using the neutral red uptake assay. 

Figure 3.4The effect of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4 ' -O-D

glucuronide and resveratrol-3-0-D-sulphateon the growth of Caco-2 cells after 48 hours using 

the neutral red assay. Growth following actinomycin D (1 O~g/ml) and vehicle control (0.1 % 

DMSO) treatments reached 40±2.5% and 87.7±14.5% respectively. Points represent mean of 

n= 18 from 3 independent experiments ±SEM. p~0.05 following treatment with resveratrol at all 

concentrations; p~0 . 05 following treatment with lO~M, 30~M and 100~M RV-3-G and RV-4 '

G' and, p~0 . 05 at 3~M, IO~M, 30~M and lOO~M RV-3-S. 

Depicted in Figure 3.4 above is the effect on Caco-2. A very similar response to 

treatment with RV-3-S and RV-4 ' -G is evident with almost complete inhibition in 

growth at lOOIlM relative to the control (p<O.05 relative to the control). Interestingly in 

Figure 3.4 is that at lOOIlM resveratrol treatment, growth is reduced by 
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63%±4.3%relative to control untreated and the metabolites are more active. Also, a 

significant difference is seen at 111M treatment with resveratrol (p<0.05) and RV -3-G 

which is not evident with RV-4 ' -G and RV-3-S. All three metabolites had lower ICso 

values as compared to the parent compound (Table 3.1). In the case of the vehicle 

control, there is no effect on cell growth and as for actinomycin D (10Ilglml) there is 

apparent inhibition of - 60% (p<0.05). 

Figure 3.5The effect of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4 ' -0-0-

glucuronide and resveratrol-3-0-D-sulphate on the growth of CCL-228 cells after 48 hours 

using the neutral red assay. Growth following actinomycin D (lO,...g/ml) and vehicle control 

(0.1 % DMSO) treatments reached 47±14.2% and 92.4±4.8% respectively. Points represent 

mean of n= 18 from 3 independent experiments ±SEM. p:S0.05 following treatment with 10,...M, 

30,...M and 100,...M resveratrol ; p:SO.05 with 30,... and 100,...M metabolite treatments. 

The trend in Figure 3.5 on the effect of the metabolites on CCL-228 differs from the 

previous figure (Caco-2). More specifically, at 111M treatment on CCL-228 there was 

no effect on growth unlike Caco-2 cells. Seen in Figure 3.5, the effect is more profound 

at concentrations above IOIlM for resveratrol, RV-3-G an RV-4'-G and above 30llM for 
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RV-3-S. For all compounds there was no significant effect at l/-lM and 3/-lM but CCL-

228 cells were more sensitive to treatment as compared to Caco-2. In addition, 

resveratrol-3-0-D-sulphate seemed to be less effective at concentrations above lO/-lM 

but still reached complete growth inhibition at 100/-lM (p<O.05 relative to untreated 

cells). Again, growth was not affected after treatment with the vehicle and there was a 

significant decrease in growth after treatment with actinomycin D (53%±14%). 
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Figure 3.6The effect of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4 ' -0-0-

glucuronide and resveratrol-3-0-0-sulphate on the growth of HCT -116 cells after 48 hours 

using the neutral red assay. Growth following actinomycin D (I O/-lg/ml) and vehicle control 

(0.1% OM SO) treatments reached 60.1±12.5% and 99.3±2.7% respectively. Points represent 

mean of n= 18 from 3 independent experiments ±SEM. p~0.05 at all resveratrol and RV -3-G 

concentrations; p~0.05 at l/-lM, 3/-lM, 30/-lM and 100/-lM RV-4 '-G treatments; p~0.05 with 

30/-lM and 100/-lM RV-3-S treatments. 

The trend exemplified in Figure 3.6 with HCT-116 cells is non-linear as compared to 

CCL-228 (Figure 3.5). It seems that the response of CCL-228 cells to treatment is dose-

dependent. More specifically, the effect seen after l/-lM treatment with resveratrol, RV-

3-G and RV-4 ' -G is greater as compared to 3/-lM and lOIlM (p<O.05).In the case ofRV-
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3-S however, there was no significant effect at the lowest concentrations, but only at 

30/-lM and 100/-lM (p<0.05 relative to control). However, even at 30/-lM, RV -3-S was 

less effective as compared to the other treatments but the effect was the same at 100/-lM. 

Again, there was no effect with the vehicle control while a notable 40% inhibition was 

observed following treatment with actinomycin D. 

3.2.2 Using the MTT assay 

In order to compare the results from the neutral red assay a second widely used assay 

was incorporated into this study. Again, the three cell lines were dosed under the same 

conditions and 50/-lg/ml of tetrazolium dye was added to each well (as described in 

Section 2.2.4). 
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Figure 3.7The effect of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4 ' -O-D

glucuronide and resveratrol-3-0-D-sulphateon the growth of Caco-2 cells after 48 hoursusing 
the MIT assay. Growth following vehicle control (0.1 % DMSO) treatment reached 91.3±4.7%. 

Points represent mean of n= 18 from 3 independent experiments ±SEM. p~0.05 at 30~M and 
100~M treatments with resveratrol, RV-3-G and RV-4 ' -G; and, p~0 . 05 at lO~M, 30~M and 

100~M treatments with RV-3-S. 
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It is evident from Figure 3.7 that the general trend of the effects of resveratrol and its 

metabolites was very similar when comparing the two assays. The ICso values however, 

seemed to be slightly higher using the MIT assay (see Table 3.1). For example, the ICso 

value for RV-3-G with the neutral red assay for example was 16.5±8.l% whilst with the 

MIT, 28.9±1.1%. In addition, at lOOIlM, the growth inhibition after treatment with RV-

3-S was 79% whilst for RV-4 ' -G, 97.4%. The results for RV-4 ' -G were in agreement 

with the neutral red whilst those of RV -3-S were slightly less sensitive. Overall, it 

seemed that the MTT assay was slightly less sensitive than the neutral red assay. 

Figure 3.8The effect of resveratrol, resveratrol-3-0-0-glucuronide, resveratrol-4' -0-0-
glucuronide and resveratrol-3-0 -0 -sulphate on the growth of CCL-228 cells after 48 hours 
using the MTT assay. Growth following vehicle control (0.1 % DMSO) treatment reached 
91.3±4.7%. Points represent mean of n=18 from 3 independent experiments ±SEM. pS O.05 at 
30~M and 1 OO~M for all treatments except in the case of lOOIlM resveratrol. 

In the case of CCL-228 depicted above in Figure 3.8, it was evident that despite the 

common trend, values were not in agreement with the neutral red uptake assay (Figure 

3.5). One hundred micromolar treatments with all four compounds were not sufficient 
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to completely inhibit the growth of CCL-228 cells, with the lowest observed inhibition 

of 62%. Differences could be accounted for by the basis of the two assays. The large 

difference between the means of independent experiments with resveratrol resulted in a 

very high coefficient of variation and led to the absence significance at lOO/lM 

resveratrol treatment. 

Figure 3.9The effect of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4 ' -O-D

glucuronide and resveratrol-3-0-D-sulphate on the growth of ReT -116 cells after 48 hours 
using the MIT assay. Growth following vehicle control (0.1 % DMSO) treatment reached 
86± 17.1 %. Points represent mean of n= 18 from 3 independent experiments ±SEM. p~0 .05 at 

30llM and 100llM for all four treatments. 

Presented in Figure 3.9 are the results of HCT -116 cells being treated with the four 

compounds of interest. Again, these results like CCL-228 seemed to be less sensitive as 

compared to the results obtained with the neutral red uptake assay (Figure 3.6). Even at 

100J..l.M, complete inhibition was not reached, with the greatest inhibition being 68%. 

The ICso values were 34.6J..l.M, 40.6/lM, 42.6/lM and 57.0J..l.M for resveratrol, RV -3-G, 

RV-4 ' -G and RV-3-S respectively. When comparing these values with the neutral red 

assay in Table 3.1 , it is clear that the values are greater. 
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Table 3.1 ICso values of resveratrol,piceatannol, pterostilbene, resveratrol-3-0-D-glucuronide, 

resveratrol-4'-O-D-glucuronide and resveratrol-3-0-D-sulphate using the neutral red and MTT 

assays. Values were calculated using GraphPad Prism 6.0 by non-linear regression (curve fit) 

and dose-response inhibition (variable slope, 4 parameters) and values represent means of three 

independent experimentS± SEM. 

IC50mean(±SEM) ,...M n=3-4 independent experiments 

Compound Caco-2 CCL-228 HCT-116 

NRU MTT NRU MTT NRU MTT 

Resveratrol 23.S±S.0 47.7±1.2 9.S±1 ~30- 15.1±5.3 34.6±1.l 

100JlM * 

Resveratrol-3- 16.5±S.1 2S.9±I.1 15.S±4.2 ~30- 10.1±3.0 40.6±1.2 

0-0- IOOJlM * 

glucuronide 

Resveratrol-4' - IS.6±8.1 15.4± 1.2 12.9±1.2 ~30- 24.4±3.4 42.6±1.2 

0-0- 100JlM * 

glucuronide 

Resveratrol-3- 11.2±1.4 33.6±1.2 21±0.O4 ~30- 31.0± 1.3 57.0±1.2 

O-O-sulphate IOOJlM * 

Piceatannol 21.7±1.l NT 29±1.0 NT 2S.0±1.1 NT 

Pterostilbene 5±1.1 NT 34.5±1.l NT lS.3±l.lO NT 

NT-Not tested 

* Not possible to calculate by GraphPad Prism 
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3.3 Effect of resveratrol and its metabolites on polarised Caco-2 cells 

Caco-2 cells were grown on penneable Transwells for 21 days in order to fonn a 

differentiated polarised monolayer (Figure 3.10). Cells were treated every other day 

with either resveratrol or its metabolites at 1 IlM or 30llM on either the apical or the 

basolateral sides for 11 days. Cell viability was assessed using the neutral red uptake 

assay as mentioned in Section 2.2.1 and converted to percent of growth relative to 

untreated cells. 

Drug 

1 
Mucosal (lwnenal side) 

~===========l ~ Cell monolayer 

~ Serosal (blood side) i 
Drug 

Figure 3.10 Schematic representation of Transwells and the formation of a monolayer with the 

mucosal and serosal sides. Image taken from Coming Life Sciences. 
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Figure 3.11 Comparison of the effect of I JlM (A) and 30JlM (B) treatments of resveratrol, 

resveratrol-3-0-D-glucuronide, resveratrol-4' -O-D-glucuronide, resveratrol-3-0-D-sulphate and 

vehicle control (0.1 % DMSO)on the apical or basolateral side of Caco-2 mono layers grown on 

Transwells for 21 days and treated for II days every other day expressed as a percentage of 

control growth. Points represent means n=6 from 3 independent experiments ±SEM. * p<0.05, 

**p<O.OI, *.* p<O.OOI relative to control untreated. 
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It is evident from Figure 3.11 A that the growth of Caco-2 cells was not affected by low 

concentrations of the test compounds on either side (p>0.05). For example, there was a 

17% ±5.6% reduction in growth with 1 ~M apical resveratrol as compared to basolateral 

(2% ± 15 .6%) but the difference was not statistically significant (p>0.05). This 

contradicts the results from Figure 3.4 where 1 ~M treatments with RV, RV -30, and 

RV-4'-0 caused an inhibition by 33%, 23%, and 7% respectively. Differences could be 

attributed to the biological variability and/or the difference between a polarised and 

non-polarised scenario. Moreover, addition of 30~M treatments on the basolateral side 

yielded similar results (Figure 3.11B).Apical delivery however of 30~M resveratrol 

reduced cell viability to about 50% (p<0.05), while the metabolites had a smaller effect 

(Figure 3.11B). For example, 30~M RV-3-0 reduced growth by only 20%±0.8%.What 

is interesting is that the same effect was seen with actinomycin D irrespective of 'side' 

of treatment at 1 ~M (p<O.O 1) but apical 30~M actinomycin D was not as effective as 

1 ~M. Despite these observations, all results excluding those for 30~M apical vs 30f.lM 

basolateral resveratrol treatments and actinomycin D were not statistically significant 

(p>0.05). One can therefore conclude that the 'sidedness' of treatment was not a major 

factor at low concentrations but apical 30~M resveratrol was an active treatment, 

whereas basolateral30~M resveratrol was not. 
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3.4 Investigation of cell growth following drug removal 

Cells were treated with ICsoconcentrations(see Table 3.1 for exact values) of the drugs 

for 48 hours after which cell numbers were calculated or media replenished for further 

48 hours in order to investigate whether the effects seen were reversed. Statistical 

analysis using ANOVA and Tukey's test was used comparing the 48 hour treatment 

groups with the corresponding treatments following 48 hour replenishment with fresh 

media. Only p-values :S0.05 were considered statistically significant. 
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Figure 3.12 Comparison of the effect of treatment of Caco-2 cells with ICso concentrations of 

drugs after 48 hours followed by a 48 hour recovery period. Values represent mean cell numbers 

n=9 from 3 independent experiments ±SEM. IC,o values:resveratrol 23.8J.lM, RV-3-G 16.5J.lM, 

RV-4'-G 18.6J.lM and RV-3-S 11.2J.lM. 

As shown in Figure 3.12, cells numbers decreased after 48 hours incubation with 

resveratrol but cells were capable of recovering after 48 hours following addition of 

fresh media in the absence of drug (170,000 cells and 300,000 cells respectively) 

suggesting that cells can recover from an S phase arrest as will be shown later. The 

trend in the case of the metabolites was the same but cells numbers were greater 

94 



(~280,000 cells) reaching approximately 400,000 cells after the 48 hour recovery 

period. However, there was little activity of the metabolites overall in these experiments 

when compared to DMSO and did not correspond to ICso concentrations. This was not 

the case however, for actinomycin D as cell numbers were overall less (-140,000 cells) 

with cells not being able to recover (-68,000) as expected, since actinomycin D is an 

irreversible inhibitor of protein synthesis. One possibility for the unexpected effect of 

the metabolites could be loss of activity. In fact, a recent study has identified that UV 

exposure and exposure to air and room temperature for a period of 72 hours leads to 

changes in the emission spectra of resveratrol and its metabolites (Aires et aI., 2013). 

So, despite the fact that exposure to light and air was kept to a minimum, this could be a 

possibility for the loss of activity. 
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Figure 3.13 Comparison of the effect of treatment ofCCL-228 cells with ICso concentrations of 

drugs after 48 hours followed by a 48 hour recovery period. Values represent mean cell numbers 

n=9 from 3 independent experiments ±SEM.lCso values: resveratroI9.8J.lM, RV-3-G l5.8J.lM, 

RV-4'-G 15.4J.lM and RV-3-S 33.6J.lM. 
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The trend seen in CCL-228 cells (Figure 3.13) was similar as in the case of Caco-2 cells 

but the anti-tumour activity of treatments, including resveratrol, was less effective than 

expected. The concentrations of resveratrol and the two glucuronides used were not 

sufficient to reduce growth by 50% with the sulphated metabolite being slightly more 

active suggesting loss of activity of the compounds. Overall, treatment of CCL-228 

cells with RV-3-S did not lead to growth reversal. More specifically, after 48 hour drug 

treatment with RV -3-S, cells were reduced to 85,632 relative to 82,073 after incubation 

for a further 48 hours with drug-free media. Only in the case of actinomycin D, cells 

were not capable of recovering after removal of the drug with cell numbers reducing 

even further. 
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Figure 3.14 Comparison of the effect of treatment of HCT-I16 cells with ICsoconcentrations of 

drugs after 48 hours followed by a 48 hour recovery period. Values represent mean cell numbers 

(triplicates) of 3 independent experiments ±SEM. ICso values: resveratrol IS.lJ.lM, RV-3-G 

1O.I~M, RV-4'-G 24.4J.lM and RV-3-S 31.0J.lM. 
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The comparison of 48 hour treatment alone and 48 hour recovery period for HCT -116 

cells is shown in Figure 3.14. These results were in agreement with the findings in 

Caco-2 and CCL-228 cells. Despite that treatment with resveratrol caused a reduction in 

cell numbers, 48 hour replenishment with fresh media was sufficient to increase cell 

numbers but this was not statistically significant (p>O.05). The same scenario was seen 

with RV-3-G, the vehicle control and untreated cells. In the case of RV-4'-G and RV-3-

S, there was no reversal of the drug effect following 48 hour media replenishment. 

The lack of activity of the drugs was surprising, so much that Bertin Pharma was 

contacted to check the Lot numbers and whether the specific batch of compounds was 

up to standard. Bertin confirmed the potency of the chemicals. As will be seen, further 

studies suggest that cell variability in how cells respond to drugs may account for this 

change in activity. 
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3.5 Haemolysis 

In order to investigate the effect of the resveratrol metabolites on normal cells, sheep 

red blood cells were used and treated for 30 minutes at increasing concentrations (Ij.lM, 

10j.lM, 100j.lM, 200j.lM and 500j.lM). The concentration of haemoglobin released was 

measured at 540nm and the percent of haemolysis was calculated relative to I % Triton 

X-IOO (positive control). 
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Figure 3.1S Effect of resveratrol and its metabolites on the haemolysis of sheep red blood cells. 

RBC's were treated with increasing concentrations of drugs (lJ.1M, 10J.1M, 100J.1M, 200J.1M and 

500J.1M) for 30 minutes and the absorbance measured at 540nm. Percent haemolysis was 

calculated by using 1% Triton-XIOO as 100% haemolysis. Values represent means (triplicates) 

of two independent experiments ±SEM. "*p<O.OOlrelative to control by one-way ANOVA 

followed by Tukey's test. 

The extent of haemolysis in the untreated group reached 14.5o/O±O.8% and the 

resveratrol metabolites did not cause haemolysis of sheep red blood cells when added 

up to 200j.lM (Figure 3.15). More specifically, haemolysis of sheep cells at I JlM RV -4' -

G treatments reached 17.5%±4.2% while it was even lower percentages with the other 
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treatments. These were not significantly different to the non-treated group 

(l4.5o/o±O.8%). Even at 200JlM treatments (two-fold difference with the highest 

concentration used for the growth studies), haemolysis was not sufficient to suggest a 

cytotoxic effect to normal cells. For example, after 200JlM treatment with RV -3-G, 

haemolysis of red blood cells reached 23.5o/o±0.3%. Significant haemolysis was only 

apparent at concentrations reaching 500JlM which was 5-fold the maximum 

concentration used for the growth studies (39.1o/o±3.0%, 47.9o/o±3.5%, 44.2o/O±1.2% for 

RV-3-G, RV-4'-G and RV-3-S respectively) (p<O.OOl). These experiments indicated 

that resveratrol and its metabolites were not capable of exerting a cytotoxic effect on 

normal cells, suggesting that growth inhibition of undifferentiated cells was due to a 

different mechanism. 
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3.6 Discussion 

The aim of this chapter was to elucidate and compare the effect on growth of two 

known analogues of resveratrol, piceatannol (a resveratrol metabolite) and pterostilbene 

as well as the three main conjugated metabolites. Experiments were also designed to 

identify whether the growth inhibition was reversible when the drugs were removed. In 

addition to experiments on growing cells, the effect on cells grown as a polarised 

epithelium were performed to model the in vivo state more closely. Finally, possible 

non-specific actions of the drugs on cells were tested using a haemolysis assay. Whilst 

all attempts were made to maintain the stability of the drugs including minimal 

exposure to light and air and avoidance of continuous freeze-thawing, stability assays 

were not performed. 

Effect of resveratrol analogues on growth 

Results showed that pterostilbene had the lowest ICso in the range of 5-20JlM for the 

three cell lines. One possibility for the greater observed efficacy could be the 

substitution of two hydroxyl groups of resveratrol to methoxy groups that are known to 

increase its permeability in the cell making pterostilbene more lipophilic and increasing 

the potential for cellular uptake (McCormack and McFadden, 2012).The findings from 

this study agree with screening assays conducted by Pan et al. (2007) on colorectal 

cancer cell lines using pterostilbene where they reported an ICso 6.25JlM using 

COL0205 cells (Nam et al., 2001, Pan et al., 2007). A study by Wolter and colleagues 

(2002) reported an ICso of 25JlM when screening piceatannol against Caco-2 and HCT-

116 cells after 72 hours (Wolter et al., 2002). This is in tight accordance with results 

from this study which identified an 1Csoof21.7JlM for Caco-2 and 28JlM for HCT-116 

at 48 hours. The slight differences between the two studies could be due to the different 
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assay used (Crystal Violet and Neutral Red) as well as the exposure time. Another 

noteworthy fact about the study by Wolter is that piceatannol hampered the growth of 

HCT-116 cells (do not express COX-2 and are deficient in COX-l activity). This 

suggests that piceatannol has a different mechanism for inhibiting growth compared to 

resveratrol being independent of COX activity. Murias et al. (2004) have demonstrated 

that piceatannol inhibits COX-2 with a higher efficacy than resveratrol and the clinically 

established celecoxib making it a good candidate for achieving growth inhibition at 

lower concentrations (Murias et al., 2004). 

