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Abstract 

Investigating the effects of curcumin and resveratrol on pancreatic 

cancer stem cells 

Karzan Khowaraham Karim 

Anti-proliferative and cancer stem-cell targeting abilities of curcumin and 
resveratrol individually have been shown in different cancers. This project 
aimed to assess the activity of these compounds, alone and in combination 
in pancreatic cancer cell lines (PCCLs) and stellate cells. 
 
Anti-proliferation assays were performed for curcumin and resveratrol alone 
and in combination, combined with end point markers of activity including 
apoptosis and cell cycle arrest. Pancreatic cancer stem cell populations were 
defined using the cell surface markers CD44, CD24, ESA, CD133, ALDH-1 
activity or sphere forming ability, and finally Nanog expression was assessed. 
The intracellular uptake of curcumin and its metabolites was analysed by 
HPLC. 
 
The PCCLs were more sensitive to curcumin than resveratrol, and 
combinations of these compounds showed anti-proliferative efficacy through 
apoptosis and cell cycle arrest at low, clinically achievable concentrations 
(CACs) in 2 out of 4 cell lines. Capan-1 cells exhibited the highest sensitivity 
to curcumin, which was able to enhance the effectiveness of resveratrol 
treatments in targeting cancer stem-like populations. Spheroid growth was 
significantly inhibited by curcumin and resveratrol combinations in Capan-1 
cells, correlating with decreased ALDH1 activity and Nanog expression. In 
human pancreatic cancer tissue, various stem-like populations were identified 
based on expression of ALDH1 or CD24+/CD44+, which may provide a 
suitable target in vivo. Capan-1 cells metabolised curcumin to detectable 
amounts of curcumin glucuronide. However, curcumin metabolites did not 
show any significant activity at CACs. Curcumin alone may have activity 
against pancreatic cancer stem cells, and enhances efficacy at low 
concentrations when in combination with resveratrol. Capan-1 cells are able 
to internalise curcumin, and this cell line exhibited the greatest sensitivity to 
treatment. 
 

Overall, the results suggest that curcumin and resveratrol warrant further 
investigation as combination therapies for targeting cancer stem-like cells and 
stellate cells responsible for the dense stroma observed in pancreatic cancer. 
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1.1. Cancer 

 

Cancer can be defined as a group of diseases, which occur in consequence of 

an extended process beginning with one cell being damaged beyond repair, or 

changed in a manner that makes them depart from normal cellular control 

mechanisms (Figure 1.1). The cells then follow an agenda for uncontrolled 

proliferation, leading to the production of a mass of cells (tumour) (1-5). A 

tumour is considered benign only if the neoplastic cells are clustered in a single 

mass which does not have the ability to spread into surrounding tissues or 

distant organs. Once these invasive characteristics are acquired, the tumour is 

considered cancerous (Figure 1.1). Cancer can arise by hereditary means, due 

to inherited genetic or epigenetic alterations to the genome, or sporadically, as 

a result of somatic mutations, which may be caused by the action of 

environmental mutagenic agents (6-9). 

 

Even though cancer is a group of diseases characterised by dysregulation of 

proliferation, leading to invasion and metastasis, they differ in various 

characteristics including the tissue of origin, causal factor(s) and molecular 

mechanisms leading to tumour development. The origin of a tumour (primary 

tumour) is classified based upon the tissue from which it comes; for example, 

carcinomas arise from epithelial cells, sarcomas from mesenchymal cell types, 

leukemia from haemopoietic cells, neuroectodermal from the nervous system 

and melanomas are of neural crest origin. The majority (~90%) of solid tumours 

occur in epithelial tissues (10-13). In addition to this, there are tumours whose 

origins are untraceable and are therefore known as tumours of unknown origin. 
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Figure 1.1 Model depicting the role of the microenvironment in normal and tumour cells. 

Upper Panel: A schematic illustration of normal cells where growth is usually tightly regulated by physiological 

systems, allowing a balance between programmed cell death (apoptosis) and the proliferation of cells. Lower 

panel: a series of alterations lead to accumulation of mutations and ultimately in tumour formation, adapted 

from (4, 14). 