A study by Schneider and colleagues (2003) investigated the effect of pterostilbene at 

low micromolar concentrations (0. 1 J,1M-0.6J,1M) over a period of 11 days on Caco-2 and 

CCL-228 cells (Schneider et al., 2003). They reported ICso values of 0.25JlM and 

0.23JlM respectively. After attempting this experiment using IJlM treatments of 

resveratrol, its two analogues and the metabolites for 11 days, results were inconclusive 

possibly owing to the fact that cells became detached from the 96-well plates after this 

exposure time (data not shown). Therefore only an experiment using 1 JlM and 30JlM 

for 11 days on Transwells was performed. 

Effect of conjugated metabolites on growth 

The results presented in this chapter showed for the first time a significant inhibitory 

effect of the three main resveratrol metabolites. ICso values for the parent compound, 

resveratrol and its metabolites were in the range of 9-31 JlM for the three cell lines, 

Caco-2, CCL-228 and HCT-116. The values reported here for resveratrol are in 

accordance with previous studies, where growth inhibition was reported in the range of 

10-100 JlM (Juan et al., 2012, Pan et al., 2007, Nam et al., 2001) despite them being 

relatively high when considering the bioavailability ofresveratrol (Walle, 2011). 
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The neutral red assay was mainly employed in this study, which seems to be more 

sensitive than assays of tetrazolium salts (including MTT), enzyme leakage or protein 

content (Repetto et ai., 2008). This was confirmed by the ICso values with the MTT 

assay which were in the 30-100 J.lM range. Previous studies used the MIT assay on the 

three major sulphated metabolites, trans-resveratrol 3-0-D-sulphate, trans-resveratroI4'

O-D-sulphate and trans-resveratrol-3-0-4'-0-D-disulphate on breast cancer cells (less 

potent than resveratrol) (Miksits et ai., 2009), the sulphorhodamine (SRB) protein assay 

using resveratrol-3-0-D-sulphate on breast cancer cells (ICso>50 J.lM) (Hoshino et ai., 

2010) and Promega's Cell Titer Blue assay (oxidation of resazurin, resveratrol 

glucuronides ICso>100 J.lM on neuroblastoma cells) (Kenealey et ai., 2011). One 

explanation for the greater ICso values with the MIT assay in this study as well as the 

fore mentioned, could lie in the fact that resveratrol and possibly its metabolites increase 

metabolic activity which caused the considerable variation in these results. It has been 

shown that resveratrol is capable of protecting against mitochondrial injury and to 

increase the activity of mitochondrial dehydrogenases (Yousuf et aI., 2009). Therefore, 

it is suggested that injured cells can reduce the MIT and consequently increase the 

production of the formazan product leading to the under-estimation of the anti

proliferative effects of resveratrol and metabolites. 

The results of this study are in contrast to a report stating "the 3 -0 and 4' -O-D

glucuronide resveratrol metabolites were without effect on colon cancer cell growth, as 

evidenced by cell proliferation and cell cycle analysis at a concentration of 60J.lM" 

(unpublished data) (Delmas et ai., 2011). A recent study by Stomiolo and Moreno 

(2012) however, has reported an inhibitory effect with the three metabolites using Caco-
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2 cells (lCso reported to be approximately lOf.lM) in a concentration-dependent manner 

which further confirms our findings. 

Effect on growth using a polarised epithelium 

The work by Schneider and colleagues (2003) was the inspiration for this experiment. 

These authors found that low concentrations (1 f.lM) of resveratrol and its trimethoxy 

derivative for a period of 11 days were sufficient to inhibit the growth of Caco-2 cells. 

This led us to investigate the effect of low concentrations on polarised cells but 

ultimately contradicted the results from this study using Caco-2 cells and Transwells.lt 

has been previously shown that resveratrol is rapidly metabolised in the liver and 

intestine via Phase II metabolism, therefore making it less bioavailable (Walle, 2011). 

High concentrations like those used in in vitro studies are therefore never achieved in 

vivo. Therefore, the effect of the drugs on a polarised monolayer experiment was 

designed to investigate the effect of two concentrations of resveratrol and its metabolites 

over a period of 11 days on the growth of Caco-2 cells. Only Caco-2 cells were used for 

this experiment because these adenocarcinoma cells are capable of forming mono layers 

and are the gold standard model in drug permeation studies. In order to mimic the 

polarised epithelium of the intestinal tract, cells were loaded onto Transwell plates to 

create a polarised monolayer and treatment was applied to either the apical or 

basolateral compartment as cells exist in a polarised form in vivo. The effect of 

resveratrol and its metabolites on fully differentiated polarised Caco-2 monolayers has 

not been investigated so far except for this study. It has been shown that apical or 

basolateral treatment of resveratrol and its metabolites for a period of 11 days at low 

concentrations (1 f.lM) did not have any effect on the growth of proliferating Caco-2 

cells. Thirty micromolar resveratrol delivered on the apical side of the monolayer 
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significantly inhibited the growth of cells by -50%. The effect of the metabolites 

however was less profound with only about 25% inhibition. These results suggest that 

the apical side is more sensitive and raise the possibility that these events are receptor

mediated. For example, the activation of the adenosine A3 receptor could be a target that 

causes activation of downstream signalling pathways leading to growth inhibition. This 

however will be discussed further in Chapter 5. Thirty micromolar actinomycin D 

treatment on the apical side was unexpectedly less effective as compared to 30,....M 

basolateral and IIJ.M apical and basolateral treatments. This suggests that specific efflux 

pumps are present which are responsible for actively pumping the high concentrations 

of actinomycin D outside the cell. One such family of transporters is the ABC (ATP

binding cassette) family and one of its members, P-glycoprotein was previously shown 

to be present on the apical side of the colon (Balayssac et aI., 2005). 

Effect following removal of drugs 

In order to gain a further insight into the mechanism of action of the metabolites, the 

effects after removal of the drugs were attempted to be elucidated. From the results 

however, it was not possible to draw any conclusions. More specifically, despite the 

recovery of cells in some instances, the differences were not statistically significant. 

Contradicting results come from a study by Opipari (2004) however, where A2780 

ovarian cancer cells were treated with 50,....M resveratrol in increasing amounts of time 

(0-48 hours) and cells allowed to recover (Opipari, 2004). It has been shown that cell 

exposure greater than 12 hours caused irreversible growth arrest. One possibility for the 

variation in effects could be the higher resveratrol concentration as compared to the 

current study where only 30,....M concentrations were employed. Experiments with 

100,....M treatments were attempted but cells were not able to recover following 24, 48 

and 72 hours media replacement (data not shown) which further suggests there is a limit 
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to the reversibility of the resveratrol effect. These experiments were hampered by the 

lack of activity of resveratrol and its metabolites. The treatments were added at ICso 

values but 50% inhibition was rarely measured. The stability of the drugs was checked 

with the manufacturer (Bertin Pharma) and assured there were no problems. There is 

only limited evidence for a reversible effect of resveratrol. 

Lack of non-specific effects 

The results of the haemolysis experiment on sheep red blood cells showed no evidence 

of lytic activity of resvetratrol and its metabolites at concentrations reaching 200f.lM. 

This is in close agreement with published studies (Jung et at., 2005). Other studies 

however, have reported the parent compound, resveratrol to possess cytotoxic effects on 

human peripheral blood mononuclear cells (PBMCs) at concentrations greater than 

30f.lM but this was absent for the mono-glucuronide metabolites at up to 270f.lM (Wang 

et at., 2004a). 

Conclusion 

The experiments described in this chapter showed the growth inhibitory effects at high 

concentrations of the metabolites. The next phase of work was to investigate the actual 

mechanism of action of these metabolites. Further experiments were conducted to 

elucidate whether these drugs cause the same effects as the parent compound or whether 

they acted in a different manner. One possibility could be that the metabolites caused 

cell arrest by inhibiting a specific phase in the cell cycle or that they targeted the cells in 

a specific manner inducing them to undergo programmed cell death (apoptosis). In the 

next two chapters, a more mechanistic probe into the effects of these drugs on the cell 

cycle and the possible involvement of apoptosis was perfonned. 
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Chapter 4.How does resveratrol and its metabolites inhibit cell 

growth? 

In vitro studies have demonstrated that resveratrol can inhibit cell proliferation, induce 

apoptosis, and block cell cycle progression in numerous types of human cancer cell 

lines including colon, skin, breast as well as pancreas (Walle et ai., 2004). Resveratrol is 

capable of causing cell cycle arrest at the 00/0 I, S and 021M phases and has the ability 

of causing terminal differentiation and eventual apoptosis in various cancer cell lines 

including colon, breast, liver and prostate (Saiko et ai., 2008, Parekh et ai., 2011, 

Hahnvajanawong, 2011). 

The most vital cellular mechanism against transformation of 'new growth' is apoptosis 

which removes a damaged cell whilst also suppressing the development of transformed 

cells that have been inappropriately stimulated to divide despite the absence of mitotic 

stimuli (Kundu and Surh, 2004). It has been revealed that resveratrol can trigger 

apoptosis in a variety of malignant cell types by encouraging cytochrome c release, up

regulation of the pro-apoptotic Bax protein, down-regulation of the anti-apoptotic Bcl-2 

and through activation of the tumour suppressor protein, p53, known as the guardian of 

the genome(Ousman et ai., 2001, Dong, 2003). RV caused apoptosis in HL-60 (Human 

promyelocytic leukaemia cells) and the T 4 7D breast cancer cell line by eliciting the 

CD95-CD95L signalling pathway (Clement et ai., 1998). Alternatively, studies by 

Delmas and colleagues (2003) reported that modulation of FaslFasL was not responsible 

for RV-induced apoptosis in SW480 colorectal cancer cells; rather it was due to 

caspaseactivation and up-regulation of Bax and Bak. The mechanisms responsible for 

the induction of apoptosis using resveratrol seem to be cell-type specific, either p53-

dependent or p53-independent. This was observed through a study by Mahyar-Roemer 

et ai. (2001) where it was suggested that resveratrol-induced apoptosis of HCT-116 
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colorectal cells is by a p53-independent mechanism (even though this cell line expresses 

wild type p53). 

Data from studies on a range of cell lines have suggested that resveratrol has strong 

anti-proliferative characteristics. Resveratrol prevented the proliferation of tumour cells 

by directly inhibiting DNA synthesis and by impeding different phases of cell cycle 

development (Kundu and Surh, 2004). This naturally occurring polyphenol also 

inhibited the expression of cyclin Bl in MCF-7 and SW480, whilst also down

regulating the expression of cyclin Dl and cyclin A in SW480 cells only (Wolter et al., 

2003). This suggests a cell type-specific effect of resveratrol in blocking the malignant 

cell cycle progression (Joe et al., 2002). Alternatively, resveratrol inhibited the 

expression of cyclin D 1 and Cdk4 but increased the expression of cyclin E and cyclin A 

in Caco-2 and HCT-116 colorectal cancer cells (Wolter et al., 2001). 

Resveratrol exerts its inhibitory effects by mediating cell-cycle arrest through up

regulation of p21, p27, p53 and Bax and down-regulation of cyclin Dl, cyclin E and 

Bcl-2 (Rimando and Suh, 2008, Gescher and Steward, 2003). Resveratrol is also 

capable of inducing apoptosis by positively regulating the expression of Bax, p53, 

PUMA and other pro-apoptic proteins while concurrently reducing the expression of 

anti-apoptotic proteins including Bcl-2 and surviving (Shankar et al., 2007). Other 

signalling pathways include suppression of tumour cell proliferation, reduction of 

inflammation and angiogenesis and inhibition of adhesion, invasion and metastasis 

(Bishayee, 2009). 
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Aims and objectives 

The aims of this chapter were therefore, to investigate the effect of treatment and 

deduce whether there is a link to apoptosis or if in fact the effect lies further 

downstream in the nuclear level and affects the cell cycle. Experiments were conducted 

by co-treating cells with ICso concentrations of resveratrol and its metabolites and the 

pan-caspase inhibitor, Z-VAD-FMK (50J,J.M) to identify whether the effects of these 

drugs were reduced therefore suggesting an apoptotic effect. The morphology of cells 

was also examined using the DAPI nuclear stain in order to see the effect on the nuclear 

integrity after treatment. The apoptotic effect was further analysed by flow cytometry 

by looking at the cell cycle distribution and the percentage of cells in the sub-G I phase 

after treatment followed by measurement of the protein levels of cyclin D I using a 

range of concentrations. The involvement of p53 on the growth effects after treatment 

was also investigated by western blot and immunofluorescence staining. 
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4.1 Involvement of caspases on resveratrol and its metabolites on growth 

In order to investigate whether treatment with resveratrol and its metabolites exerted an 

apoptotic effect, the pan-caspase inhibitor, Z-VAD-FMK was employed. Z-VAD-FMK 

is a cell-permeable, irreversible pan-caspase inhibitor. It inhibits caspase processing and 

apoptosis induction in tumour cells in vitro (ICso = 0.0015-5.8mM)(Slee et ai., 1996, 

King et ai., 1998). Cells were treated for 1 hour with 50J-lM Z-V AD-FMK prior to 

treatment with the test compounds at ICso concentrations and incubated for 48 hours 

(see Table 3.1 for ICso values). Z-VAD-FMK (50J-lM) has been shown previously to be 

an effective treatment in blocking the caspases (Waheed et ai., 2011).If cells died by 

apoptosis, it was expected that after administration of Z-V AD-FMK the absorbances 

would be higher than without the inhibitor. If this was the case, one would conclude that 

the mechanism of action of these compounds was through induction of apoptosis. 
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Figure 4.1 Effect of treatment with compounds of interest (at ICso concentrations) with or 

without addition of Z-VAD-FMK (50JlM) on viability of Caco-2 cells. Briefly, cells were 

incubated with drugs either alone or with Z-V AD-FMK for 48 hours and viability measured 

using the neutral red uptake assay. Results represent means (n=9) from 3 independent 

experiments ±SEM. 

From the results above it is clear that percent growth values looked similar in the 

presence or absence of Z-VAD-FMK (Figure 4.1). For resveratrol and RV-3-S, there 

was a slight but not significant decrease in growth as compared to treatment alone 

which could be accounted for by variability (p>0.05). A noteworthy point to emphasise 

is the fact that ICso concentrations were used for this experiment however, greater than 

50% inhibition was achieved in some cases as shown in Figure 4.1. In the case of 

DMSO in the presence of Z-V AD-FMK, there appears to be a drop in growth due to the 

presence of outliers from two independent experiments as this was not evident in the 

other two cell lines (Figures 4.2 and 4.3). Exclusion of these outliers led to growth 

reaching the levels of the control group in the presence of Z-V AD-FMK (data not 

shown). Overall, these findings were not statistically significant (p>0.05) and therefore 

suggest no association between the test compounds and induction of apoptosis. 
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Figure 4.2 Effect of treabnent with compounds of interest (at ICso concentrations) with or 

without addition of Z-VAD-FMK (50IlM) on viability of CCL-228 cells. Briefly, cells were 

incubated with drugs either alone or with Z-V AD-FMK for 48 hours and viability measured 

using the neutral red uptake assay. Results represent means (n=9) from 3 independent 

experiments ±SEM. 

Several effects are evident from Figure 4.2above for CCL-228 colorectal cancer cells. 

Firstly, there is no significant effect on growth after treatment with RV-3-G and RV-4'-

G so, again there was loss of activity. RV and RV-3-Swere active, and Z-VAD-FMK 

did not reverse the inhibitory effects. What is interesting is that even though RV and 

RV-3-S inhibited growth, 50% inhibition was not achieved. The variable results are 

seen from the very high error bars. Secondly, in most cases with the exception of 

actinomycin D the overall percent growth is lower in the pre-treatment group (with Z-

VAD-FMK) as compared to the group with treatment alone. Lastly, following ANOVA 

analysis it was concluded that the two experimental groups i.e in the presence or 

absence of Z-V AD-FMK, were not significantly different between themselves (p>O.OS). 
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Figure 4.3 Effect of treatment with compounds of interest (at ICso concentrations) with or 

without addition of Z-V AD-FMK (50~M) on viability of HCT -116 cells. Briefly, cells were 

incubated with drugs either alone or with z-V AD-FMK for 48 hours and viability measured 

using the neutral red uptake assay. Results represent means (n=9) from 3 independent 

experiments ±SEM. 

The involvement of caspases in the mode of action of resveratrol and its metabolites 

was also investigated using HCT-116 cells. It is clear that resveratrol, RV-4'-G and RV-

3-8 appeared active except for RV-3-G where the drug activity was lost again. From 

Figure 4.3 above it is apparent that there was no difference in growth when cells were 

pre-treated with the inhibitor and test compound alone. This is best exemplified in the 

case of resveratrol and actinomycin D. With RV-4'-G and RV-3-8, there was a slight 

decrease in growth after addition of Z-V AD-FMK. More specifically, with RV -4' -G in 

the absence of Z-V AD-FMK growth was inhibited by 25% but this increased to 34% in 

the presence of the caspase inhibitor. After analysis however, all findings were found 

not be to statistically significant (p>O.05). It seems that the caspases are not involved 

and/or responsible for the effects exerted by resveratrol or the resveratrol metabolites 

and more studies are warranted to determine the actual molecular pathway. One 
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suggestion could be that these natural products could be causing cell cycle arrest leading 

to apoptosisin a caspase-independent manner. 

4.2 Nuclear morphological evaluation 

Caco-2, CCL-228 and HCT-116 cells were evaluated under fluorescence with DAPI 

staining under x20 magnification in order to identify any characteristics of apoptosis 

(nuclear fragmentation for example) and to relate any observations to the Z-VAD-FMK 

experiment (Section 4.1). 

As shown in Figure 4.4, treatment of Caco-2 cells with resveratrol and its metabolites 

revealed no signs of apoptosis. More specifically, treatment with resveratrol and the 

three metabolites did not affect the size or fragmentation levels of the nuclei as 

compared to the untreated and vehicle control groups (Figure 4.4 A&C). Treatment with 

actinomycin D was sufficient to decrease the number of viable cells and hence the 

number of nuclei but for all other treatments these numbers remained constant. 
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Figure 4.4 Morphological evaluation of DAPI stained Caco-2 cell nuclei under a fluorescence microscope. Briefly, cells were seeded in chamber slides and 

48 hour post treatment cells were fixed and mounting medium containing DAPI was added. Control (A); actinomycin 0 (B); 0.1 % DMSO (C); resveratrol 

(D); RV3G (E); RV4'G (F); and, RV3S (G). Images are from one experiment but are representative from at least 3 independent experiments. Magnification 

x200. 



In the case ofCCL-228 the size of the nuclei were much smaller as compared to Caco-2 

primarily due to the smaller size of these cells (Figure 4.5). Untreated cells and those 

treated with the vehicle displayed no evidence of nuclear fragmentation (Figure 

4.5A&C). After treatment with resveratrol and its three metabolites, it was evident that 

cell numbers were much lower however, cells managed to retain their nuclear size and 

no signs of apoptosis were evident (Figure 4.5 D-G). In the case of actinomycin D, the 

number of nuclei was even lesscompared to all treated and untreated groups (Figure 4.5 

B). 
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Figure 4.5 Morphological evaluation of DAPI stained CCL-228 cell nuclei under a fluorescence microscope. Briefly, cells were seeded in chamber slides and 

48 hour post treatment cells were fixed and mounting medium containing DAPl was added. Control (A); actinomycin D (B); 0.1 % DMSO (C); resveratrol 

(D); RV3G (E); RV4'G (F); and, RV3S (G). Images are from one experiment but are representative from at least 3 independent experiments. Magnification 

x200. 



DAPI stained untreated HCT -116 nuclei appeared to have the same size as CCL-228 and 

were more circular with no evidence of cell injury (Figure 4.6A). Treatment with 

actinomycin D caused a significant reduction in cell numbers but with no sufficient 

evidence of nuclear fragmentation (Figure 4.68). Similar morphology to untreated cells 

was exhibited after treatment with the vehicle control (0.1 % DMSO) where the nuclei 

appeared normal with no signs of damage. In the case of resveratrol treatment, the cell 

nuclei were significantly less but whether they have undergone injury corresponding to 

nuclear fragmentation it was not clear (Figure 4.6D). In the case of RV -3-G however, 

the nuclei were not affected after treatment unlike RV -4' -G where the majority of cells 

appeared to be like the untreated cells and the vehicle control. With respect to RV -3-S 

the cell nuclei displayed characteristics similar to untreated cells and those treated with 

the vehicle control (Figure 4.6G). 
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Figure 4.6 Morphological evaluation of DAPI stained HCT -116 cell nuclei under a fluorescence microscope. Briefly, cells were seeded in chamber slides and 

48 hour post treatment cells were fixed and mounting medium containing DAPI was added. Control (A); actinomycin D (B); 0.1 % DMSO (C); resveratrol 

(D); RV3G (E); RV4 'G (F); and, RV3S (G). Images are from one experiment but are representative from at least 3 independent experiments. Magnification 

x200. 



4.3 Effed of treatment on p53 expression 

In the present study, western blotting and imrnunostaining were employed in order to 

determine the p53 expression of treated HCT -116 cells with resveratrol and its 

metabolites at a range of concentrations. This study was undertaken in order to 

determine the involvement of the tumour suppressor p53 on the effects seen after 

treatment with the resveratrol metabolites. HCT -116 was the only cell line used since it 

expresses a wild-type p53. Caco-2 and CCL-228 on the other hand however possess a 

mutated p53 status (Liu and Bodmer, 2006). 
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4.3.1 Protein expression of p53 

B 

p53 

actin 

c 
~ cu 
C;; 
II) 
C-

0.5 

A 

"0 :i: ... :1 
1: '1"'4 

0 ii: u 

* 

... 
u 

:i: :i: ~ 
~ ... :i: :1 :1 II 

E :1 0 :1 0 
:i: '1"'4 '1"'4 '1"'4 " :1 c t? t? t? t? 0 u ... ... 
rl e If) If) l' l' • • 
ii: ii: ii: ii: ii: Q. 

. rc-a ..-r.1tV ...- " ·r 
~ ... ~ ........... ~'.~ 

*** 

:i: 
:1 
0 
'1"'4 

0 

~ 

53kDa 

42kDa 

Figure 4.7 Western blot analysis of p53 after treatment with I/lM and IO/lM treatments of 

resveratrol , RV-3-G, RV-4 ' -G and actinomycinD. Blot is a representative of at least 3 

independent experiments (A); relative values ofp53/beta-actin after ImageJ analysis (B). Values 

represent means of at least 3 independent experiments ±SEM. *p<O.05 and ***p<O.OOl by 

ANOVA and Tukey' s test relative to the control. 
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From the protein expression profile seen in Figure 4.7 (A) above, it is clear that at I~M 

resveratrol treatment the protein levels of p53 increased (p<O.05 compared to the 

control) as compared to lO~M. In the case of RV -3-G, however, levels were not altered 

and were comparable to the basal levels (untreated) (p>O.05). A greater effect was 

evident with RV-4'-G at 10~M but, this was not significant after 3 experiments 

(p>0.05). The positive control, actinomycin D, a known p53 inducer (Choong et at., 

2009) was shown to considerably increase the protein levels (p<O.OO 1). 

ImageJ quantification of the protein bands is seen in Figure 4.7 (8). The protein 

expressions bands were normalised to the respective beta-actin levels. For untreated cells 

this ratio was approximately 0.41±O.07 whilst for I~M RVand 101lg/ml actinomycin D 

this increased to 1.21 ± 0.23 respectively. At lO~M resveratrol, this was increased 

slightly to O.66±O.11 but in the case of RV -3-G the relative values were comparable to 

the basal levels (O.20±O.05 and O.50±0.02 respectively) (Figure 4.7). Analysis ofRV-4'

G treatments suggested an increase in p53 with the highest concentration (10IlM). More 

specifically, the relative value increased from 0.38±O.07 to 1.13±0.41. Due to the fact 

that RV -3-S was not commercially available during this time, protein expression levels 

of p53 could not be assessed but were included in later immunofluorescent work. 
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4.3.2 Assessment of p53 expression levels by immunofluorescence 

Cells were treated for 48 hours and incubated with an antibody raised against p53 and a 

TRITC conjugated secondary antibody. One image was scored per treatment and DAPI 

and TRITC stained nuclei were manually counted using ImageJ. Figure 4.8 and Table 

4.1 clearly shows the increase in p53 levels after treatment with the positive control, 

actinomycin D (48%) and also the basal levels ofp53 expression in untreated cells (9%). 

In order to confirm the absence of non-specific binding, untreated cells were incubated 

with either primary antibody alone (0%) or secondary antibody alone (0%) and the 

images in Figure 4.8 (C &D) clearly show that cell nuclei were not stained with the red 

label. 

Immunostaining revealed that p53 expression is transient with increasing concentrations 

of resveratrol, with higher expression at 10J.1M (19%). At higher concentrations (30J.1M 

and 100J.1M) there was less evidence of p53 activation as for 1 J.1M with the percentage of 

staining less than the basal levels, suggesting a biphasic response with less effect at 

higher concentrations (Figure 4.9 A-D). Overall, it is clear that at the two highest 

concentrations for all treatments, that p53 levels decreased below the basal levels 

(Figures 4.9, 4.11 and 4.12). Unlike the results from Figure 4.7 above for RV-3-G, the 

immunofluorescence images suggest that p53 levels are increased after 1 J.1M and 10J.1M 

treatments relative to untreated HCT-116 cells (16% and 25% respectively) (Figure 

4.10). The images from Figure 4.11 confirm the western blot results for RV-4'-G 

treatment where p53 levels were greater at lOJ.1M treatments (9%) as compared to IJ.1M 

(1%). A noteworthy point for RV-3-S was that with increasing drug concentrations, the 

expression levels of p53 decreased (Figure 4.12). For example, 1 J.1M and lOJ.1M 
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treatments led to 45% and 29% of cells being stained with p53 as compared to 30!lM 

(6%). 

Figure 4.8 Immunofluorescence of HCT -116 for p53 expression after treatment with lOf.lg/ml 

actinomycin D (A); untreated in the presence of primary and secondary antibodies (8); untreated 

(only with primary antibody) (C); and, untreated (only with secondary antibody) (D). Cells were 

treated for 48 hours and further incubated with an antibody raised against p53 for one hour 

followed by a TRlTC-Iabelled anti-mouse secondary antibody. Images were captured at x I 00 

magnification using a fluorescence microscope and are representative of three independent 

experiments. 
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Figure 4.9 Immunofluorescence of HCT -116 for p53 expression after treatment with resveratrol. 

Cells were treated for 48 hours and further incubated with an antibody raised against p53 for one 

hour followed by a TRlTC-Iabelled anti-mouse secondary antibody. (A) resveratrol I J.lM ; (8) 

resveratrol 10J.lM; (C) resveratrol 30J.lM; and (D) resveratrol 100J.lM. Images were captured at 

xlOO magnification using a fluorescence microscope and are representative of three independent 

experiments. 
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Figure 4.10 Immunofluorescence of HCT-116 for p53 expression after treatment with 

resveratrol-3-0-D-glucuronide. Cells were treated for 48 hours and further incubated with an 

antibody raised against p53 for one hour followed by a TRlTC-labelled anti-mouse secondary 

antibody. (A) RV-3-G IIlM; (8) RV-3-G IOIlM. Images were captured at xlOO magnification 

using a fluorescence microscope and are representative of three independent experiments. 

125 



Figure 4.11 Immunofluorescence of HCT-116 for p53 expression after treatment with 

resveratrol-4 ' -O-D-glucuronide. Cells were treated for 48 hours and further incubated with an 

antibody raised against p53 for one hour followed by a TRITC-labelled anti-mouse secondary 

antibody. (A) RV-4 ' -G 111M; (8) RV-4 ' -G JOIlM ; (C) RV-4 ' -G 30IlM ; and (D) RV-4 ' -G 

100IlM. Images were captured at xl 00 magnification using a fluorescence microscope and are 

representative of three independent experiments. 
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Figure 4.12 Immunofluorescence of HCT-116 for p53 expression after treatment with 

resveratrol-3-0-D-sulphate. Cells were treated for 48 hours and further incubated with an 

antibody raised against p53 for one hour followed by a TRITC-Iabelled anti-mouse secondary 

antibody. (A) RV-3-S 111M; (B) RV-3-S IOJ.1M; (C) RV-3-S 30J.1M; and (D) RV-3-S IOOJ.1M . 

Images were captured at x I 00 magnification using a fluorescence microscope and are 

representative of three independent experiments. 
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Table 4.lImageJ quantification of p53-immunotluorescence images following treatment with 

resveratrol and metabolites. 

Treatment Number of Number of DAPI Percentage of 

TRITe stained stained cells p53 positive 

cells TRITe cells 

Act. D 253 525 48% 

Control (10 and 2° Ab) 100 1133 9% 

Control (1° only) 2 1115 0% 

Control (2° only) 0 980 0% 

RV I~M 24 1166 2% 

RV 10 ~M 149 803 19% 

RV30~M 50 974 5% 

RV 100 ~M 43 849 5% 

RV-3-G 1 ~M 146 892 16% 

RV-3-G 10 ~M 240 974 25% 

RV-4'-G 1 ~M 8 1013 1% 

RV-4'-G 10 ~M 91 975 9% 

RV-4'-G 30 ~M 47 928 5% 

RV-4'-G 100 ~M 5 647 1% 

RV-3-S 1 ~M 323 725 45% 

RV-3-S 10 ~M 257 891 29% 

RV-3-S 30 ~M 52 809 6% 

RV -3-S 100 ~M 34 693 5% 
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4.4 Cell cycle distribution analysis 

The main interest in examining the effects of resveratrol and its metabolites on the cell 

cycle progression in exponentially dividing cells and the degree of apoptosis arose after 

the findings from the previous sections where it was suggested that the metabolites do 

not exert any apoptotic effects on cells. This experiment was a follow up of the growth 

inhibition studies from the previous chapter. Due to the fact that the main interest was 

the simultaneous investigation of growth inhibition, cell cycle arrest and apoptosis in the 

three cell lines, only one concentration was used for the subsequent experiments. The 

chosen concentration is greater than the ICso (~IC7o) for each cell line used since 30J.lM 

is the top end of all the ICso values and a sufficient concentration to observe the maximal 

effects. Treated cells were labelled with PIIRNase solution and analysed by flow 

cytometry as described in Section 2.5.1. 

4.4.1 Caco-2 

Caco-2 cells were treated with 30J.lM of compounds of interest (resveratrol, RV -3-G, 

RV-4'-G and RV-3-S), lOJ.lg/ml actinomycin D and 0.1% DMSO alone for 48 hours and 

images acquired prior to analysis (Figure 4.13 A-F). Treatment with lOJ.lg/ml 

actinomycin D clearly shows that cell numbers were significantly reduced, revealing a 

large number of floating dead cells as compared to untreated cells where the morphology 

was different; adherent cells (Figure 4.13 A and B respectively). In the case of 

resveratrol treatment, there was no evidence of dead or apoptotic cells but, cells 

appeared larger in size. Forty-eight hour treatment with RV-3-G seemed to decrease the 

number of Caco-2 cells. In agreement with this, treatment with the two other 

metabolites, RV-4'-G and RV-3-S led to alteration of the morphology. More 
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specifically, it seemed that cells treated with the metabolites lost their characteristic 

epithelial morphology. 

Figure 4.13Photomicrographs of Caco-2 cells after treatment with 10flglml actinomycin 0 (A); 

control untreated (B); 30flM resveratrol (C); 30flM resveratrol-3-0-D-glucuronide (D); 30flM 

resveratrol-4 ' -O-D-glucuronide (E); and, 30flM resveratrol-3-0-D-sulphate (F) for 48 hours. 

Magnification Xl 00. 
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Figure 4.14 represents the flow cytometryplots after analysis. The first dot plot displays 

the distribution of cells according to the side and forward scatter where in this instance 

the cells of interest were labelled red. This cell population was later gated to exclude 

dead cells, doublets and cell aggregates in order to calculate the cell distribution in the 

various phases (Figure 4.14B). The FL3-AIFL3-W plot in Figure 4.14B was used to 

discriminate between single cells and doublets. This was done by plotting the area (FL3-

A) of the fluorescence light pulse versus the width (FL3-W). Doublets possess a greater 

pulse width as compared to single cells primarily due to the fact that they require a 

longer time to pass through the laser beam. In order to identify the number and 

percentage of cells in sub-G 1 ( apoptotic cells), the gate was extended to zero. Any dead 

cells would therefore appear below 200RFU. Figure 4.14D represents a basic histogram 

of the distribution of untreated cells. The first peak represents the distribution of cells in 

GO/G 1 appearing at 200RFU. The flat peak following the GO/G 1 peak represents the cell 

population in S phase whilst the last peak just before 400RFU, G21M. If there any sign 

of apoptosis, a peak would appear prior to the distinct GO/G 1 peak. The same procedure 

was repeated for all treatments but only histograms and percentages of cells in each 

phase of the cell cycle are presented here. 

Seen in Figures 4.14 and 4.15 are the histogram results for Caco-2 cells. Resveratrol 

caused a significant increase in the number of cells in S phase of the cell cycle with a 

subsequent decrease in GO/Gland G21M phases respectively, suggesting an S phase 

arrest (Figure 4.15). In the cases of RV-3-G and RV-4'-G however, it was noteworthy to 

point that they caused cell arrest in GO/G 1 with the percentage of cells reaching even 

higher levels relative to control untreated and the vehicle control (0.1 % DMSO). As for 

RV-3-S treatment, the histogram was similar to the other metabolites but the difference 

was not significant relative to the control. The positive control actinomycin D, a 
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compound know to arrest cells at GO/G 1 was also shown here. This arrest was 

accompanied by a concomitant decrease in S and G21M phases and a significant portion 

of cells in sub-G 1. 

Table 4.2 further illustrated the proportion of cells in each phase of the cell cycle. It is 

clearly evident that resveratrol caused cell cycle arrest in S phase whilst RV -3-G and 

RV-4'-G along with actinomycin D, a GO/Gl arrest. The distribution of cells after RV-3-

S treatment appears to remain unaltered (comparable to the control untreated group). For 

example treatment with RV -3-G increased the proportion of cells in GO/G 1 from 48.58% 

to 55.30% (average of 3 independent experiments) (p<0.0001 for 3/3 experiments using 

a contingency ---<:hi squared test analysing cell numbers in GO/G 1 versus non GO/G 1) 

whilst this was further increased after RV-4'-G treatment (66.05%). Despite the fact that 

treatment with RV -3-S increased the proportion of cells in GO/G 1 by approximately 

5.5%, this increase was not significant. In the case of resveratrol the percentage of cells 

in S phase was increased from 19.88% (vehicle control) to 28.93% (p<0.05). 

The percentage of cells in the sub-G 1 phase (apoptotic peak) was minimal for the 

metabolites after 48 hours treatment (RV-3-G- 1.44% ± 0.86%; RV-3-S- 1.35% ± 

0.78%) as compared to resveratrol (3.07% ± 1.05%) except in the case of RV-4'-G 

where apoptosis was greater (3.2% ± 1.39%) (Tables 4.2 & 4.3). In agreement with the 

histogram for actinomycin D, apoptosis reached 1O.66%± 3.55% (p<0.05). 
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Figure 4.14Cell cycle analysis of untreated Caco-2 cells. After 48 hours of incubation, cells 

were labelled with PIIRNase solution and analysed by flow cytometry. Forward scatter versus 

side scatter dot plot (A); dot plot of gated cells excluding sub-G 1 (B); dot plot illustrating gated 

cells including dead cells (C); and, histogram representing cell cycle analysis (D). All four 

figures are given as reference and therefore only histograms are shown for each treatment below. 
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Figure 4.15 Histogram representingcell cycle analysis of Caco-2 cells. After 48 hours of 

incubation, cells were labelled with PIIRNase solution and analysed by flow cytometry. 

Resveratrol (A); resveratrol-3-0-D-glucuronide (B); resveratrol-4' -O-D-glucuronide (C); 

resveratrol-3-0-D-sulphate (D); DMSO (E); and, Actinomycin D (F). All experiments were 

performed in triplicate and independent experiments gave similar results. 
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Table 4.2 Cell cycle distribution of Caco-2 human cancer cell line after treatment for 48 hours 

with DMSO or compounds of interest. 

Distribution (% cellst 

Cell line Treatment Sub-Ol 00/01 S G21M 

Caco-2 DMSO 1.02 48.58 19.88 23.08 

RV 3.07 44.39 28.93· 17.88 

RV30 1.44 55.30· 18.68 21.47 

RV4'0 3.02 66.05· 13.94 15.48 

RVS 1.35 53.95 20.60 20.90 

Act. 0 10.66* 72.28* 8.41 11.24 

Control 1.77 48.46 23.46 24.94 

+ DNA content was analysed after staining with PURNase solution. The data represent the mean 

percentage of gated cells of three independent experiments in each phase of the cell cycle. 

• statistical significance in all three independent experiments relative to the proportion of cells in 

the specific phase of the cell cycle relative to DMSO. 
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Table 4.3 Representation of the number of gated Caco-2 cells in each phase of the cell cycle per 

experiment. Relative ratios were calculated by dividing cell numbers in each phase by total 

number of cells. If this ratio was greater than that of vehicle cells, a chi-squared contingency test 

was carried out per experiment to calculate the significance of treatments per phase of the cell 

cycle relative to control untreated. 

NUMBER OF GATED CELLS PER EXPERIMENT 

CONTROL RV RV3G RV4'G RV3S ACT.D DMSO 

151 experiment 00/01 3008 

2nd experiment 00/01 1258 

3rd experiment 00/01 3934 

151 experiment S 

2nd experiment S 

3rd experiment S 

1511 

959 

1167 

151 experiment G2IM 986 

2nd experiment G2IM 937 

3rd experiment G2IM 1479 

3012 3331 3904 3360 3223 

2490 2592 6106 2329 1831 

2492 3052 3234 3241 6513 

1911 1056 809 978 514 

1744 1350 886 1321 253 

1557 719 974 1084 395 

225 786 753 867 423 

1436 1580 867 1418 402 

1601 1200 1304 1145 803 
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2844 

3594 

1220 

1212 

1019 

1011 
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The results from the cell cycle distribution were analysed by X2 analysis. The proportion 

of cells in S phase from one experiment following treatment with resveratrol for 

example, were divided by the total number of cells from all three phases. So, by 

considering the results of the first experiment, the number of cells in S phase following 

resveratrol treatment were divided by the total number of cells (1911 + 1744+ 1557). 

Therefore, 191115148 = 0.371. 

If this value was greater than the results of the vehicle control (DMSO) (in this case 

1220/4909= 0.249) this indicated an increase in the number of cells in S phase following 

treatment (4909 is the total number of cells in the three phases, 1220+1212+1019). 

Therefore, the total number of cells in S phase vs non S phase for resveratrol were 

analysed relative to the cells in S phase vs non S phase for DMSO for each independent 

experiment. Arrest in a specific phase of the cell cycle was only considered significant if 

all three experiments were statistically significant. In the example presented below, it 

seemed that treatment of Caco-2 cells with resveratrol caused S phase arrest relative to 

the vehicle control. 

Treatment 
Resveratrol 
DMSO 

4.4.2 CCL-228 

S phase 
1911 
1220 

non-S phase 
3237 
3689 

The effect on the cell morphology after treatment with various compounds was also 

investigated in CCL-228 cells (Figure 4.16 A-F). It is apparent that after treatment with 

actinomycin D for 48 hours, cells were not capable of dividing with a significant 

reduction in numbers as compared to untreated cells. In the case of untreated cells, 

numbers were much greater with almost complete confluence (Figure 4.168). Similar to 
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the Caco-2 images, following treatment with resveratrol and the three metabolites, the 

appearance of the cells was similar to those that were untreated (Figure 4.16 D-F). 

Figure 4.16 Photomicrographs of CCL-228 cells after treatment with 1 O~g1ml actinomycin 0 

(A); control untreated (B); 30~M resveratrol (C); 30~M resveratrol-3-0-D-glucuronide (D); 

30~M resveratrol-4'-O-D-glucuronide (E); 30~M resveratrol-3-0-D-sulphate (F) for 48 hours. 

Magnification Xl 00. 
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The histogram in Figure 4.17D for untreated cells displays the high proportion of cells in 

GO/G 1 phase with a smaller population in S and G21M accordingly. The distribution of 

cells after treatment with resveratrol was completely altered; the GO/G 1 peak was not a 

steep distinct peak like the control and the S phase was much greater as compared to the 

control (Figure 4.18A). It is evident that in all the other histograms (Figure 4.18B-F), the 

distribution of cells was similar to that of the control except in the case of actinomycin D 

where there was some degree of apoptosis evident by the presence of cells below 

200RFU (GO/G 1 peak). 

As with the results for Caco-2, treatment with resveratrol caused an arrest in S phase 

(from 18.9% to 30% relative to untreated cells), followed by a decrease in GO/Gl whilst 

the G21M phase was unaffected (Table 4.4). Cells treated with resveratrol metabolites 

had a different effect as compared to the parent compound. The percentage of CCL-228 

cells, like Caco-2 was increased in GO/GI phase followed by a decrease in S phase. 

More specifically, in the case of RV -3-G, the percentage of cells in GO/G 1 increased 

from 68% (vehicle control) to 75.2% (p<0.001 for all 3 independent experiments) whilst 

for RV-4'-G and RV-3-S, 71.6% (p<0.001 for all 3 experiments) and 69.1% (p>0.05) 

respectively (Table 4.4). 