 

1.2. Carcinogenesis 

 
Carcinogenesis, oncogenesis or tumourigenesis is the multi-step process 

whereby cells in a normal state undergo transformation into cancer cells. 

Carcinogenesis is classified into three stages: initiation, promotion and 

progression (10, 12, 13, 15) (Figure 1.2). The driving forces behind 

carcinogenesis include environmental stresses and genetic factors which may 

occur over a prolonged period, resulting from one or a combination of, chemical, 

physical, biological, and/or genetic changes in the normal cells (12). 
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In the initiation stage, irreversible genetic mutations occur in the DNA sequence 

(12). These can be due to DNA replication errors in the synthesis phase of the 

cell cycle, or from intrinsic cellular metabolism, for example, the release of 

reactive oxygen species (ROS) and free radicals (16-18). 

 

 

Figure 1.2 Illustration depicting initiation, promotion and progression of cancer. 

Cancer can be induced by various mutagens such as UV light, X-rays and free radicals adapted from 

(12, 18, 19). 

 

Additionally, environmental mutagens (17) may have a huge impact on DNA 

sequence and structure, most commonly through carcinogens in food, cigarette 

smoke or through UV irradiation (sunlight) and X-ray exposure (16-18). Any 

environmental mutagen which becomes covalently bound to the DNA structure 

is known as a DNA adduct, and could be the starting point for the initiation stage 

of carcinogenesis. These DNA adducts may cause mutations if not eliminated 

by DNA repair systems prior to replication. There are three classifications of 

DNA damage: breaks in the DNA backbone; loss, addition or substitution of 

bases and chemical modification of bases (10-13). 

 

The second stage, which can lead to pre-malignant tumour growth, is believed 

to involve epigenetic mechanisms and is referred to as cancer promotion 

(Figure 1.2). Many cellular functions are negatively impacted at this stage, with 

the loss of cell cycle checkpoints, alteration to the regulatory proteins involved 

in apoptosis and an increase in cell proliferation. The third stage of cancer 

progression is characterised by the formation of neoplastic cells by further DNA 

alteration and epigenetic changes. These cells have a higher potential rate of 

replication and a greater chance of metastasising (10-13).The de-regulation of 
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many cellular processes are required for metastasis to take place including, cell 

migration, matrix degradation, angiogenesis, and host immune response 

avoidance. 

 

Progression through these stages can take a considerable amount of time, 

giving ample opportunities for medical intervention in an attempt to delay, 

reverse or prevent progression of the disease. The three stage model for 

carcinogenesis, in some cases, is not adequate to describe the carcinogenic 

process (10, 12, 13, 15). The detailed hallmarks of cancer as  described by 

Douglas Hanahan and Robert Weinberg (5) includes 6 primary modifications in 

physiological regulation of a cell that, in aggregate, determine the extent of 

malignant growth: growth signal self-sufficiency, growth inhibition signal 

insensitivity, apoptosis evasion, unlimited potential for replication, angiogenesis 

sustainability and invasion or tissue and metastasis. These were reviewed in 

2011, and a further 4 hallmarks added: tumour-promoting inflammation, 

mutation and instability in genome, immune destruction avoidance and cellular 

energetics deregulation  (20) (Figure 1.3). 
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Figure 1.3 The hallmarks of Cancer by Douglas Hanahan and Robert A. Weinberg. 

Biological characteristics of cancer include: growth signal self-sufficiency, growth inhibition signal 

insensitivity, apoptosis evasion, unlimited potential for replication, angiogenesis sustainability and 

invasion or tissue and metastasis plus tumour-promoting inflammation, mutation and instability in 

genome, immune destruction avoidance and cellular energetics deregulation  (20). 