As with the Caco-2 cells, the metabolites did not seem to exert a profound effect 

regarding apoptosis with levels comparable to untreated cells (Table 4.4). More 

specifically, the percent apoptosis for RV-3-G, RV-4'-G and RV-3-S was 0.45%, 0.39% 

and 0.41% respectively (Table 4.4). In the case of resveratrol and actinomycin D 

however, the proportion of cells in sub-G 1 corresponded to 6.82%and 3.92% 

respectively (p<0.05) (Table 4.4). This is an interesting fmding which provides an 

insight into the mechanism of action of the metabolites and suggests that they act 
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differently to the parent compound. The results also suggest that resveratrol causes 

apoptosis in CCL-228 cells but, this was not supported by data from the other assays. 
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Figure 4.17Cell cycle analysis of untreated CCL-228 cells. After 48 hours of incubation, cells 

were labelled with PI/RNase solution and analysed by flow cytometry. Forward scatter versus 

side scatter dot plot (A); dot plot of gated cells excluding sub-G I (B); dot plot illustrating gated 

cells including dead cells (C); and, histogram representing cell cycle analysis (D). All four 

figures are given as reference and therefore only histograms are shown for each treatment below. 
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Figure 4.18 Histogram representingcell cycle analysis of CCL-228 cells. After 48 hours of 

incubation, cells were labelled with PI/RNase solution and analysed by flow cytometry. 

Resveratrol (A); resveratrol-3-0-D-glucuronide (B); resveratrol-4 ' -O-D-glucuronide (C); 

resveratrol-3-0-D-sulphate (D); Actinomycin D (E); and, DMSO (F). All experiments were 

performed in triplicate and independent experiments gave similar results. Chi-squared 

contingency statistical analysis was carried out using GraphPad Prism. 
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Table 4.4 Cell cycle distribution of CCL-228 human cancer cell line after treatment for 48 hours 

with DMSO or compounds of interest. 

Distribution (% cells)+ 

Cell line Treatment Sub-01 00/01 S 021M 

CCL-228 DMSO 0.88 68.00 18.90 13.10 

RV 6.82* 55.60 30.00* 14.40 

RV30 0.45 75.20* 10.80 14.00 

RV4'0 0.39 71.60* 13.30 15.10 

RVS 0.41 69.10 15.30 15.60 

Act.D 3.92* 78.50* 12.00 9.50 

Control 0.41 66.20 18.10 15.60 

+ DNA content was analysed after staining with PIIRNase solution. The data represent the mean 

percentage of cells of three independent experiments in each phase ofthe cell cycle. * statistical 

significance in all three independent experiments relative to the proportion of cells in the specific 

phase ofthe cell cycle relative to DMSO. 

142 



Table 4.5 Representation of the number of gated CCL-228 cells in each phase of the cell cycle 

per experiment. Relative ratios were calculated by dividing cell numbers in each phase by total 

number of cells. If this ratio was greater than that of vehicle cells, a chi-squared contingency test 

was carried out per experiment to calculate the significance of treatments per phase of the cell 

cycle relative to control untreated. 

1 sl experiment GO/Gl 

2nd experiment GO/Gl 

3rd experiment GO/Gl 

151 experiment S 

2nd experiment S 

3rd experiment S 

1st experiment G21M 

2nd experiment G21M 

3rd experiment G21M 

4.4.3 HCT-116 

NUMBER OF GATED CELLS PER 

CONTROL 

5401 

5796 

5552 

1709 

1577 

1303 

1126 

1531 

1296 

EXPERIMENT 

RV RV3G 

4677 6702 

4232 6645 

3233 6890 

2774 858 

847 1235 

2930 822 

765 1157 

727 1293 

1661 1322 

RV4'G 

6821 

6473 

5558 

882 

1270 

1353 

1070 

1299 

1604 

RV3S 

6095 

5532 

6275 

1244 

1684 

1039 

1273 

1398 

1372 

ACT.D 

6460 

6889 

6746 

1260 

1101 

721 

818 

998 

611 

DMSO 

4725 

5998 

5688 

2376 

763 

1411 

1534 

714 

923 

Depicted in Figure 4.19 are the images for HCT -116 cells prior to cell cycle distribution 

analysis. The morphology of cells after treatment with actinomycin D was completely 

altered and appeared that the cells were not capable of dividing, primarily due to the fact 

that the majority of the cells detached from the flask and remained floating. When 

comparing this to untreated cells and those treated with the vehicle control, the scenario 

is different where almost complete confluence was seen (Figure 4.19 B&D). As for 

resveratrol treatment, despite the fact that cells were capable of multiplying, they 

appeared morphologically different and slightly larger. In the case of the resveratrol 
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metabolites the cell morphology appeared to be similar to the untreated cells (Figure 

4.19 E-G). 

Figure 4.19 Photomicrographs of HCT-116 cells after treatment with lO~g/ml actinomycin 0 

(A); control untreated (B); 30~M resveratrol (C) ;30~M resveratrol-4 ' -O-D-glucuronide (D); 

30~M resveratrol-3-0-D-glucuronide (E); and, 30~M resveratrol-3-0-D-sulphate (F) for 48 

hours. Magnification Xl 00. 
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As shown in Figure 4.20D, in untreated cells the majority of cells were normally 

distributed in 00/01 and smaller populations in S and 021M. In the case of resveratrol, 

an increase of cells in S phase was observed, whilst RV-3-0 treatment led to a decrease 

in S phase with a constant proportion in 00/0 I (Figure 4.21 A&B). The histogram 

illustration of the distribution of cells after treatment with RV -4' -0 was found to be 

similar to that of untreated cells whilst for RV -3-S, a decrease in S phase was evident. 

As for actinomycin D, there was a steep increase in 00/01 followed by almost complete 

absence of cells in S phase, a decrease in 021M and some degree of apoptosis evident 

by the cell population in sub-O 1. The distribution of cells in the case of the vehicle 

control was similar to the untreated group (Figure 4.21). 

HCT -116 cells did not seem to be arrested in any phase of the cell cycle by the 

resveratrol metabolites. Unlike the other two cell lines, there is no evidence of arrest in 

00/01 with the percentage of cells being comparable to untreated cells and to the 

vehicle control accordingly. More specifically, the normal distribution of untreated cells 

in 00/01 was found to be 65.67% and after treatment with the metabolites, this changed 

to 63.73%, 62.35% and 62.79% for RV-3-0, RV-4'-0 and RV-3-S respectively (Table 

4.6). Treatment with resveratrol, however, appears to be consistent with the previously 

mentioned results. There was a profound increase in cells in S phase consistent with 

inhibition of DNA synthesis (from 13.3% to 25%) (p<O.OOI for 3/3 independent 

experiments comparing cells in S phase against non-S phase) (Table 4.6). The only 

significant treatment in the case of HCT -116 cells was actinomycin D with 00/01 arrest 

and the percentage of cells reaching 76.23% (p<0.05). 

The sub-O 1 peaks for all treatments appear to be greater in HCT -116 cells as compared 

to Caco-2 and CCL-228 but due to the large variation in error these were not 

statistically significant (Table 4.6). It is also apparent that the mean values for the 
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percentage of cells in sub-G 1 in the untreated and vehicle control groups are quite high 

(7.87%±4.42% and 7.08%±S.98% respectively).Overall however, there was no evidence 

of apoptosis after treatment with resveratrol or its metabolites. 
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Figure 4.20 Cell cycle analysis of untreated HCT -1 16 cells. After 48 hours of incubation, cells 

were labelled with PIJRNase solution and analysed by flow cytometry. Forward scatter versus 

side scatter dot plot (A); dot plot of gated cells excluding sub-G 1 (B); dot plot illustrating gated 

cells including dead cells (C); and, histogram representing cell cycle analysis (D). All four 

figures are given as reference and therefore only histograms are shown for each treatment 

below. 
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Figure 4.21 Histogram representingcell cycle analysis of HCT-116 cells. After 48 hours of 

incubation, cells were labelled with PI/RNase solution and analysed by flow cytometry. 

Resveratrol (A); resveratrol-3-0-D-glucuronide (B); resveratrol-4 ' -O-D-glucuronide (C); 

resveratrol-3-0-D-sulphate (D); Actinomycin D (E); and, DMSO (F). All experiments were 

performed in triplicate and independent experiments gave similar results. Chi-squared 

contingency statistical analysis was carried out using GraphPad Prism. 
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Table 4.6 Cell cycle distribution of HCT -116 human cancer cell line after treatment for 48 

hours with DMSO or compounds of interest. 

Distribution (% cells) + 

Cell line Treatment Sub-Gl GO/GI S G21M 

HCT-116 DMSO 7.08 64.23 15.50 10.16 

RV 3.52 50.24 24.98* 18.70 

RV3G 9.96 63.73 13.55 11.93 

RV4'G 2.27 62.35 15.60 18.31 

RVS 7.70 62.79 15.88 11.16 

Act.D 2.32 76.23* 6.07 13.96 

Control 7.87 65.67 13.33 11.23 

+ DNA content was analysed after staining with PIIRNase solution. The data represent the mean 

percentage of cells of three independent experiments in each phase of the cell cycle. * statistical 

significance in all three independent experiments relative to the proportion of cells in the 

specific phase of the cell cycle relative to DMSO. 
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Table 4.7 Representation of the number of gated HCT-116 cells in each phase of the cell cycle 

per experiment. Relative ratios were calculated by dividing cell numbers in each phase by total 

number of cells. If this ratio was greater than that of untreated cells, a chi-squared contingency 

test was carried out per experiment to calculate the significance of treatments per phase of the 

cell cycle relative to control untreated. 

NUMBER OF GATED CELLS PER 
EXPERIMENT 

CONTROL RV RV30 RV4'O RV3S ACT.O OMSO 

I sl experiment 00/01 

2nd experiment 00/01 

3ed experiment 00/01 

1 sl experiment S 

2nd experiment S 
3 cd experiment S 

1 sl experiment 021M 
2nd experiment 021M 
3ed experiment 021M 

* ND- not determined 

2981 

1270 

3575 

852 

267 

474 

1232 

65 

317 

3074 

2644 

2607 

1028 

1563 

1479 

1712 

598 

925 

149 

2554 

1507 

2838 

803 

323 

315 

965 

74 

425 

2559 

2711 

2178 

555 

1078 

351 

1034 

828 

413 

2467 6059 

1561 5396 

2911 NO 

1165 432 

333 385 

384 NO 

922 1062 

76 807 

441 ND 

2944 

1420 

3443 

1467 

313 

313 

1100 

63 

379 



4.4 Cell cycle distribution analysis (concentration-dependent effects using 

resveratrol and RV-3-G and CCL-228 cells) 

We further selected to compare the effects of increasing concentrations of resveratrol 

and one of its metabolites, RV-3-G on the CCL-228 cells which gave the most 

consistent results. Preliminary experiments were therefore carried out as previously but, 

CCL-228 cells were treated with 1 J.1M, 3J.1M, lOJ.1M and 30J.1M of either resveratrol or 

RV-3-G. 

Table 4.8 Cell cycle distribution analysis of CCL-228 cells treated with varying concentrations 

of resveratrol and resveratrol-3-0-D-glucuronide for 48 hours. 

Distribution (% cells) III 

Cell line Treatment Sub-Gl GO/GI S G21M 

CCL-228 

DMSO 1.79 71.91 12.39 11.76 

Control 2.71 71.02 13.60 11.19 

RV IJ.1M 2.26 73.14 12.45 11.35 

3J.1M 1.59 69.50 14.62 11.82 

10J.1M 1.53 62.31 19.99* 12.47 

30J.1M 9.64* 45.29 29.03* 14.84 

RV-3-G IJ.1M 1.63 70.88 13.83 11.29 

3J.1M 1.53 71.24 13.51 11.47 

lOJ.1M 1.11 73.33 12.18 11.19 

30J.1M 0.87 73.84* 12.14 11.70 

Act.D 3.56 72.58 11.89 8.71 

• p<0.05 by i analysis of independent experiments. 
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It is evident from Table 4.8 that S phase arrest after treatment with resveratrol was dose

dependent and the effect became more profound at 30~M. More specifically, with I~M 

and 3 ~M resveratrol treatments, the distribution of cells was comparable to the control 

and vehicle control (p>O.05). Only at 1 O~M a significant difference occurred (p<0.05) 

becoming even more profound at 30~M with the percentage of cells in the S phase 

reaching 19.99% and 29.03% respectively (control 13.6%). In the case of cells in sub

G 1, no apoptosis was evident at concentrations below 30~M with values comparable to 

untreated cells. At 30~M however, the percent apoptosis was 9.64o/o±O.11 % (Table 4.8). 

In the case of RV-3-G where 00/01 arrest was evident at 30~M from the previous 

experiment, it was clear that significant arrest was initiated from 30~M (73.84%) with 

no significant difference relative to the control at the lower concentrations of 1 ~M 

(70.88% ±8.07%) and 3~M (71.24o/o±7.86%) for example (Table 4.8). The results from 

the dose-response experiment were in agreement with the cell cycle distribution analysis 

at 30J.lM from Section 4.3. More specifically, the mean percentages of cells in sub-O I 

for all four concentrations of interest were not significantly different to either the 

control or vehicle control. 
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4.4 Effects of resveratrol and metabolite treatments on eyelin Dllevels 

The results from the flow cytometry analysis on the cell cycle distribution suggested a 

GO/GI arrest after treatment with 30J.1M of RV-3G and RV-4'-G. It therefore decided to 

investigate the effect of various concentrations (same used for the growth studies in 

Chapter 2) on the expression of cyclin D I by western blot. 

The results from the cyclin DI blots after treatment with resveratrol and resveratrol-3-

O-D-sulphate at IJ.1M, 3J.1M, lOJ.1M, 30J.1M and 100J.1M concentrations are presented in 

Figure 4.22. Results showed that the levels of cyclinDI normalised to beta-actin 

decreased at 30J.1M and 100J.1M resveratrol (p<0.01 and p<O.OOI respectively) with no 

significant effect of treatment at lower concentrations. In the case of resveratrol-3-0-D

sulphate, concentrations up to 30J.1M were not sufficient to block the expression of 

cyclin DI (p>0.05) and a significant effect was only evident at 100J.1M (p<0.05). Similar 

to untreated cells, there was no effect of treatment with 0.1 % DMSO on the levels of 

cyclin D 1 unlike actinomycin D (I OJ.1g/ml) where it was clearly evident that cyelin D 1 

was completely inhibited (data not shown). 

It is apparent from Figure 4.23 that with increasing concentrations of RV-3-G and RV-

4' -G, the cyclin D 1 levels decreased and were almost completely diminished at 100llM 

in a dose-dependent manner. This however was only significant with 100J.1M RV -3-G 

treatment (p<0.05) and not RV-4'-G (p>0.05). After treatment with lower 

concentrations (up to 30J.1M), there was no significant difference relative to the 

untreated group. The expression levels of cyelin D I did not seem to be affected after 

treatment with the vehicle control suggesting no effect of DMSO (data not shown). 

152 



A 

B 

0.6 

c .-... 
(,) 0.4 cu -~ 
C 
.5 
~ 0.2 
(,) 

0.0 

-

.. 
° or-

. 

Cyelin Dl (33 kDa) 

beta-aetin(42 kDa) 

r- or- -
r-

* 
** 

*** 
~ . . 

Figure 4.22 Effect of 111M, 311M, IOIlM, 30l1M and IOOIlM resveratrol and resveratrol-3-

su lphate treatments on the cyclin 0 I levels of Caco-2 cells. (A) Western blot of cyc1 in D I and 

beta-actin . Blot is representative of three independent experiments. (B) ImageJ analysis of the 

cyclin 01 levels normalised to beta-actin. Values represent means of three independent 

experiments ±SEM. * p<O.05 , ** p<O.O I and *** p<O.OO I by repeated measures ANOV A and 

Dunnett 's test relative to the untreated group. 
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Figure 4.23 Effect of I ~M, 3~M , JO~M , 30~M and JOO~M resveratrol-3-glucuronide and 

resveratrol-4' -glucuronide treatments on the cyclin 01 levels of Caco-2 cells. (A) Western blot 

of cyclin 0 I and beta-actin . Blot is representative of three independent experiments. (8) ImageJ 

analysis of the cyclin 01 levels normalised to beta-actin . Values represent means of three 

independent experiments ±SEM. * p<O.05 by repeated measures ANOV A and Dunnett's test 

relative to the untreated group. 
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The effect of treatment on the levels of cyelin D 1 using CCL-228 cells was also 

investigated (Figure 4.24). Resveratrol concentrations reaching 10IlM were not capable 

of causing an effect on the cyelin DI levels. At 30llM and IOOIlM resveratrol a 

significant inhibition was noted (p<O.OOI). In the case of RV-3-S, there was no 

evidence of cyelin D 1 inhibition at concentrations reaching 30f..LM except at lOOIlM 

where this was decreased significantly (p<O.05). The results after treatment with 

actinomycin D were consistent with those for Caco-2 where the cyclin D 1 levels were 

blocked (data not shown). 

CCL-228 cells were also treated with a range of RV-3-G and RV-4'-G concentrations 

(1IlM-lOOIlM) (Figure 4.25). Despite the gradual decrease in cyclin DI levels with 

increasing RV-3-G concentrations, only at IOOIlM was this significant (p<O.05) (Figure 

4.25 A&B). In the case of the second glucuronide metabolite, RV-4'-G, the effects were 

not so profound with minimal reduction at even the highest concentration of IOOIlM 

(p>O.05) and no effect at concentrations IIlM-30IlM (Figure 4.25). 
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Figure 4.24 Effect of 111M, 311M, IOIlM, 30llM and IOOIlM resveratrol and resveratrol-3-

sulphate treatments on the cyclin D I levels of CCL-228 cells. (A) Western blot of cyclin D 1 and 

beta-actin. Blot is representative of three independent experiments. (B) ImageJ analysis of the 

cyclin 01 levels normalised to beta-actin. Values represent means of three independent 

experiments ±SEM. * p<O.05 and *** p<O.OOI by repeated measures ANOVA and Dunnett's 

test relative to the untreated group . 
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Figure 4.25 Effect of 1jlM, 3jlM, 10jlM, 30jlM and IOOIlM resveratrol-3-glucuronide and 

resveratrol-4 ' -glucuronide treatments on the cyclin 01 levels of CCL-228 cells. (A) Western 

blot of cyclin Oland beta-actin . Blot is representative of three independent experiments. (B) 

ImageJ analysis of the cyclin 01 levels normalised to beta-actin. Values represent means of 

three independent experiments ±SEM. * p<O.05 by repeated measures ANOVA and Dunnett's 

test relative to the untreated group. 
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The expression levels of cyelin Dl in HCT-116 cells after treatment with resveratrol 

and its three metabolites was also investigated. The analysis in Figure 4.268 for 

resveratrol shows that cyelin Dl levels actually increased above those for the control 

after treatment of 3-30IlM but this was not significant. This however was not the case 

for 111M resveratrol where levels remained comparable to the untreated group. 

Treatment with lOOIlM resveratrol was capable of reducing the levels of cyelin D I 

however, after ANOV A analysis of three experiments, theseeffects were not significant 

(p>O.05). HCT-116 cells treated with a range of RV-3-S concentrations gave variable 

results. It is evident from Figure 4.26A below that at the lower concentrations, cyelin 

Dl was not affected by treatment (p>O.05). At lOOJ,lM however, it is elear that cyclin 

Dl levels were reduced relative to the control untreated group. Following ImageJ 

analysis of normalised cyclin Dl levels relative to beta-actin compared to the control 

the values were not found to be significant (p>O.05) (Figure 4.268). 

HCT-116 cells were further treated with RV-3-G and RV-4'-G (Figure 4.27). Similar to 

treatment with resveratrol, at concentrations up to 30llM there was no evident effect on 

the levels of eyclin Dl for both RV-3-G and RV-4'-G. The scenario seemed to be 

different at lOOJ,lM where there was a significant reduction in eyclin Dl levels (p<O.Ol 

and p<O.05 for RV-3-G and RV-4'-G respectively). In the case of actinomycin D, eyelin 

D I levels were completely diminished 48 hours after treatment and as for the vehiele 

control, the levels were comparable to the untreated group (data not shown). 
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Figure 4.26 Effect of 1 flM , 3 flM , IOflM, 30flM and IOOflM resveratrol and resveratrol-3-

su lphate treatments on the cyclin 01 levels of HCT-116 cells. (A) Western blot of cyclin 01 

and beta-actin . Blot is representative of three independent experiments. (B) ImageJ analysis of 

the cyclin 0 I levels normalised to beta-actin. Values represent means of three independent 

experiments ±SEM. p>O.OS by repeated measures ANOVA and Dunnett' s test relative to the 

untreated group. 
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Figure 4.27 Effect of 111M, 311M, IOIlM, 30llM and IOOIlM resveratrol-3-glucuronide and 

resveratrol-4 ' -glucuronide treatments on the cyclin 01 levels of HCT -116 cells. (A) Western 

blot of cyclin 0 I and beta-actin. Blot is representative of three independent experiments. (B) 

Image] analysis of the cyclin 0 I levels normalised to beta-actin . Values represent means of 

three independent experiments ±SEM. * p<O.05 and ** p<O.Ol by repeated measures AN OVA 

and Dunnett's test relative to the untreated group. 
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4.5 Discussion 

Resveratrol has been shown to exhibit both anti-proliferative and apoptotic effects in a 

range of cell lines, ranging from prostate to colon cancer (Roemer and Mahyar-Roemer, 

2002). In this chapter we aimed to further investigate the effects seen in chapter 3 after 

treatment with resveratrol and its three metabolites, resveratrol-3-0-D-glucuronide 

(RV -3-G), resveratrol-4' -0-D-glucuronide (RV -4' -G) and resveratrol-3 -0-D-sulphate 

(RV -3-S) on colon cancer cell lines and elucidate their mechanism of action. 

No evidence of apoptosis in DAPI-stained cells 

The first experiment conducted was the fluorescent microscopic evaluation of cell 

nuclei using DAPI stained mounting medium. It was clear that cell treatment with the 

metabolites did not exhibit a morphology characteristic with apoptosis. More 

specifically, Caco-2, CCL-228 and HCT-116 cells responded to 30J,lM resveratrol and 

metabolites, concentrations capable of reducing growth by approximately 50% but there 

was no evidence of apoptosis (cytoplasmic condensation, nuclear fragmentation, or 

blebbing) (Kroemer et at., 2005). It has been shown that DAPI-nuclear staining 

following treatment with resveratrol and its metabolites to detect apoptosis was not the 

ideal technique. One issue arose from the fact that treatment with the positive control, 

actinomycin D, resulted in very low number of cells making it unlikely that any 

apoptotic events would appear. Therefore, despite the fact that actinomycin D is known 

to cause apoptosis in colorectal cancer cells, this was not clearly exemplified when 

using DAPI nuclear staining (Choong et aI., 2009). 
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No evidence for caspase-dependent apoptosis 

In order to con finn these findings, cells were pre-treated with a pan-caspase inhibitor, 

Z-V AD-FMK. This confinned the results from the DAPI images for the three cell lines 

used (Caco-2, CCL-228 and HCT-116) since addition of Z-VAD-FMK did not reverse 

the effects after treatment. The results from this study are in tight accordance with a 

recent study where reversal of effects was not evident at 50f..lM and 100f..lM 

concentrations of resveratrol but only at higher concentrations (150f..lM and 200J.lM) 

using MCF-7 (breast cancer cells) and Hl299 (non-small lung carcinoma cells) (Ferraz 

da Costa et al., 2012). Other studies, however, have demonstrated that resveratrol 

induced DNA-fragmentation which was completely blocked by addition of 100J.lM Z

VAD-FMK in U251glioma cells (Jiang et ai., 2005, Li et al., 2009), NB4 acute 

promyelocytic leukaemia cells (Cao et ai., 2005), MDA-MD231 cells(Nguyen et ai., 

2009) and SW -480 colon cancer cells (Delmas et ai., 2003). In the cell cycle 

distribution analysis experiments however, there was some evidence of apoptosis 

following resveratrol treatment in CCL-228 cells and with actinomycin D in Caco-2 

cells. The three resveratrol metabolites however, did not seem to alter the proportion of 

cells in sub-G 1 as compared to the untreated and vehicle control groups. In addition, we 

found no evidence of apoptosis induced by the resveratrol metabolites after 30J.lM so it 

would be interesting to investigate higher concentrations since concentrations below 

100J.lM are considered as cytostatic (Joe et ai., 2002). Furthennore, western blot 

analysis investigating PARP cleavage and caspase-3 activation did not provide evidence 

of apoptosis (data not shown). 
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p53 involvment 

Alterations of tumour suppressor genes and proto-oncogenes in varIous signalling 

pathways are considered to be important in the carginogenesis process (Chow et aI., 

2010b). p53 gene mutations have been detected in more than 50% tumours (Rivlin et 

al., 2011, Liu and Bodmer, 2006). Inactivation and mutated p53 expression allow cells 

to proliferate further, evade apoptosis and cause resistance to chemotherapy (Sigal and 

Rotter, 2000, Brosh and Rotter, 2009). Activation of p53 aids in the repair of DNA 

whilst also inhibiting the proliferation of cancer cells mainly through the initiation of 

cell cycle arrest, senescence or programmed cell death (apoptosis) (Aylon and Oren, 

2011). 

Western blot analysis on the expression levels of p53 using HCT -116 cells (wild-type 

p53) revealed that resveratrol markedly increased the p53 levels at low micromolar 

concentrations (ljlM) and less so at 10jlM. In the case of the two glucuronidated 

metabolites, the effects were less profound. The findings were further confirmed by 

immunofluorescence where nuclear localisation occurred but whether p53 is responsible 

for the growth inhibition effects warrants further studies mainly due to the fact that the 

other two cell lines possess a mutated p53 yet growth was blocked to a similar extent as 

in HCT -116 cells. The higher p53 protein levels in the presence of resveratrol are in 

agreement with other reports (Ferraz da Costa et al., 2012, Pozo-Guisado et al., 2005). 

Resveratrol has been shown to induce apoptosis in a p53-dependent or -independent 

manner (Lin et al., 2011)but no work so far has investigated the involvement of p53 

after treatment with the metabolites. This and the strong growth inhibitory effect 

presented in the previous chapter led us to investigate the effects of resveratrol and its 

metabolites on the cell cycle. 
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CeU cycle distribution 

Cell cycle distribution was analysed by flow cytometry. Thirty micromolar of 

resveratrol caused S phase cell cycle arrest in all three cell lines which confirms the 

results from the growth studies where a dose-dependent inhibition was evident. There is 

a large line of evidence showing that resveratrol interferes with the cell cycle in cancer 

cells (Oatouillat et al., 2010). Results from this study are in tight agreement with those 

by Joe et al. (2002), who illustrated that SW480 cells (CCL-228) underwent 

accumulation in the S phase (37% after DMSO treatment against 50% after 300J.l.M RV 

treatment) (Joe et al., 2002) and with other studies reporting an accumulation of Caco-2 

cells in the S phase of the cell cycle without any signs of apoptosis (Wolter et al., 2001, 

Schneider et al., 2000). 

A few studies have demonstrated that depending on the cell type, resveratrol is able to 

block the cell cycle progression at 00/01, S or 021M phases (Kuo et al., 2002, Ahmad 

et al., 2001, Larrosa et al., 2003, Bai et al., 2010). From the results of this study 

however, it is clear that resveratrol was only capable of blocking the cells at S phase. 

The resveratrol-mediated cell cycle arrest identified, seems to be p53 independent since 

Caco-2 and CCL-228 possess mutated p53 (Rochette et al., 2005, Oartel et al., 2003). In 

the designed experiment to measure the viability of cells using flow cytometry an 

unexpected and significant shift appeared in the side scatter parameter of Caco-2 and 

HCT-116 cells and in both the side and forward scatter for CCL-228 cells following 

resveratrol treatment but not with the metabolites. This suggests that treatment caused 

Caco-2 and HCT -116 cells to become more complex whilst in the case of the CCL-228 

cells, to become larger in size and more complex. In fact, the images of cells in culture 

appeared bigger when treated with resveratrol. Similar findings were reported in another 

study using A2780 and CaOV3 ovarian cancer cells which further extended their 
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experiments using TEM microscopy to identify the presence of autophagocytic granules 

following resveratrol treatment at 24 hours and an intact nucleus and the absence of 

chromatin condensation at 48 hours (Opipari, 2004). It was also shown that these 

autophagocytic granules contained degraded organelles. These results further suggest 

the absence of apoptosis since apoptotic cell death is typically characterised by cell 

shrinkage. 

In this study, for the first time, it was shown that resveratrol metabolites possess an anti

tumour effect (see previous chapter for growth inhibition studies). Whether they are the 

active fonn of resveratrol and act as a pool or whether they become de-conjugated back 

to resveratrol to exert their effects is still unknown. It is clear that from the cell cycle 

distribution analysis that the metabolites act differently compared to the parent 

compound. For example, RV-3-G and RV-4'-G caused a significant accumulation of 

cells in GO/G 1 in Caco-2 cells and CCL-228 cells. The results with HCT -116 seem to 

be more variable with significant GO/Gl arrest after treatment with RV-4'-G for 

example in only one experiment. It is of interest that treatment with RV-3-G caused S 

phase arrest in one experiment with HCT -116 cells. As for the resveratrol metabolites, a 

recent study confinned these findings suggesting a different mechanism of the 

metabolites and arrest at GO/G 1 rather than S phase in the case of the parent compound 

(Stomiolo and Moreno, 2012). Another interesting finding regarding metabolites comes 

from a study by Yang and colleagues (2006) where they treated NCI-H209 lung cancer 

cells with a range of quercetin glucuronide concentrations and found that they arrested 

cells at G21M and caused apoptosis (Yang et ai., 2006). This emphasises the possible 

anti-tumour activity of natural product metabolites. Unlike resveratrol, however, there 

was no observed shift in either the size or complexity of the membrane of cells 

following treatments with the metabolites. Rather, the dot plot distribution appeared to 
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be similar to control untreated and vehicle control treated cells. These findings further 

highlight differences between resveratrol and its metabolites. 

Involvement of eyelin Dl 

The results from the cell cycle distribution led us to investigate the effect of treatment 

with resveratrol and its metabolites at a range of concentrations on the levels of eye lin 

D1. Western blot analysis on Caco-2 and CCL-228 cells revealed that cyclin Dl levels 

were inhibited at the highest resveratrol concentrations (30J.lM and 100J.lM) despite the 

fact that cell cycle arrest took place in the S phase and not GO/G 1 at 30J.lM. One 

possibility for the inhibition of cyclin D 1 at 100J.lM could be that with increasing 

concentrations, the arrest is shifted. A study by Liontas & Yeger (2004) found that 

resveratrol induced a significant S phase arrest in NUB-7 and LAN-5 neuroblastoma 

cells at 25-50J.lM but at 100J.lM this caused GO/G 1 arrest after 48 hours (Liontas and 

Yeger, 2004). These findings were further substantiated by reports stating that 50J.lM 

resveratrol treatment for 24 hours caused S phase arrest but 100J.lM treatments caused 

an arrest in GO/Gl phase (Opipari, 2004). This therefore suggests that the effects of 

resveratrol on the cell cycle could be concentration-dependent and explains the 

inhibition of cyclin D 1 by resveratrol at 100J.lM by western blot. 

The results for HCT -116 cells treated with resveratrol are in accordance with the cell 

cycle distribution analysis results where no arrest was observed at any phase of the cell 

cycle. The cyclin Dl protein expression levels after treatment with the metabolites 

remained unaffected at the lower concentrations. In the case of 30J.lM which was used 

for the cell cycle analysis, the protein levels did not seem to be significantly reduced, 

but at 100J.lM these were markedly reduced in Caco-2 and CCL-228 cells. As for HCT-

116 cells, a significant reduction in cyclin D 1 levels was evident after treatment with 
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100J.lM RV-3-G and RV-4'-G alone. The results at 30J.lM treatments in HCT-116 cells 

are in close agreement with those from the cell cycle distribution analysis where no 

significant effect was apparent. No studies to date have investigated the effect of 

treatment with the metabolites on cyclin D 1 protein levels so further studies are 

warranted to validate these results. Whether 100J.lM concentrations would be plausible 

in the in vivo scenario is an important factor to consider due to the poor bioavailability 

ofresveratrol (Walle, 2011). 

Conclusion 

Resveratrol and its metabolites are capable of inhibiting the growth of Caco-2, CCL-228 

and HCT -116 colon cancer cell lines yet, the findings from this chapter only provide 

evidence of cell cycle arrest and no signs of apoptosis (except in the case of CCL-228 

cells and resveratrol treatment). One possible explanation could be that resveratrol and 

its metabolites are capable of killing cells in a non-apoptotic manner by inducing 

autophagocytosis (type II programmed cell death) i.e autophagy. 

In fact, a study using ovarian cancer cells and resveratrol, revealed the morphological 

presence of autophagocytic death instead of apoptotic-induced death despite the major 

characteristics of apoptosis, namely, cytochrome c release from the mitochondria, 

apoptosome complex formation and activation of the caspases (Opipari, 2004). 

However, this has not been investigated in this study and future studies are therefore 

necessary to elucidate the mechanism of cell death induction. 

The observations in this chapter provide an insight on the effects of the three main 

resveratrol metabolites, namely, resveratrol-3-0-D-glucuronide, resveratrol-4' -O-D

glucuronide and resveratrol-3-0-D-sulphate on the growth of colon cancer cell lines. 

The metabolites appear to act in a distinct manner as compared to the parent compound 
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suggesting they have an anti-tumour effect. Further studies on their effects on key 

signalling pathways were designed to elucidate the molecular targets. 

In the chapter that follows, an attempt was made to elucidate possible molecular targets 

following treatment with the metabolites. A simple pharmacological approach was 

employed using known inhibitors of key signalling pathways including AMPK, PI3K, 

MAPK and the adenosine A3 receptor to identify any involvement. 
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Chapter S. Mechanism of action of resveratrol metabolites 

The results from chapters three and four demonstrated that resveratrol and its 

metabolites are capable of reducing cell proliferation in three colorectal cancer cell lines 

(Caco-2, CCL-228 and HCT-116). In addition, studies aiming to identify whether cells 

undergo apoptosis or cell cycle arrest identified that the metabolites act in a different 

manner as compared to the parent compound. More specifically, resveratrol-3-0-D

glucuronide and resveratrol-4' -O-D-glucuronide were shown to induce 00/01 arrest 

whilst resveratrol induced S phase arrest in both Caco-2 and CCL-228 cells. In the case 

of the third metabolite, resveratrol-3-0-D-sulphate, no significant effect was observed 

in either cell line. This suggests that the metabolites act in a distinct manner and any 

observed effects were cell-specific. It is noteworthy to point that all four compounds 

had no significant effect on the cell cycle distribution of HCT -116 cells. These 

observations indicate how different polyphenols work via different mechanisms. 

These findings led us to further investigate the mechanism of action of resveratrol and 

its metabolites and their effects, if any, on key signalling pathways including AMPK, 

PI3K, MAPK and on the adenosine A3 receptor. The PI3K1Akt signalling cascade is 

vital for cell growth, cellular transformation and survival. Previous studies have shown 

that resveratrol down-regulated the PI3K1 AktlmTOR signalling pathway by decreasing 

the expression and phosphorylation of Akt in U251 glioma cells (Jiang et al., 2009) and 

by inhibition of the phosphorylated levels of PI3K, Akt and mTOR in LNCaP prostate 

cancer cells (Chen el ai., 201 0). Resveratrol-induced apoptotic effects were further 

potentiated by co-treatment with the PI3K inhibitor, LY294002 (Chen et al., 2010). 

Similar to the PI3K pathway, the mitogen-activated protein kinases (MAPK) are 

responsible for transducing cell-proliferation signalling pathways (Fang and 
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Richardson, 2005). Of the three MAPK sub-families, the ERKlMAPK pathway was 

shown to be the most significant for cellular proliferation (Troppmair et af., 1994). A 

study by Nam and colleagues (2008) illustrated that cell death induced by quercetin (a 

natural product) was reversed by addition of the ERK inhibitor, PD98059, stipulating 

the involvement of ERK activation (Nam et af., 2008). Another study, however, showed 

the opposite effect; i.e. resveratrol-induced cell death was further potentiated by 

addition ofPD98059, suggesting that suppression of tumour growth was associated with 

inhibition of ERK phosphorylation and thus apoptosis (Roy et af., 2011). These results 

show how variable the effects of these inhibitors can be. 

Multiple studies have implicated the AMPK pathway in the growth and proliferation of 

tumours via the regulation of an enzyme called the mammalian target of rapamycin 

(mTOR). It has also been shown that resveratrol up-regulated AMPK activity by 

increasing its phosphorylation (Lin et aI., 2010, Hwang et aI., 2007, Rashid et aI., 2011). 

Treatment with compound C in the presence of resveratrol inhibited AMPK activation 

(Lin et af., 2010, Hwang et af., 2007). 

To date, four adenosine receptor subtypes have been identified, At, A2A, A2B and A3 in 

various tissues and these bind to specific G protein-coupled receptors in order to 

activate their associated downstream molecules (Gessi et ai., 2007). Activation of the 

A3R by the binding of a selective ligand was shown to inhibit cell proliferation and 

cause apoptosis in several cancer cell lines (Kamiya et at., 2012). Studies have shown 

that adenosine A3 receptors are expressed at considerable levels on the cell surface of 

cancer cells and colon tumour tissues and activation of all receptor SUbtypes leads to the 

phosphorylation of extracellular regulated kinase 112 (ERK 112) (Gessi et at., 2007). 
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A pharmacological screenmg approach was taken first by co-treating cells with 

resveratrol and its metabolites (all at 30JlM, so high end of ICso range) with: a) lOJlM 

L Y294002, a PI3K inhibitor, b) lOJlM PD98059, a MAPK inhibitor, c) 10JlM MRS-

1191, a selective adenosine A3 receptor antagonist and d) 12.5JlM compound C, an 

AMPK inhibitor (Figure 5.1). Cell growth was assessed after 48 hours using the neutral 

red uptake assay (see Section 2.2.1). PI3K and MAPK are known to drive cell 

proliferation and the use of the inhibitors PD98059 and L Y294002, was a positive 

control to test this assumption. Briefly, addition of MRS-1191 will block the activation 

of the adenosine A3 receptor and therefore cause cell proliferation. Addition of 

compound C however, will activate AMPK thus causing a decrease in growth. Lastly, 

addition of the PI3K and MAPK inhibitors, L Y294002 and PD98059 will cause 

inhibition of the pro-survival signalling pathways and subsequently lead to decreased 

cell proliferation (Figure 5.1). Further experiments included the investigation on the cell 

cycle distribution with MRS-1191 and compound C being co-treated with resveratrol 

and its metabolites using the same previously mentioned concentrations. Western 

blotting was incorporated into this study to further show the presence of the adenosine 

A3 receptor followed by growth studies treating cells with 2CI-IB-MECA (a highly 

selective A3 agonist) to demonstrate the involvement of A3R. In addition, cells were co

treated with 2CI-IB-MECA (30JlM) and MRS-1191(lOJlM) to elucidate whether the 

growth-inhibitory effects seen with 2CI-IB-MECA could be reversed. Lastly, the total 

and phosphorylated levels of AMPK after 48 hour treatment with a range of 

concentrations (lJlM, 3f.lM, lOJlM, 30JlM and lOOJlM) were assessed by western blot 

and band intensity analysed using ImageJ. 

171 



adenosine 

/ 
MRS1191 

,.-----, 
A3 adenosine receptor 

CaMKK~ 

PD98059 

1 
LY294002 

1 
MAPK 

PI3kinase 

cell proliferation 

__ AMP kinase __ mTOR / 

T 
compound C 

Figure 5.1 chematic repre entation of key signalling pathways and their possible implication 

in the effects exerted by re veratrol metabolites. Red crosses represent an inhibition of cell 

proliferation following inhibition of the MAPK and PI3K pathways with PD98059 and 

L Y294002 respectively. 

5.1 Probing key ignalling pathways for a role in the effects of resveratrol and its 

metabolites 

In order to gain a further in ight into the molecular effects of resveratrol, we screened a 

range of inhibitor of key ignalling pathways by co-treatment of Caco-2, CCL-228 and 

HCT -116 colorectal cancer cell. Cells were seeded as previously mentioned and treated 

with 30~M re eratrol and metabolite in the presence of either: a) Compound C -

AMP kinase inhibitor (12.5~M), b) L Y294002 - PI-3-kinase inhibitor (J O~M), c) 

PD98059 - MAPK inhibitor (I O~M) and d) MR 1191 - adenosine A3 receptor 

antagonist (I O~M) for 48 hour. Cell growth was then measured using the neutral red 

assay (see ection 2.2.1). The concentrations of the inhibitors used in this study were 

chosen ba ed on publi hed tudie that had shown effectiveness (Das et al., 2005, Jiang 

et al., 20 I 0, am el at., 2008, Lee el al., 2009, Lin el al., 20 I 0, Nakamura el aI., 2006, 

Kamiya el al., 2012). 
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Figure 5.2 Effect of MRS-I 191, compound C, L Y294002 and PD980S9 on the growth 

inhibition after treatment with resveratrol and its metabolites in CCL-228 cells. Cells were 

treated with resveratrol (A), resveratrol-3-0-D-glucuronide (B), resveratrol-4' -O-D-glucuronide 

(C) and resveratrol-3-0-D-sulphate (D). all at 30 ~M, and either MRS-I 191 (MR , I O~M), 

compound C (CC, 12.S ~M), L Y294002 (L Y, lO~M) and PD980S9 (PO, 1 O~M)or treatment 

with inhibitors alone (E) . Cell viability was measured 48 hours later using the neutral red uptake 

assay. Values represent the means (n=9) from 3 independent experiments. *p<O.OS, 

**p<O.O I and ***p<O.OO I relative to resveratrol or resveratrol metabolites and +p<0.05, 

++p<O.O I and +++p<O.OO I relative to untreated by repeated measures ANOV A and Dunnett's 

test. 
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The effects of treatment of resveratrol and its metabolites in the presence of either 

MRS-I 191, compound C, LY294002 or PD98059 are shown in Figure 5.2. It is evident 

that co-treatment of resveratrol with MRS-I 191 and compound C was sufficient to 

reverse the effects after treatment with resveratrol alone (p<O.05 and p<O.OOl 

respectively). In contrast, the results for L Y29002 and PD98059 showed no significant 

recovery of cell growth. Cells were treated with RV-3-G in the presence of the four 

inhibitors (Figure 5.2B and Table 5.1). Similar findings to resveratrol were seen with 

RV-3-G, where only MRS-I 191 and compound C were capable of reversing the growth 

inhibition caused after treatment with RV -3-G alone. Again, L Y294002 and PD98059 

caused no significant difference. In agreement with the effects seen by the first 

glucuronide metabolite are the results using RV-4'-G (Figure 5.2C). More specifically, 

only MRS-1191 and compound C caused sufficient reversal of growth inhibition 

(p<O.OOl and p<O.Ol respectively) with no effect of LY294002 and PD98059 (p>O.05). 