 

1.2.1. Apoptosis and the cell cycle in cancer 

 

Evasion of apoptosis (resisting programmed cell death) and limitless replicative 

potential can be considered as an imbalance between cell death and cell 

division, which will alter an organism's internal state and eventually cause 

disease. Therefore, apoptosis is needed in order to maintain homeostasis and 

a constant number of cells. A rate of division faster than that of cell death will 

cause tumours to develop, whilst the reverse will cause a loss of cells, ageing 

and degenerative diseases (5). 
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For cancer cells, a critical stage is evasion of apoptosis, achieved via genetic 

alterations in genes for tumour suppression and oncogenes. The extrinsic and 

intrinsic signaling pathways are both involved in apoptosis and are relatively 

separate. Caspases are executioner enzymes which are responsible, in both 

pathways, for cell death (21). Apoptosis will not occur if these pathways function 

improperly and tumours can consequently form (21, 22). 

 

Triggering of the intrinsic pathway (mitochondrial or Bcl-2 (B-cell lymphoma 2) 

inhibited pathway) occurs in response to several intracellular factors, such as 

stimulation of death receptor, growth factor withdrawal, radiation, viral 

infections, hypoxia, deprivation of nutrients, endoplasmic reticulum stress and 

DNA damage (23). Induction of the extrinsic pathway can occur via extracellular 

signalling, including signalling via growth factors, nitric oxide, cytokines or 

hormones (21, 22). 

 

Caspases can be categorised into 2 groups, with approximately 14 caspases 

in total. Caspases 2, 8, 9 and 10 trigger mechanisms but don't have a direct 

part to play in cell execution, and are termed initiator caspases (24). Effector 

caspases have been implicated as having a direct role in DNA degradation and 

nuclear shrinkage, and include caspases 3, 6 and 7. At least 7 of the caspases, 

are thought to be directly involved in cell death and are activated by proteolytic 

cleavage. Caspases 8 and 9 both activate caspase 3. Caspase 8 is activated 

upon an extracellular signal while caspase 9 is activated when it is engaged 

with cytochrome c (25, 26). 

 

Another aspect of cellular regulation to be considered is that of the cell cycle, 

as the quality and rate of cellular division are tightly monitored by the cell-cycle 

checkpoints. There are four phases to the cell cycle: G1, S phase, G2 and M 

phase. CDKs (Cyclin-dependent kinases) promote the cell's progression 

through this cycle and these are regulated negatively and positively (27, 28). 

Driving progression of the cell through G1, cyclin D isoforms interact with CDK6 

and CDK4. At the G1-S transition, cyclin E associates with CDK2, directing 

entry into S-phase. For entry into mitosis, CDK1/cyclin B is required. Similarly, 



8 

 

the cyclin A and CDK1 complex is important during G2 while the complex of 

cyclin A/CDK2 directs S-phase progression (27, 28). 

 

Research has indicated that correcting defects in the G1 arrest checkpoint could 

induce apoptosis and retard growth, and correcting errors in the G2-M 

checkpoint could increase the cytotoxicity of chemotherapy, providing 

examples of how targeting the cell cycle could be used in cancer treatments 

(29). 

 

1.3. The Pancreas 

1.3.1. Anatomy of the Pancreas  

 

The pancreas is an organ of many purposes and has both endocrine and 

exocrine capabilities. It is made up of 3 regions known as the head, body and 

tail. The length of the pancreas is traversed by a main pancreatic duct which 

serves to drain pancreatic fluid and deliver it to the duodenum. This main 

pancreatic duct merges with the bile duct and forms a structure known as the 

ampulla of Vater, which is effectively a terminal widening of the duct at the point 

immediately before entering the duodenum (30). 

 

1.3.2. Function of the pancreas 

 

The function of the pancreas can be broadly divided into endocrine and 

exocrine. Endocrine functions of the pancreas centre on the cell clusters known 

as islets of Langerhan; these islets contain four primary types of cell, with the 

essential ones being α and β cells, which secrete glucagon and insulin, 

respectively. These play the vital role of regulating blood glucose levels and 

glucose metabolism.   

 

Exocrine functions of the pancreas involve the release of enzymes which help 

in the digestion of food, such as lipase, amylase and proteases. These 
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enzymes are contained within the pancreatic fluid which are passed to the 

duodenum and small intestine (30).   