Furthennore, the sulphated metabolite, RV -3-S as in the case of Caco-2 cells, did not 

show any significant activity on cells (Figure 5.2D); a further example of an unexpected 

loss in activity of the metabolites, as mentioned before. Treatment with the inhibitors 

alone did not exert any significant effect relative to the untreated group (Figure 5.2E). 
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Figure 5.3 Effect of MRS-I 191, compound C, L Y294002 and PD98059 on the growth 

inhibition after treatment with resveratrol and its metabolites in Caco-2 cells. Cell s were treated 
with resveratrol (A), resveratrol-3-0-D-glucuronide (B), resveratrol-4' -O-D-glucuronide ( ) 

and resveratrol-3-0-D-sulphate (D). all at 30 11M and either MRS-I 191 (MRS, 10IlM), 
compound C (CC, 12.5IlM), L Y294002 (L Y, 101lM) and PD98059 (PD, 101lM) or treatment 

with inhibitors alone (E) . Cell viability was measured 48 hours later using the neutral red uptake 

assay. Values represent the means (n=9) from 3 independent experiments. *p<0.05, **p<O.O I 

and ***p<O.OOI relative to resveratrol or resveratrol metabolites and +p<0.05 and +++p<O.OOI 

relative to untreated by repeated measures A OVA and Dunnett' s test. 
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Co-treatment of Caco-2 cells with the three inhibitors, compound C, L Y294002 and 

P0980S9 was not sufficient to reverse the effects seen with resveratrol. The only 

inhibitor capable of reversing these effects was MRS-1191 (p<O.05) (Figure S.3A). 

Similar to CCL-228 cells, only MRS-1191 and compound C were capable of causing a 

significant reversal of inhibition nfollowing treatment with RV-3-G (p<O.OOI and 

p<O.Ol respectively) (Figure S.38 and Table 5.1).MRS-l191 and compound C were 

sufficient to reverse the effects of RV-4'-G. In the case of RV-3-S, it was evident that 

growth was reduced, but addition of the inhibitors did not significantly alter this effect 

(Figure 5.30). Again, there was no significant difference between the untreated group 

and of inhibitors alone (p>O.OS) (Figure S.3E). 
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Figure 5.4 Effect of MR -1191, compound C, L Y294002 and PD98059 on the growth 

inhibition after treatment with re eratrol and it metabolites in HCT -116 cells. Cells were 

treated with re veratrol ( ), re veratrol-3-0-D-glucuronide (8), re veratrol-4' -O-D-glucuronide 

(C) and resveratrol-3-0-D- ulphate (D), all at 30 11M and either MRS-I 191 (MRS, 10IlM), 

compound C (CC, 12.5IlM), L Y294002 (LY, 101lM) and PD980S9 (PO, 101lM) or treatment 

with inhibitors alone (E). ell iability was mea ured 48 hour later using the neutral red uptake 

assay. Values repre ent the mean (n=9) from 3 independent experiments. *p<O.OS, **p<O.OI 

and ***p<O.OO I relati e to res eratrol or resveratrol metabolites and +p<O.OS and +++p<O.OO I 

relative to untreated by repeated mea ure A OVA and Dunnett' s test. 
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Experiments with HCT-116 cells showed increased growth in the presence of 

compound C, L Y294002 and PD980S9 folowing co-treatment with resveratrol (p<O.O 1, 

p<O.01 and p<O.OOl respectively) (Figure S.4A). The same situation was seen with RV-

3-G but also including MRS-l 191 (Figure 5.4B). For both resveratrol and RV-3-G, the 

growth inhibition was not reversed when the inhibitors were applied. Only compound C 

reversed the growth inhibition by RV-4'-G (Figure S.4C). Interestingly, none of the 

inhibitors reversed the growth inhibitory effects of RV-3-S (Figure S.4D). Cell growth 

was unaffected by any of the inhibitors on their own (Figure S.4E). The results for the 

effect of the inhibitors when used in combination are summarised in Table 5.1. 

Table 5.1 Summary of significant effects of the inhibitors and their ability to reverse the effects 

of resveratrol, resveratrol-3-0-D-glucuronide, resveratrol-4' -O-D-glucuronide and resveratrol-

3-0-D-sulphate. 

Cell Line 

CCL-228 

Caco-2 

HCT-116 

Combination treatments that signifi«:antly reversed the growth 
inhibition 

RV RV-3-G 
MRS-I 191 MRS-I 191 
Compound C CompoundC 

MRS-1l91 MRS-1l91 
Compound C 

Compound C MRS-1l91 
PD98059 Compound C 
LY294002 PD98059 

LY294002 
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RV-4'-G 
MRS-1191 
Compound C 

MRS-1l91 
CompoundC 

CompoundC 

RV-3-S 
No activity of 
RV-3-S 

No activity of 
RV-3-S 



5.2 Investigation of cell cycle analysis with MRS-1191 co-treatment 

The most consistent results from the pharmacological approach in Section 5.1 were in 

the case ofCCL-228 cells. The presence of the adenosine A3 receptor antagonist (MRS-

1191) and the AMPK inhibitor(compound C) were both sufficient to reverse the effects 

ofresveratrol, RV-3-G and RV-4'-G. We therefore decided to investigate the effect of 

resveratrol, RV-3-G, RV-4'-G and RV-3-S treatments (all at 30J.1M) in the presence of 

MRS-1191 (10J.1M) and whether the reversal of growth inhibition observed previously 

was associated with changes in the cell cycle distribution. CCL-228 cells were therefore 

simultaneously treated with resveratrol and the metabolites in the presence and absence 

of MRS-1191 for 48 hours. They were subsequently harvested and stained with 

PIIRNase solution as previously described (see Section 2.5.1). 
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Table 5.2 Cell cycle distribution of the CCL-228 human cancer cell line after treatment for 48 

hours with resveratrol or metabolites (all at 30IlM) in the presence and absence of the adenosine 

A3 receptor antagonist, MRS-1191 (1 OIlM). 

Distribution (% cells)* 

Cell Line Treatment Sub-G! GO/G! S G21M 

CCL-228 Control 0.785 67.44 15.03 13.38 

MRS-1191 0.635 66.60 15.68 12.94 

RV 1.92 57.25 20.98* 15.63 

RV+MRS-1191 2.045 56.12 19.17 18.28 

RV-3-G 0.810 69.42* 13.89 13.09 

RV-3-G + MRS 0.875 69.84 14.30 12.49 

RV-4'-G 0.82 74.56* 11.21 11.78 

RV-4'G + MRS 1.16 73.97 11.87 11.80 

RV-3-S 0.89 69.22 14.18 11.52 

RV-3-S + MRS 0.66 67.98 14.26 13.92 

ACT.D 1.52 66.10 18.84 9.74 

ACT.D + MRS 5.91 61.85 16.55 10.01 

DMSO 0.66 65.68 16.58 13.55 

DMSO+MRS 0.85 66.33 16.06 12.88 

*DNA content was analysed after staining with Pl/RNase solution. The data represent 

the mean percentage of gated cells of three independent experiments in each phase of 

the cell cycle. There was no significant difference when comparing treatment alone or in 

the presence of MRS-1191 byr contingency analysis. *p<O.05 if resveratrol or its 

metabolites were active compared to DMSO. 
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Treatment ofCCL-228 cells with MRS-1191 alone did not lead to any differences in the 

distribution of cells. In fact, these were comparable to the untreated cells (percentage of 

cells in GO/Gl was 67.44% and 66.60% in untreated and MRS-1191 respectively). The 

S- and G21M - phases were also similar in the two groups. Resveratrol treatment alone 

decreased the GO/G 1 population to 57.25% but simultaneously increased the population 

of cells in both S (15.03% to 20.98%) and G21M (13.38% to 15.63%) phases. Even 

though MRS-1191 co-treatment with resveratrol changed the proportion of cells in 

GO/G 1 from 57.25% to 56.12% compared to resveratrol alone, this was not sufficient to 

completely reverse the effects back to the levels seen with the control (Table 5.2). In the 

case of RV -3-G, the proportion of cells in each phase of the cell cycle was not affected 

by the presence of MRS-1191. For example, the proportion of cells in GO/G 1 with RV-

3-G alone was 69.42% and with addition of MRS-1191, 69.84% (Table 5.2). Addition 

of MRS-1191 to cells treated with RV-4'-G further reduced the proportion of cells in 

GO/G 1 (75.56% to 73.97%) and slightly increased those in S phase (11.21 % to 11.87%), 

with no effect in G21M. Resveratrol-3-0-D-sulphate alone had no significant effect on 

the cell cycle. More specifically, co-treatment increased the cells in GO/G 1 from 

69.22% to 67.98%, decreased those in S phase (14.18% to 14.26%) and finally, 

decreased the proportion in G21M (11.52% to 13.92%). Similar to the untreated group, 

the vehicle control (0.1% DMSO) in the presence and absence of MRS-1191 did not 

affect the distribution of cells (Table 5.2). Actinomycin 0 did not cause arrest when 

added alone to CCL-228 cells with the proportion of cells in GO/G 1 reaching 66.10%. 

Contingency analysis of independent experiments (as mentioned in Chapter 2) 

investigating the differences in the presence and absence of the antagonist did not 

exhibit significance in all three experiments. Therefore, despite the fact that MRS-1191 

was capable of reversing the effects of resveratrol and its two glucuronides on growth, it 
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does not seem likely that the distribution of cells in the various phases of the cell cycle 

is affected. It is evident from Table 5.1 that the proportion of cells in sub-G I in the 

presence of absence of MRS-I 191 is not significantly different in any group (Figure 

5.4). 

5.3 Investigation of cell cycle analysis with compound Ceo-treatment 

As mentioned previously, the findings from Section 5.2 involving the reversal of effects 

of resveratrol and its two glucuronides on the growth of CCL-228 following co

treatment with the AMPK inhibitor, compound C, led us to investigate the possible 

effect on the cell cycle. If compound C is capable of indirectly acting on the cell cycle, 

co-treatment will cause re-distribution of cells and the percentage of gated cells within 

each phase will reach the levels found in the untreated and vehicle control (0.1 % 

DMSO) groups. 
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Table 5.3 Cell cycle distribution of the CCL-228 human cancer cell line after treatment for 48 

hours with resveratrol or metabolites (all at 30J.1M) in the presence and absence of the AMPK 

inhibitor, compound C (12.5J.1M). 

Distribution (% cells)* 

CeU Line Treatment Sub-Gl GO/Gl S G21M 

CCL-228 Control 0.785 58.01 20.60 18.63 

Compound C 1.92 63.00 19.04 14.90 

RV 1.92 56.53 20.98 17.00 

RV+CC 5.12 68.49 14.44 12.47 

RV-3-G 0.81 65.40* 15.36 16.37 

RV-3-G +CC 1.24 64.49 16.68 15.68 

RV-4'-G 0.82 65.74* 15.11 16.21 

RV-4'G+CC 1.84 62.42 18.75 15.93 

RV-3-S 0.89 61.71 17.88 17.18 

RV-3-S +CC 3.76 60.11 20.87 15.17 

ACT.D 1.52 65.68* 18.68 11.27 

ACT.D+CC 6.92 60.89 18.41 11.35 

DMSO 0.66 57.87 21.17 17.23 

DMSO+CC 1.70 57.61 22.77 15.14 

*DNA content was analysed after staining with PlIRNase solution. The data represent the mean 

percentage of gated cells of three independent experiments in each phase of the cell cycle. There 

was no significant difference when comparing treatment alone or in the presence of compound 

C by X2 contingency analysis. *p<0.05 if resveratrol or its metabolites were active. 
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It is apparent from Table 5.3 above, that the cell distribution following treatment with 

the vehicle control is not significantly different to the untreated group (57.87% and 

58.01% respectively). Addition of compound C alone increased the percentage of cells 

in GO/O 1 as compared to both the vehicle and untreated groups but, following analysis 

this was not found to be significant. The combination of 0.1% DMSO with compound C 

did not alter the cell cycle when compared to treatment alone. Co-treatment of the 

parent compound, resveratrol with compound C not only decreased the percentage of 

cells in S phase, but actually arrested the cells in 00/01 to levels greater than those seen 

with the two glucuronides. Resveratrol alone however, did not significantly arrest cells 

in S phase for all three experiments. More specifically, resveratrol with compound C 

caused a shift in the distribution from 56.53% (resveratrol alone) to 68.49% with a 

concomitant decrease in S phase from 20.98% to 14.44%. 

In the case of RV -3-0, the observed 00/01 arrest was not altered following 

combination treatment with compound C. For example, cells in 00/01 in the presence 

of RV -3-0 reached 65.40% and this was slightly, but not significantly, reduced to 

64.49% following combination treatment by i analysis. The effect of RV-4'-0 was 

more profound with a reduction in the cells present in GO/Ol from 65.74% to 62.42% 

and those in S phase increasing from 15.11% to 18.75% followed by a slight decrease in 

02IM (16.21% to 15.93%). The scenario for RV-3-S was slightly different however; as 

exemplified previously, 30J,lM of RV-3-S alone was not sufficient to cause GO/Ol arrest 

(61.71%) unlike the other two metabolites. Administration of cells with compound C 

decreased the percentage of cells to 60.11 % in 00/01 followed by an increase in S 

phase from 17.88% to 20.87%. In fact, this value reached the levels for the control 

group (20.60%), and was followed by a slight decrease in the proportion of cells in 

021M (17.18% to 15.17%). 
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The scenarIo with the positi e control, actinomycin D, was more profound. Co-

administration with compound C was capable of reducing the percentage of cells in 

GO/G I from 65 .68% to 60.89% with a very surprising increase in sub-G 1 to 6.92% 

(p>0.05). The S- and G21M phases were not affected however, when comparing the two 

groups. As in the previous section with MRS-JI91 co-treatment, there was no 

significant effect in the number of cells in sub-G I in the presence or absence compound 

C (Table 5.3). Based on these findings with compound C, it seems that actinomycin D 

causes AMPK activation. 

5.5 Western blot on the presence of Adenosine A3 receptor 

In order to confirm the presence of the adenosine A)receptor in Caco-2, CCL-228 and 

HCT -116 cells, western blot analysis was performed on untreated lysates. The blot in 

Figure 5.5 clearly confirms the presence of the A3 receptor with comparable levels of 

protein in all three cell lines. 
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Figure 5.5 Western blot analy i of untreated Caco-2, CCL-228 and HCT-116 cells to 

determine the presence of the adeno ine A3 receptor. Each cell line is blotted in triplicate and 

the image is representative of three independent experiments. 
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5.6 Adenosine A3 receptor stimulation by 2CI-IB-MECA 

The western blot results from section 5.5 confirmed the presence of the adenosine A3 

receptor. The highly selective A3 receptor agonist, 2CI-IB-MECA was therefore added 

at a range of concentrations (lJlM, 3JlM, lOJlM, 30JlM and lOOJlM) to Caco-2, eCL-

228 and HCT-116 cells for 48 hours and the viability was measured using the neutral 

red assay as mentioned previously in order to confirm the receptor activation . 
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Figure 5.6 Effect of the highly selective adenosine A3 receptor agonist, 2CI-IB-MECA on the 

growth of Caco-2, CCL-228 and HCT-116 cells. Briefly, cells were treated at a range of 

concentrations for 48 hours and the neutral red viability assay was employed. Values represent 

the means (n=18) from three independent experiments ±SEM. Analysed by repeated measures 

ANOVA and Dunnett's test. 

Treatment of Caco-2 cells with a range of 2CI-IB-MECA concentrations for 48 hours 

was capable of reducing the growth of cells. More specifically, a significant effect was 

seen at lOIlM treatment with growth being reduced to 62. 7±4. 7% (p<O.05). This was 

greater at 30llM and even more so at lOOIlM where almost complete inhibition was 

achieved. The percentage of viable cells after 30llM treatment reached 29.9±6.2% 

whilst at lOOJlM, 3.7±1.8% (p<O.05 in both cases) (Figure 5.6). At lower concentrations 
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however, there was no significant reduction in growth with a mere inhibition of 15% 

after 3J..lM treatment and less so at 1 J..lM (~0.05).The ICso in the case of Caco-2 was 

14.3J..lM±3.0. 

CCL-228 cells were also treated with 2CI-IB-MECA for 48 hours and the percent of 

control growth calculated relative to the absorbance of the untreated group. The effects 

of treatment exemplified in Figure 5.6 above seem less profound as compared to those 

seen with Caco-2 cells. More specifically, the only significant effect was apparent at 

100J..lM treatment with growth being reduced to 18.7±9.6% (p<0.05). In addition, the 

growth of CCL-228 cells was reduced by 30% at 30J..lM treatment but this was not 

significant (p>O.05) whilst at the lower concentrations of IJ..lM, 3J..lM and 10J..lM the 

effects were even less profound (95.8±4.5%, 89.3±4.4% and 80.4±13.4% respectively). 

The ICso value in the case ofCCL-228 cells was found to be 42.5J..lM. 

Treatment of HCT-l16 cells with 2CI-IB-MECA for 48 hours produced similar results 

as in the case of CCL-228. More specifically, treatment at concentrations reaching 

30J..lM had no significant effect on the growth of HCT -116 cells and thus no activation 

of the adenosine A3 receptor. For example 1 J..lM treatment was sufficient to inhibit the 

growth of cells by 4.3% whilst at lOJ..lM this was increased to 13.8% but overall the 

effects were not significantly different to the untreated group. At 30J..lM, this was 

potentiated further to 29.3% but this was not significant (p>O.05) (Figure 5.6). Similar 

to CCL-228, at l00J..lM, the growth of HCT -116 cells was significantly reduced 

indicating the activation of the receptor by the agonist with growth being 8.3±7.3%. The 

ICso value was 40.2J..lM, more comparable to CCL-288 cells rather than Caco-2. 
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5.7 Co-treatment 01 cells with 2CI-IB-MECA and MRS-l 191 

The adenosine A3 receptor antagonist, MRS-1191 at a concentration of IOIlM was 

added in the presence of 30llM 2CI-IB-MECA in order to investigate whether the 

observed effects of the agonist were reversed. The results from the neutral red assay 

were converted to percentage of control growth and presented in the figures below. 
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Figure 5.7 Evaluation of the effects of MRS-I 191 and 2CI-IB-MECA co-treatment in Caco-2 

cells. Briefly IOIlM MRS-I 191 was added in the presence of 30llM 2CI·IB-MECA for 48 hours 

and the neutral red assay employed as previously described. Values represent mean (n=18) from 

three independent experiments.· .. • p<O.OOO I relative to control by repeated measures 

ANOVA and Tukey's test. 

The results from co-treatment of MRS-1191 and 2CI-IB-MECA in Caco-2 cells are 

presented in Figure 5.7 above. It is apparent that treatment with 2CI-IB-MECA alone 

significantly inhibited the growth of cells to 27.4±4.8% (p<O.OOOI). Addition of MRS-

1191 however was not sufficient to reverse the inhibitory effects of the adenosine A3 
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receptor agonist and remained significantly different to the untreated group with growth 

reaching even lower levels of 21.8±2.8% (p<O.OOOl). The effects of MRS-1191 alone 

were similar to the effects seen in the untreated group (p>O.05). 
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Figure 5.8 Evaluation of the effects of MRS-l 191 and 2CI-IB-MECA co-treatment in CCL-228 

cells. Briefly lOJ.1M MRS-1191 was added in the presence of30llM 2CI-IB-MECA for 48 hours 

and the neutral red assay employed as previously described. Values represent mean (n=18) from 

three independent experiments. ··p<O.Ol and ····p<O.OOOl relative to control by repeated 

measures ANOV A and Tukey's test. 

The possible reversal of growth inhibition was further investigated in CCL-228 cells. It 

is evident from Figure 5.8 above that addition of 30J.1M 2CI-IB-MECA in the absence of 

MRS-1l9lsignificantly reduced the growth ofCCL-228 cells to 79.l±2.8% relative to 

the control (p<O.OOO 1). Despite the fact that addition of MRS-1191 slightly reversed the 

effects of the agonist to 87.5±3.2% this was not significant relative to 2CI-IB-MECA 

alone but to the control (p<O.Ol). MRS-1191 alone had no effect on growth 

(98.9±3.0%). 
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Figure 5.9 Evaluation of the effects of MRS-I 191 and 2CI-IB-MECA co-treatment in HCT-116 

cells. Briefly IOJ,lM MRS-I 191 was added in the presence of30J,lM 2CI-IB-MECA for 48 hours 

and the neutral red assay employed as previously described. Values represent mean (n=18) from 

three independent experiments. p>O.05 relative to control by repeated measures ANOV A and 

Tukey's test. 

Treatment of 2CI-IB-MECA in the presence and absence of MRS-1191 was further 

extended to HCT-116 cells. It is clear from Figure 5.9 that 30J,lM 2CI-IB-MECA 

treatment reduced the growth of HCT -116 cells to 88±4.4% but this was not 

significantly different to the control group as expected (p>O.05). Addition of the 

antagonist slightly reduced this inhibition and growth increased to 90.6±2.8% but once 

again was found to be non-significant (p>O.05). Similar to the results with the two other 

cell lines, MRS-1191 treatment alone had no effect on the growth of the cells as 

compared to the control with growth reaching 111.3±3.6%. The results of the effect of 

30J.1M 2CI-IB-MECA on the growth of the three cell lines are in agreement with the 

previous experiment (Section 5.6). 
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5.8 Western blots for AMPK and p-AMPK 

The results from the screening experiment with four known inhibitors identified two 

promising targets for resveratrol and its metabolites. We therefore decided to assess the 

phosphorylation levels of AMPK in the three cell lines at a range of concentrations after 

48 hour treatment. 

Caco-2 cells were treated with resveratrol and its metabolites, RV-3-G, RV-4'-G and 

RV-3-S at a range of concentrations (lJ.1M, 3J.1M, lOJ.1M, 30J.1M and 100J.1M) for 48 

hours and western blot analysis performed in order to assess the total and 

phosphorylated levels of AMPK. Following density analysis by the ImageJ software it 

is evident that the relative ratios of phosphorylated AMPK to total AMPK were greater 

in the treated groups as compared to the control but the difference was not found to be 

significant (Figure 5.108). For example 3J.1M resveratrol gave a greater relative density 

as compared to the control, but, this was not significant. The results from cells treated 

with RV -3-S appear in Figure 5.10 where activation of AMPK via phosphorylation does 

not take place at any concentration. Density analysis of the bands for each concentration 

appears to be comparable to the relative levels of the control with no significant 

difference (p>O.OS) (Figure 5.108). 

The representation in Figure 5.11 illustrates the phophorylated and total AMPK levels 

in Caco-2 cells following treatment with the two glucuronide metabolites, RV-3-G and 

RV-4'-G. Similar to the results from the sulphated metabolite, it seems that AMPK did 

not become activated (phosphorylated) at a higher degree than the basal levels. Again, 

increasing concentrations do not appear to affect the level of activation. This appeared 

to be consistent in the case of both RV-3-G and RV-4'-G. Analysis of the relative levels 

ofp-AMPKJAMPK shown in Figure 5.11 further exemplified these fmdings. The only 
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exception was in the case of lOOIlM RV-4 ' -G where an increase in the relative value 

was seen after three experiments but this was not found to be a significant difference. 
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Figure 5.10 Western blot ana lysis of total and pho phorylated AMPK level after tr atm nt 

with resveratrol and RV -3-S in Caco-2 cells. Representative blot (A) and den ity analy i by 

fmageJ of p-AMPKJAMPK relative levels. Level are the mean of three ind p nd nt 

experimentS±SEM. p>O.05 by repeated measures ANOV A and Dunnett ' te t rclati t th 

control group. 
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Figure 5.11 Western blot analysis of total and phosphorylated AMPK levels after treatment 

with RV-3-G and RV-4'-G in Caco-2 cells. Representative blot (A) and density analysis by 

ImageJ of p-AMPKJAMPK relative levels. Levels are the means of three independent 

experimentS±SEM. p>O.05 by repeated measures ANOVA and Dunnett's test relative to the 

control group. 
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Unlike in the case of Caco-2 cells, treatment of CCL-228 cells with increasing 

concentrations of resveratrol significantly increased the phosphorylation levels of 

AMPK (Figure 5.12). This was found to be significant at 30J.1M and lOOJ.1M (p<O.Ol 

and p<O.OOI respectively) (Figure 5.12B). Similar to the effects of RV-3-S treatment on 

Caco-2 cells were those on CCL-228. More specifically, 48 hour treatment with a range 

of RV -3-S concentrations was not sufficient to activate AMPK and the relative levels 

following three experiments remained constant and at the same levels as the untreated 

group. 

Seen in Figure 5.13 below is the representative blot of CCL-228 cells after treatment 

with the two glucuronide metabolites. It appears that with increasing concentrations of 

RV -3-0, the total AMPK levels remained unaffected as did the phosphorylated levels 

(Figure 5.13A). Density analysis further confirmed this with p-AMPKI AMPK relative 

levels not appearing any significantly different to the control group (Figure 5.13B). The 

scenario in the case of RV -4' -0 appears slightly different. More specifically, the p

AMPK levels were increased at 30J.1M and lOOJ.1M but not at I J.1M, 3J.1M and IOJ.1M. 

The total AMPK protein levels remained fairly constant independent of concentration. 

Further analysis of the relative levels has identified a slight increase at IOJ.1M but this 

were not significantly different. The greatest effect was seen at 30J.1Mwhere the relative 

levels increased significantly (p<O.OI) (Figure 5.13B). 
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Figure 5.13 We tern blot anal i of total and phosphorylated AMPK levels after treatment 

with RY -3-G and RY -4 ' -G in L-228 cell . Representative blot (A) and density analysis by 
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Western blot analysis was further perfonned on HCT-116 treated cells with resveratrol 

and resveratrol-3-0-D-sulphate. It is evident that with increasing resveratrol 

concentrations the phosphorylation levels increased whilst total AMPK levels remain 

constant except in the case of lOOJ.1M where total AMPK was reduced (Figure 5.14). 

Density analysis further illustrated this with a significant difference in the relative levels 

ofp-AMPKIAMPK at l00J.1M resveratrol treabnent (p<O.OOI) (Figure 5.14). The levels 

of the phosphorylated protein of the control group remained low. In the case of RV-3-S, 

the levels of total AMPK reduced with increasing concentrations followed by a 

concomitant increase in p-AMPK which was more evident at 100J.1M. Further analysis 

demonstrated this activation of AMPK at lOOJ.1M but this was not found to be 

significant. 

Exemplified in Figure 5.15 below are the results following RV-3-G and RV-4'-G 

treabnent in HCT -116 cells. It can be clearly seen from the image of the blot that total 

AMPK levels remained constant at concentrations up to 30J.1M and these drop at IOOJ.1M 

(Figure 5.15). With regards to p-AMPK expression and RV-3-G treabnent, levels 

appeared the same to the untreated samples except in the case of lOOJ.1M where the 

levels increased but not significantly. In addition, treabnent with RV-4'-G expressed 

lower levels of total AMPK as compared to RV -3-G treabnent and were decreased 

significantly at lOOJ.1M. Regarding p-AMPK levels, these were gradually increased with 

increasing concentrations. Analysis using ImageJ clearly identified a significant 

activation of AMPK at lOOJ.1M RV-4'-G treabnent (p<O.Ol) (Figure 5.15). 
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Figure 5.14 We tern blot anal i of total and pho phorylated AMPK levels after treatment 

with re eratrol and RV -3 - in H -116 cell . Repre entati e blot (A) and density analysis by 
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5.9 Discussion 

The aim of this chapter was to gain a further insight into the mechanism of action of 

resveratrol metabolites and to further elucidate the growth arrest effects seen in the 

previous chapters. The results from the initial screening with four known inhibitors 

(MRS-l 191, compound C, LY294002 and PD98059) provided us with some indication 

of possible targets being affected by treatment. MRS-1191 was effective in seven out of 

nine experiments where resveratrol, RV-3-G and RV-4'-G inhibited growth in the three 

cell lines. Compound C was effective in eight out of nine experiments. PD98059 and 

LY294002 were positive in the case of HCT-J J6 and only resveratrol and RV-3-G. 

RV -3-S suppressed growth inefficiently and inhibitors had no reversing effect (Table 

5.1). 

Adenosine AI neepton 

Adenosine A3 receptors have been widely studied and suggested to be involved in the 

protective effects exerted by resveratrol on ischaemia in the heart (Das et a/., 2005). 

These findings led to suggest their involvement in cancer cell growth. It has been shown 

that adenosine A3 receptor expression is up-regulated in tumour cells and tissues with 

variable expression levels in different celllines(Gessi el a/., 2007). Western blot results 

from this study on untreated Caco-2, CCL-228 andHCT -116 cells have confirmed the 

presence of the A3 receptor. These findings were further substantiated by demonstrating 

that activation of A3 using a selective agonist, 2CI-IB-MECA caused growth inhibition 

in all three cell lines in a dose-dependent manner. It is also possible that adenosine A3 

receptors are expressed on the apical side of Caco-2 monolayers therefore explaining 

some of the effects of resveratrol and the metabolites at 30J,1M treatments on the apical 

side (see Chapter 3). In fact, unpublished data from our laboratory (Dr. Mark Carew) 
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has identified that 2CI-IB-MECA is active on the apical side of Caco-2 monolayers and 

stimulates the short circuit current (lsc) (a measure of net ion transport) suggesting 

expression of apical A3 receptors. 

Presumed activation of the adenosine A3 receptor resulted in marked impairment in cell 

growth therefore suggesting a vital role of this receptor in the control of the cell cycle. 

In fact, these findings seem to correlate with the results from the previous chapters 

where growth inhibition and cell cycle arrest were evident. The selective adenosine A3 

receptor antagonist, MRS-1191 at 10f.1M however, was not capable of preventing the 

effects of 2CI-IB-MECA. Several possibilities could be the higher 2CI-IB-MECA 

concentration used in this study (30f.1M) as compared to other studies (IOIlM and 20llM 

for 24 and 48 hours) (Kim et 01., 2012), insufficient MRS-I 191 leading to non-reversal 

of effects or this could be overall attributed to cell variability. For example, Kim and 

colleagues (2012) showed that the reduction of ERK. and Akt phosphorylation induced 

by 20llM 2CI-IB-MECA was prevented by IOf.1M MRS-1l91 therefore suggesting that 

2CI-IB-MECA-induced ERK. and Akt down-regulation was through the activation of 

the A3 receptor. Another study however, showed that 2CI-IB-MECA at concentrations 

greater than 10llM was capable of inhibiting the growth of human thyroid cancer cells 

(NP A), independently of adenosine A3 receptor activation which could explain the 

inability of MRS-I 191 of reversing the effects in the experiments of this study(Morello 

et 01., 2008). In fact the same group also used varying concentrations of additional 

selective A3 receptor antagonists including MRS-1523 (0.03-10IlM) and F A385 (0.5-

5f.1M) that were not able to counteract the inhibitory effect of 2CI-IB-MECA after 24 

hour incubation. This suggests that 2CI-IB-MECA might interact with various 

intracellular targets following entry into the cell. Morello and colleagues tested the 

likelihood that 2CI-IB-MECA acts in an intracellular manner as a second messenger 
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following transport into the cells. Addition of the nucleoside transport inhibitor NBTI or 

dipyridamole (both at IOJ.lM) did not reverse the effects of 2CI-IB-MECA and 

suggested that 2CI-IB-MECA could act directly with an intracellular target following 

cell entry by a nucleoside transporter-independent mechanism. A further group also 

identified that 2CI-IB-MECA causes apoptosis in two leukaemic cell lines through an 

adenosine AJ-independent mechanism (Kim el aI., 2002). 

An important finding in this study was the prevention of growth inhibitory effects of 

resveratrol and its glucuronides in the presence of the adenosine A3 receptor antagonist, 

MRS-1191. These results therefore suggest the involvement, though not exclusive, of 

A3 receptors in the effects of resveratrol and its glucuronides on growth. However, cell 

cycle distribution analysis using CCL-228 cells in the presence of resveratrol and its 

metabolites found that MRS-I 191 caused no significant shift in the redistribution of 

cells in each phase of the cell cycle. In addition, despite the fact that the growth of 

HCT-116 cells was halted at the highest 2CI-IB-MECA concentrations, addition of 

MRS-1191 was not sufficient to reverse the effects of resveratrol or its metabolites. 

These findings imply that the A3 receptor signalling pathway is dependent on the cell

specific characteristics and the type of treatment (Merighi el al., 2006). 

A study using selective AI (DPCPX), A2A (2M 241385) and A2B (PSBll15) antagonists 

on the cell proliferation of NPA thyroid cancer cells in the presence of 2CI-IB-MECA 

have demonstrated the inability to block this effect or to prevent ERK1I2 

dephosphorylation (Morello el al., 2(08). 

The adenosine AJ receptor is linked to phospholipase C (PLC) and its activation is 

expected to increase calcium levels. Activation is also associated with a decrease in 

adenylyl cyclase and cAMP levels but these were not measured. In order to further 
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implicate the involvement of the adenosine A3 receptor pathway and its downstream 

molecules we designed a study where the phospholipase C (PLC) inhibitor, U73122 and 

the selective chelator of intracellular Ca2
+ stores, BAPTA-AM were added in the 

presence of 30JlM treatments of resveratrol and its metabolites for 48 hours. 

Unfortunately however, the concentrations of U73122 and BAPTA-AM when used 

alone had detrimental effects on the cells and these experiments were not pursued (data 

not shown). 

AMPK 

The implication of AMPK in the effects presented in the previous chapters arose from 

the results after addition of compound C where reversal of growth inhibition was 

evident for resveratrol and the glucuronides in Caco-2 and CCL-228 cells. Protein 

expressions levels of p-AMPK (Thr172) (activated AMPK) following resveratrol 

treatment at 30JlM and 100JlM clearly showed this activation which was in tight 

agreement with the results of co-treatment with compound C. The increase in the 

proportion of cells in 00/01 due to the drop in S phase during combination of 

resveratrol with compound C and the subsequent decrease in the expression levels of 

cyclin D 1 at both concentrations further involve the AMPK pathway. A noteworthy 

point to make at this stage is the absence of resveratrol-induced activation of AMPK in 

Caco-2 cells and the weak activation in HCT -116 (only at 100JlM) further illustrating 

the differences between cell lines. This either suggests that cell lines are not reliable, or 

the AMPK is not always activated. Thirty micromolar concentrations of resveratrol-4'

O-D-glucuronide were sufficient to increase the phosphorylation levels of AMPK in 

CCL-228, in agreement with the growth studies in the presence of compound C and 

those of the cell cycle distribution. Additionally, 100JlM treatment was sufficient to 

increase the protein expression levels but not to significant levels suggesting a dose-
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dependent effect. This suggests that AMPK activation is weakly stimulated by the 

resveratrol glucuronides. The results of AMPK activation are in agreement with the 

study by Hwang and colleagues (2007) where it was suggested that AMPK activation 

seemed to be involved in the control of cell proliferation in resveratrol-treated HT -29 

colorectal cancer cells (Hwang et al .• 2007). In addition. a further study reported similar 

findings in MDA-MB-231 and MCF-7 breast cancer cells where resveratrol caused an 

increase of AMPK phosphorylation at 10J.1M. 20J.1M. 40J.1M and 80J.1M treatments in a 

dose-dependent manner(Lin et al .• 2010). The results in the presence of compound C 

further indicated that AMPK was vital for growth inhibition of cancer cells treated with 

resveratrol and the glucuronide metabolites. 

PI3K and MAPK 

Any possible involvement of the PI3K and MAPK pathways with resveratrol 

metabolites treatment was investigated to a small extent in this study. More specifically. 

by using the inhibitors L Y294002 (PI3K inhibitor) and PD98059 (MAPK inhibitor) we 

aimed to identify whether the effects of the metabolites were reversed. These 

experiments showed several inconsistencies exemplified by the variable effects of these 

compounds on the different cell lines. For example, PD98059 was able to sufficiently 

halt the growth inhibition caused by resveratrol and resveratrol-3-0-D-glucuronide in 

HCT-116 cells only. In the case of LY294002, significant effects were only evident 

after resveratrol and RV-3-G treatments in HCT-116 cells. In fact a study by Chen et al. 

(2010) showed that treatment of LNCaP cells with LY294002 in the presence of 

resveratrol further potentiated the effects and caused inhibition of cyelin D 1 and 

induction of Bim, p27KiP ., TRAIL, DR4 and DRS (Chen et al., 2010). Furthermore, 

addition of L Y294002 significantly decreased cell proliferation in a dose-dependent 

manner at 24 and 48 hour exposure times in NPC cells with a concomitant increase in 
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apoptotic cells (Jiang et al., 2010). PD98059 was also employed in a study investigating 

the effect of the flavonoid quercetin on the role of MAPK signalling in osteoblast 

growth. Results showed that cell death caused by quercetin was significantly reversed 

by the MEKIERK inhibitor but not SB203580 (p38 inhibitor) and SP600125 (JNK 

inhibitor) (Nam et al., 2008). 

Conclusion 

The experiments in this chapter have provided evidence for the involvement of the 

adenosine A3 receptor and its activation leading to growth inhibition of Caco-2 and 

CCL-228 cells. Additionally, activation of AMPK via phosphorylation at threonine 172 

at moderate but achievable resveratrol and glucuronide metabolites concentrations was 

shown in CCL-228 and HCT-116 cells. These findings further suggest that any 

observed effects are cell-dependent with variability arising from cell type and response 

to agonists/activators (resveratrol and it metabolites) and inhibitors. Also, treatment of 

cells with 2CI-IB-MECA gave different ICso values which, further supports the idea of 

cell-dependent effects. The variable results seen in this chapter could be accounted for 

by cell variability and overall biological differences in vitro. This in turn illustrates the 

importance of conducting in vivo experiments to identify the effects of the metabolites 

as will be discussed in the next chapter. 
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Chapter 6. Discussion 

6.1 Overview 

In this study, the identification of the growth inhibitory effect of three resveratrol 

metabolites (resveratrol-3-0-D-glucuronide, resveratrol-4' -0-D-glucuronide and 

resveratrol-3-0-D-sulphate) was evaluated using two widely known viability assays, the 

neutral red and MIT assays. It appears that the neutral red uptake assay, which is based 

on the incorporation of the dye in the lysosomes of viable cells, conferred greater 

sensitivity as compared to the MIT assay, which is a mitochondrial based assays. The 

main aim of this study was to investigate the effect of resveratrol metabolites therefore, 

despite the promising results of piceatannol and pterostilbene, these were not pursued 

further. Future studies discussed later however, will incorporate the two analogues. 

Since this is one of the first studies investigating the effect of the metabolites on the 

growth of colorectal cancer cells it was vital to identify whether these compounds 

exerted any cytotoxic effects on normal cells. For this reason, sheep red blood cells 

were employed and high concentrations of drugs used. We found no evidence for 

necrosis, apoptosis, either caspase-dependent or -indepedent. However, these agents 

were capable of inducing cell cycle arrest. The effects of the metabolites on Caco-2 

cells have since been shown in another study with inhibition of cell growth in a 

concentration-dependent manner (ICso -10J.1M) and cell cycle arrest in 00/01, contrary 

to resveratrol that caused S phase arrest (Storniolo& Moreno, 2012). The results 

depicted in this study however are not in agreement with a more recent study by Aires 

and colleagues (2013) which have reported an S phase arrest with all three metabolites 

(30J.1M) in SW620 (metastatic colorectal cancer cell line). 
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The results obtained with resveratrol in this study are consistent with previous studies 

(Delmas et al., 2003, Walle et al., 2004, Rimando & Suh, 2008). 

In order to mimic the intestinal epithelium, polarised cells were used and treated for a 

longer period of time at lower and more feasible concentrations. Results, however, 

showed that polarised, differentiated cells were not affected by these drugs at low 

micromolar concentrations. Growth was slightly affected at 30J.lM, when drugs were 

delivered from the apical side (Table 6.1). This suggested a possible receptor-mediated 

event. Another explanation for the differential effect could lie between the differences 

in the polarised cells (differentiated) as compared to growing cells (on 96-well plates). 

There still remains insufficient evidence for a cytostatic action of the drugs at 30J.lM 

following drug removal and addition of fresh media for 48 hours using the three 

colorectal cancer cell lines (Figures 3.11-3.13). In fact, various experiments 

investigating the degree of apoptosis yielded negative results, concluding that these 

compounds do not induce apoptosis. It seems possible that due to the very low half-life 

ofresveratrol (-8-14 minutes), drug removal removes the inhibition and causes arrest. If 

the growth inhibition relied solely on receptor activation, then removal of the drug 

would not cause or sustain this activation. Whether the metabolites actually get 

internalised into the cell would be an interesting possibility to investigate. 