 

1.4. Pancreatic cancer – the scale of the problem 

 

Among all types of cancers, pancreatic cancer is known as a silent and 

significant killer, due to the fact that it is amongst the most aggressive of the 

solid malignancies with an extremely high mortality rate (31-36). Tellingly, the 

incident and death rates are very similar; in 2011, 8,773 people in the UK were 

diagnosed with pancreatic cancer and 8,662 people died from pancreatic 

cancer in 2012. Only 3.7 % of those diagnosed in Britain will survive for five 

years – the worst prognostic outcome of any of the cancers. Furthermore, only 

20% will live for a year (31, 36).The main reason behind this outcome is a poor 

detection rate leading to late diagnoses once the cancer has already 

metastasized. With early diagnosis comes a real chance to reduce the death 

rate. Pancreatic cancer shows resistance to chemoradiotherapy treatments, 

and late discovery is common as the cancer is of a silent nature (31, 36). On 

an international level, 338,000 pancreatic cancer cases were reported 

worldwide in 2012 (2% of the total cancers). The highest incidence rate was 

recorded in Europe and Northern America, with distinctly higher rates among 

males within Eastern and Central Europe. In contrast, the lowest rate of 

occurrence were in Africa and Asia. 
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1.5. Characteristics, Pathogenesis and Management of 

pancreatic cancer 

 

1.5.1. Characteristics of pancreatic cancer 

 

Pancreatic cancer is characterised by weakly-vascularised, dense, stroma 

existing in a micro-environment with interactions between cellular and non-

cellular elements. The paracrine and autocrine release of growth factors 

including transforming growth factor β (TGF­β) and platelet–derived growth 

factor (PDGF), as well as cytokine action leads to a constant interaction 

between cancer cells and their stromal counterparts. A main cellular component 

of the stroma are pancreatic stellate cells. These cells are characterised by 

intracellular fat droplets, glial fibrillary acidic protein and the production of 

desmin, and can produce α-smooth muscle actin and express excessive 

collagen fibres when stimulated by growth factors. The desmin phenomenon 

contributes to tumour hypoxia (37, 38). Emerging studies have shown that a 

typical mature pancreatic cancer cell contains an average of 63 genetic 

alterations compared to a normal cell, which can be grouped together in 12 core 

signalling pathways (Table 1.1). Inhibition of tumour suppressor genes and 

oncogenic activation have a vital role in the progression of early lesions to 

metastasis in pancreatic cancer as well as other cancers (39).The accumulation 

of genetic alterations in the process of pancreatic carcinogenesis is often 

classified into early (mutation activation in KRAS2 (Kirsten ras-2 gene), 

shortening of telomeres, p21 and Mucin-1), intermediate (mutation inactivation 

or epigenetic silencing of CDKN2A, Hes1, COX2 and Notch-1) and late 

(mutation inactivation of TP53, Brac2 and SMAD4) events (Figure 1.5). 

Additional genetic mutations could, similarly, occur during PanIN 

(Pancreatic Intraepithelial Neoplasia) formation which is a precursor to cancer 

but are not illustrated here (40-42).The most common alterations in genes and 

gene products are shown in Table 1.1. In addition, recently epigenetic 

abnormalities (SOCS-1, TSLC) (43) and miRNA alterations (miR-107, miR132) 

(44) are associated with pancreatic cancer. 
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Table 1.1 Common genetic alterations in pancreatic cancer signalling pathways (42). 

Gene type Gene Intracellular 

function 

Frequency in 

PDAC    (%) 

Reference 

Oncogenes KRAS2 ERK–MAPK 

signalling 

>90 (45) 

 Cyclin D Cell cycle 

progression 

65 (42) 

 BRAF ERK–MAPK 

signalling 

∼5 [40] 

Tumour 

suppressor 

genes 

CDKN2A G1/S phase >95 (46)  

 SMAD4 TGF-β-

signalling 

50 [40] 

 TP53 Cell cycle arrest ∼75 (47) 

Genome 

maintenance 

genes 

MLH1 DNA damage 

repair 

5 (48) 

 BRCA2 DNA damage 

repair 

∼10 [40] 

Developmental 

signalling 

pathways 

GLI1, SOX3, CREBBP Hedgehog (Hh) 

signalling 

pathway 

 [40] 

Developmental 

signalling 

pathways 

(Notch) 