Cell cycle distribution analysis identified cell cycle arrest at GO/G 1 for the two 

glucuronides in Caco-2 and CCL-228 cells but not HCT-116 indicating that the 

observed effects are cell type specific (Figures 4.2, 4.4 and 4.6). The sulphated 

metabolite showed no significant effect in the distribution of cells relative to untreated 

cells. The parent compound on the other hand caused S phase arrest in all three cell 

207 



lines, again illustrating the differential effect of the metabolites compared to resveratrol 

(Table 6.1). 

As shown in Figures 5.2 and 5.3, a similar response of CCL-228 and Caco-2 cells to 

resveratrol, RV-3-G and RV-4'-G when used in combination with MRS-1191 and 

compound C, was observed causing reversal of growth inhibition. In HCT -116 cells the 

responses were more complicated. Indeed, in an initial analysis we found no effect of 

inhibitors (n=I). Further analysis of three experiments showed the involvement of 

AMPK (compound C) following treatment with resveratrol, RV-3-G and RV-4'-G. 

MRS-1191 was effective at reversing the inhibition observed with RV-3-G. For the first 

time, effects were observed with PD98059 and L Y294002 in response to resveratrol and 

RV-3-G. The lack of any effects of LY294002 and PD98059 on the Caco-2 and CCL-

228 cell lines was surprising since the MAPK and PI3K pathways are implicated and 

known to be important in colorectal cancer. One possibility explaining this lack of 

effect could be the concentrations used in this study and therefore further experiments 

are required for elucidation. 

The involvement of A3 receptors and AMPK were investigated in further detail, because 

the most commonly observed reversal effects were in the case of MRS-1191 and 

compound C. A pathway was therefore hypothesised leading from the activation of the 

adenosine A3 receptor to inhibition of cell proliferation via effects on AMPK (Figure 

6.1). 

The presence of the A3 receptor was confirmed by western blot and the stimulation of 

the receptor by addition of the highly selective agonist, 2CI-IB-MECA respectively. 

The involvement of the A3 receptor was further shown following co-treatment of MRS-

1191 (antagonist) in the presence of resveratrol and its glucuronide metabolites in 
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CCL-228 and Caco-2 cells with the evidence of reversal of growth inhibition. It has 

been previously shown that the adenosine A3 receptor is highly expressed in cancer cells 

whilst the expression in normal cells is low. The expression of this receptor in tumour 

tissues was linked to disease severity (Fishman et aZ., 2009). Previous studies have 

shown that targeting the A3 receptor with specific agonists will lead to inhibition of 

tumour growth via controlling the Wnt and the NF -KB signalling pathways (Fishman et 

al., 2009). 

Measurement of the protein levels of total AMPK and phosphorylated AMPK as 

measured by western blot revealed its activation following treatment with resveratrol-

4'-O-D-glucuronide in CCL-228 and HCT-116 at 30~M and 100~M respectively 

(Figures 5.13 and 5.15). Resveratrol-3-0-D-glucuronide, however, despite prior 

indications of the involvement of AMPK was not capable of significant activation of 

AMPK. AMPK activation by resveratrol on Caco-2 cells was not reliable and despite 

the fact that AMPK is a major target, it was not so easy to activate it consistently in this 

cell line. In the case of CCL-228 cells however, activation was clear at 30~M and 

100~M but only significant at 30~M (Figure 5.12). 

209 



resveratrol 
resveratrol glucuronides 
2CI-IC-MECA 

Ca2+ 

1 
G1 cell cycle arrest CaMKKp 

1 compoundC 
cyclin 01 +-- AMP kinase 

Figure 6.1 Propo ed ignalling pathways in the action of resveratrol and its glucuronides on cell 

growth. The A3 adeno ine receptor is coupled via Gq to phospholipase C (PLC) and an increase 

in intracellular caJcium concentration (the receptor is also negativelycoupled to Gi and a 

decrease in cAMP, not hown). MRS-\\9\ is an adenosine A3 receptor antagonist. Subsequent 

activation of calmodulin-dependent kinase kinase beta stimulates AMP-activated kinase 

(compound i an inhibitor of this enzyme), leading to cyclin 01 depletion and cell cycle 

arre t. 
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Table 6.1 Summary of the main findings of this study. 

Experiment Cell Line 
Caco-2 CCL-228 HCT-116 

Growth inhibition (NRU) Dose-dependent response for all Dose-dependent response for all Dose-dependent response for all 
drugs with almost complete drugs with almost complete drugs with almost complete 
inhibition at 100llM (Table 3.1). inhibition at IOOIlM (Table 3.1). inhibition at IOOIlM (Table 3.1). 
ICso values: RV 23.8J.1M, RV-3-G ICso values: RV 9.8J.1M, RV-3-G ICso values: RV 15.1J.1M, RV-3-G 
16.5J.1M, RV-4'-G 18.6J.1M, RV-3-S 15.75J.1M, RV-4'-G 12.87J.1M, RV- I0.14J.1M, RV-4'-G 24.43J.1M, RV-
11.2J.1M, PI 21.65J.1M, PS 4.98J.1M. 3-S 21J.1M, PI 29.62J.1M, PS 3-S 31.03J.1M, PI 28.01J.1M, PS 

35.76J.1M. 18.25J.1M. 
Growth inhibition (MIT) Less sensitive as compared to the Less sensitive as compared to the Less sensitive as compared to the 

NRU. ICso values: RV 47.74J.1M, NRU. ICso values not possible to NRU. ICso values: RV 34.6OIlM, 
RV-3-G 28.94J.1M, RV-4'-G calclulate. RV-3-G 40.63J.1M, RV-4'-G 

211 
15.40J.1M, RV-3-S 33.61J.1M. 42.57~M, RV-3-S 57.01J.1M. 

ll-day treatment on mono layers No effect at 1 J.1M apical or N/A N/A 
basolateral (except for Act.D) 
Significant effect with 30J.1M apical 
RV(50% reduction in growth) and 
less so with metabolites (20% 
reduction) (Figure 3.10). 

Cytostatic experiment No significant difference with RV; No activity with RV, RV-3-G and All compounds active; no 
little activity of metabolites; no RV-4'-G; RV-3-S active but effect significant reversal for RV and RV-
recovery with Act.D (Figure 3.11). not reversed; no recovery with 3-G; RV-4'-G and RV-3-Seffects 

Act.D (Figure 3.12). not reversed; no recovery with 
Act.D (Figure 3.13). 

Pre-treatment with Z-V AD-FMK No significant effect (Figure 4.1). No significant effect (Figure 4.2). No significant effect (Figure 4.3). 
DAPI-stained nuclei No signs of apoptosis (Figure 4.4). No signs of apoptosis (Figure 4.5). No signs of apoptosis (Figure 4.6). 

Expression levels ofp53 (western N/A N/A Significant effect with 1 J.1M RV and 
blot) 41lM Act.D; no significant 

difference with the metabolites 
(Figure 4.7). 
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Table 6.1 continuation 

Caco-2 CCL-228 HCT-116 

Expression levels of p53 N/A N/A Biphasic effect- higher levels at 
(immunofluorescence) lower concentrations; decreased or 

no expression at 30f.1M and 100f.1M 
(Figures 4.8-4.12). 

Cell cycle distribution analysis S phase arrest with RV; GO/G 1 with S phase arrest with RV; GO/G 1 with S phase arrest with RV; GO/G 1 
RV-3-G and RV-4'-G; no effect with RV-3-G and RV-4'-G; no effect arrest with Act.D; no apoptosis 
RV-3-S; GO/GI arrest with Act.D; with RV -3-S; GO/G 1 arrest with (Table 4.6). 
no apoptosis (Table 4.2). Act.D; apoptosis only with RV 

(Table 4.4). 
Expression levels of cyclin D I Decreased levels with RV at 3Of.1M Decreased levels with RV at 3Of.1M RV-3-G and RV-4'-G at 10Of.1M 
(western blot) and IOOf.1M; RV -3-G and RV -3-S at and IOOf.1M; RV-3-G and RV-3-S at caused reduction in cyclin D I 

IOOf.1M (Figures 4.22 and 4.23). IOOf.1M (Figures 4.24 and 4.25). (Figures 4.26 and 4.27). 

212 Presence of inhibitors Reversal of inhibition with: RV, RV- Reversal of inhibition with: RV, Reversal of inhibition with: RV with 
3-G and RV-4'-G with MRS-I 191 RV-3-G and RV-4'-G with MRS- compound C, L Y294002 and 
and compound C except RV and 1191 and compound C (Figure 5.2). PD98059; RV-3-G with MRS-I 191, 
compound C (Figure 5.3). compound C, L Y294002 and 

PD98059; RV-4'-G with compound 
C (Figure 5.4). 

Cell cycle distribution in the N/A No significant difference in the N/A 
presence of MRS-1191 presence ofMRS-1191 (Table 5.2). 

Cell cycle distribution in the N/A Change of S phase arrest to GO/G I N/A 
presence of compound C arrest with RV (Table 5.3). 
Expression of the A3 receptor Present (Figure 5.7). Present (Figure 5.7). Present (Figure 5.7). 

Effect of2CI-ffi-MECA Dose-dependent effect (ICso Dose-dependent effect (IC5o Dose-dependent effect (ICso 
14.32~M) (Figure 5.8). 42.50~M) (Figure 5.8). 40.19~M) (Figure 5.8). 

Co-treatment of2CI-ffi-MECA with No reversal (Figure 5.9). No reversal (Figure 5.10). No reversal (Figure 5.11). 
MRS-l 191 
Expression levels of p-AMPK No significant effect (Figures 5.12 Significant increase with 30f.1M and Significant increase with lOOf.1M 
(ThrI72) (western blot) and 5.13). lOOf.1M RV and 30f.1M RV-4'-G RVand IOOf.1M RV-4'-G (Figures 

(Figures 5.14 and 5.15). 5.l6 and 5.17). 



6.2 Future directions 

The incorporation of three colorectal cancer cell lines in this study and treatment with 

resveratrol and its metabolites returned variable results. One of the main points to 

emphasise is the variable action of drugs on different cell lines. Future drug studies on 

growth should, therefore also be employed on synchronised cells in specific phases of 

the cell cycle. Additional future considerations are presented below. 

6.2.1 Effect of combination studies 

This is the first study investigating the mechanistic effects of the resveratrol metabolites 

and has provided some insight into certain molecular targets. As far as growth studies 

are involved it would be interesting to investigate the combinatorial effect of 

resveratrol, with its metabolites as well as piceatannol and pterostilbene and whether an 

additive, synergistic or antagonistic effect is observed. In fact, one or the 

recommendations of the Resveratrol 2012 Scientific Committee was to address the 

combination of resveratrol with other compounds (www.resveratroI2012.eu). Also 

investigation of the effect of combination treatment on the cell cycle would be a logical 

next step. Moreover, studies investigating changes in the levels of other important 

cyclins involved in the cell cycle including cyclin E (late G 1), cyclin A (S phase) and 

cyclin Bl (G2IM phase) are warranted for providing a greater insight in the actual 

involvement of these compounds in the cell cycle. Whether the metabolites directly 

target the cyclins or affect the cell cycle checkpoint inhibitors including p21 and p27 is 

another question that needs to be answered. 
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6.2.2 Autophagy 

Since, for example, the growth inhibitory effects seen after treatment of Caco-2, 

CCL-228 and HCT -116 cells with resveratrol and its metabolites alone were not due to 

induction of apoptosis, it would be interesting to test the hypothesis of autophagy at 

concentrations less than 30J.lM. In fact, several studies have implicated resveratrol to 

cause death by autophagy (Opipari, 2004, Morselli et al., 2011). The simplest 

experiment to conduct would be the measurement of LC3-GFP. LC3 stands for 

autophagosome-associated protein microtubule-associated protein 1 light chain and is 

being used as a marker of autophagy. In the absence of autophagy activation, LC3 is 

localised in the cytoplasm whilst following activation, it interacts with the isolation 

membrane and stays associated with the autophagosome membrane subsequent to 

vacuole formation (Kondo and Kondo, 2006). For this reason, transfection with the 

green fluorescent protein-linked LC3 chimeric plasmid is very helpful. Autophagic cells 

can therefore be identified using a fluorescent microscope by the presence of GFP-LC3 

dots due to the fact that GFP-LC3 is restricted to autophagosomes. LC3 consists of two 

forms, type I and type II. Type I is present in the cytoplasm whilst type II is bound to 

the membrane. During the process of autophagy, the levels of type II increase due to the 

conversion of type I into type II (Kabeya et al., 2000). The increased expression of LC3 

type II can ultimately be detected by western blot due to the different molecular weights 

of the two forms, as can Beclin-l which is an autophagy related protein. A study by 

Opipari et al. (2004) for example, showed that resveratrol caused S-phase arrest at 

50J.lM after 24 hours and this accumulation was shifted into GO/G 1 at 100JJM with no 

increase in cells with hypodiploid DNA content therefore suggesting that cell death was 

not induced. Additionally, cells responding to 50JJM resveratrol did not display the 

typical features of apoptosis including cytoplasmic condensation, nuclear fragmentation 
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or blebbing. In addition to the quantification of the marker of autophagy, transmission 

electron microscopy for the detection of autophagosomes would be an ideal way to 

confirm autophagy. 

6.2.3 Involvement of p53 on growth 

The results from this current study showed that resveratrol and its metabolites are 

capable of inhibiting the growth of the three cell lines irrespective of p53 status 

suggesting that inhibition is not solely dependent on p53. The protein expression levels 

of p53 in HCT -116 cells were investigated by western blot and immunofluorescence. It 

was evident that resveratrol was capable of inducing the expression of total p53 whilst 

the effect was less profound with the metabolites by western blot. It would be 

noteworthy to quantify the levels of phosphorylated p53 (Serine 15) consequent to 

treatment in order to identify any differences. A time-dependent measurement of p53 is 

another possibility since a study by Liontas & Yeger (2004) for example, noted a 

progressive response in p53 with an apparent increase in cytoplasmic p53 by three 

hours, nuclear accumulation by six hours and apoptotic nuclei by twenty-four hours. 

Since the p53 experiments were conducted using the HCT-116 cells that possess wild

type p53, future work could involve using additional wild-type p53 cell types and also 

identification of any changes in the p53 status of Caco-2 and CCL-228 cell lines. TP53 

gene knockout experiments could also be conducted to identify whether cell growth is 

affected i.e. evidence of decreased growth inhibition. 

Western blot and immunofluorescence analysis of treated HCT-116 cells with 

resveratrol and its metabolites identified a biphasic effect of treatment. For example, the 

protein levels of p53 were significantly increased following 1 J..lM treatment of 

resveratrol but this decreased at higher concentrations. This suggests that hormesis 
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occurs and very low concentrations of resveratrol should be employed. Hormesis is 

characterised as a biphasic dose-response where low doses of a drug produce a given 

effect and higher doses result in the opposite effect (Vargas and Burd, 2010). 

Studies investigating the effect of the flavonoid quercetin, in the absence of p53, have 

identified that mitochondria-mediated cell death occurs through the presence of p63 and 

p73(Zhang et al., 2009). p63 and p73 possess more than 60% homology within the 

DNA binding region of p53. This leads to transactivation of several p53 target genes by 

p63 and p73 including Bax. It would be interesting to investigate the possibility that 

both p63 and p73 are involved in or even replace the functions of p53 in cell lines with 

mutations in the tumour suppressor protein. The same group has identified a mechanism 

by which flavones and flavonols induce G2/M arrest and apoptosis in KYSE-510 

oesophageal squamous cell carcinoma cells. This includes an increase in the expression 

levels of p63 and p73, leading to an increase in p21 that causes cell cycle arrest in G21M 

phases followed by a reduction in cyclin B 1 levels. These proteins also induced 

mitochondrial-dependent apoptosis via up-regulation of PIG3 (p53-inducible gene 3) 

and consequent caspase-9 and caspase-3 cleavage. 

6.2.4 Further investigation on the effect of resveratrol and its metabolites on 

signaDing pathways 

The findings from the pharmacological approach using four known inhibitors have 

raised certain questions. Firstly, will lower concentrations of either the drugs of interest 

or of the inhibitors have the same effect as already seen? Are the effects cell type or 

tumour-type dependent? In fact, of the three cell lines used, it is already clearly evident 

that depending on the cell line, different targets are affected. Further studies are 

warranted however in order to substantiate the findings of this study and more 
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specifically probing for the involvement of the adenosine A3 receptor. It is vital to 

elucidate whether the metabolites remain outside the cell to exert their effects or if they 

are capable of entering the cell. In addition, analysis by western blot using co-treated 

cells with these inhibitors and probing for the expression of total and phosphorylated 

levels of AMPK, PI3K and MAPK would be a logical next step. A further interesting 

experiment to perform would be the knockdown of the genes coding for these proteins 

or their over-expression and identify how the cells responded to treatment. 

6.2.4.1 AMPK 

In the case of quantifying the protein levels of AMPK, p-AMPK and cyclin D, further 

investigation is warranted to compare differences with either lower or greater exposure 

time to the drugs as well as using serum-free conditions. Additionally, the total and 

phosphorylated levels upon compound C co-treatment should be assessed by western 

blot. The implications that treatment has on upstream and downstream proteins in the 

AMPK pathway including LKB 1 and mTOR would provide further insight into whether 

AMPK is a direct target of resveratrol and its metabolites. The levels of mTOR should 

therefore be measured in the future following treatment or identify the effects by 

blocking this with rapamycin. 

6.2.4.2 Adenosine AJ receptor 

In the case of the possible involvement of the adenosine A3 receptor as a target of 

resveratrol metabolites, this study has only provided some insight. It is vital to 

investigate each step downstream of the A3 receptor (Figure 6.1). The results from this 

study have provided a mechanistic hypothesis and more specifically that resveratrol and 

the glucuronide metabolites bind to the adenosine A3 receptor, and through activation of 

AMPK, cancer cell growth is inhibited. Future studies are therefore warranted to 

217 



provide direct evidence, including looking at the binding capability of the metabolites to 

the receptor in order to induce further downstream effects. 

Furthermore, the effects of treatment on cells expressing high levels of the adenosine A3 

receptor compared to those with the gene knockdown of this receptor would be of great 

significance to identify possible differences and just how vital the A3 receptor is. 

Additionally, upregulation of the A3 receptor expression in cell lines followed by 

treatment with resveratrol and its metabolites would further substantiate its 

involvement. Since only lOIlM MRS-1191 concentrations were used in the presence of 

resveratrol and metabolites (all at 30IlM), further examination using a dose response of 

MRS-1191 on various other drug concentrations is required to identify the optimum 

concentrations. The specific MRS-1191 concentration was not sufficient to reverse the 

growth inhibitory effects of 2CI-IB-MECA for possible reasons explained previously 

so, again this emphasises the need for different concentrations. Protein levels of the A3 

receptor following treatment alone or in combination with MRS-1191 and other 

selective antagonists including MRE3008F20 and MRS1523 (A3 antagonists), DPCPX 

(AI antagonist), ZM 241385 (A2 antagonist) and PSBl115 (A2B antagonist) should be 

measured. In addition, the adenosine A3 receptor levels should be assessed prior to and 

following treatment with resveratrol and its metabolites in order to make sure that the 

growth of these cells is not affected. 

The experiments aimed to measure the changes in the intracellular Ca2
+ levels by co

treating cells with BAPTA-AM could not be presented due to the detrimental effect of 

BAPTA-AM alone on cells. Therefore, another experiment intended to measuring these 

levels using a fluorescent Ca2
+ indicator, Fura-2/AM in the presence and absence of the 

test compounds could be used and the fluorescent intensity ratio values recorded. 
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In addition to the in vitro based experiments, in vivo experiments investigating the 

various scenarios mentioned above are vital. This is due to the reason that in some 

occasions, the results from in vitro studies cannot be extrapolated or even reproduced in 

vivo. If the A3 receptor is actually involved, MRS-1191 perfusion could be performed in 

animal studies to gain further insight. For example, this would involve dosing rats with 

AOM-induced cancers (azoxymethane), or APCMin mice for example, with resveratrol 

or metabolites and co-administer MRS-1191. It would also be interesting to look for 

signs of A3 receptor activation e.g an increase in AMID in the nucleus. AMID is a 

marker protein, known as apoptosis-inducing factor (AIF)-homologous and 

mitochondria-associated protein that has been shown to be involved in caspase

independent apoptosis. It has been shown recently that adenosine causes caspase

independent apoptosis in SBC-3 lung cancer cells by upregulating AMID expression 

and promoting its translocation into the nucleus through the adenosine A3 receptor 

(Kanno et ai., 2012). Therefore, it would be interesting to investigate the upregulation 

of AMID after growth inhibition by A3 receptor stimulation. 

6.3 Concluding remarks 

In conclusion, resveratrol still remains a very interesting drug with multiple effects and 

targets. The studies presented here show that the glucuronide and sulphate metabolites 

are active, which is a major step forward and that the mechanism may involve the A3 

receptor in some cell lines. These findings suggest a new hypothesis concerning the 

action of resveratrol that is readily testable. Possible intracellular targets have been 

identified in this study and further studies will aim to confirm and extend these results. 
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