HES family 

 P21, TCF4 

Cell death 

through 

crosstalk with 

NF-κB signalling 

  [40] [44] 

Developmental 

signalling 

pathways 

WNT9A, MYC Wnt signalling 

pathway 

 (33) 
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1.5.2. Pathogenesis 

 

The precursor lesions which lead to metastatic pancreatic cancer include 

pancreatic intraepithelial neoplasia (PanIN) which occurs in 90% of all 

pancreatic cancer (49), intraductal papillary mucinous neoplasms (IPMNs) 

(found in approximately in 5-8%)  and mucinous cystic neoplasms (MCNs) (very 

rare type, found in approximately 1%). Each lesion type would have different 

pathological progression (Figure 1.4)) (50, 51). PanINs are divided into early 

and late lesions, beginning with PanIN-1A, 1B (minimally dysplastic epithelium) 

developing to PanIN-2 and subsequently to PanIN-3 (severe dysplasia) or 

carcinoma in situ, then the final stage of invasive carcinoma (31-33, 35, 36). 

There are three distinct pathways for the progression of normal pancreatic 

tissues to malignant tissues which vary depending on the location (head, neck 

or tail) and type of pancreatic cancers (Figure 1.4). In many cases pancreatic 

cancer’s pathological and physiological characteristics are correlated to 

different mutations which occur during pancreatic carcinogenesis (Figure 1.5).   

Figure 1.4 Three distinct morphological pathways leading to invasive pancreatic carcinoma. 

PanIN-1A lesion= Pancreatic Intraepithelial Neoplasia 1-A, IPMN= Intraductal Papillary Mucinous 

Neoplasms, MCN= Mucinous Cystic Neoplasm (50). 
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Figure 1.5 Histological sections depicting precursor lesions which are known to adopt invasiveness 

in pancreatic cancer. Pancreatic intraepithelial neoplasia (PanIN) are categorised into early (PanIN-1A, 1B 

(hyperplasia)) and late (PanIN-2 and PanIN-3) lesions, with invasive carcinoma following on (31). 

Abbreviations: Pdx-1: Pancreatic and duodenal homeobox 1, SHH: sonic hedgehog, K-RAS: Kirsten rat 

sarcoma viral oncogene homolog, P21: Harvey rat sarcoma viral oncogene homolog, Mucin1: cell surface 

associated, Hes1: hairy and enhancer of split-1, COX2: cyclooxygenase-2 or COX-2, in humans, is an enzyme 

encoded by the PTGS2 gene, Notch1: Notch homolog 1, translocation-associated (Drosophila) encodes a 

single-pass transmembrane receptor and is a human gene p53: tumour suppressor, Brca2: gene belongs to 

a class of genes known as tumour suppressor genes, taken from (31, 32). 

 

1.5.3. The involvement of the stroma cells in pancreatic cancer 

cell growth and invasion  

 

One of the hallmarks of cancer is the requirement for tumours to evade immune 

destruction (20). To deliver this, the tumour needs to destroy any immune 

response to generate an environment that fosters tumour growth and 

progression (20, 52). As well as immune cells (Figure 1.6), key roles in PDAC 

pathogenesis are played by other stromal elements. One example from stromal 

cells are PSCs; are activated as a result of this interaction, which is the main 

contributor to the extensive fibrosis observed in PDAC (52). PSCs are involved 

in tumour growth locally and metastases due to their mobility and capacity to 

assist in the formation of metastatic growths (52, 53).  
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Figure 1.6 Extracellular Matrix in pancreatic cancer. 

Tumourigenesis progresses desmoplastic stroma accumulates, increasing the production of 

collagen and vascular formation while recruiting immune cells to enhance tumour growth. 

Activated tumour associated macrophages (TAMs) and mast cells localize at the leading edge of 

the tumour; and can speed up tumour invasion, lymphatic metastasis and angiogenesis, taken 

from (53). 

 

1.5.4. Inflammation and pancreatic cancer 

 

Recently, there has been clarification of the involvement of inflammation in the 

development of PDAC. It has been suggested that pancreatic inflammation 

could be considered as a pre-existing condition for PDAC initiation (54, 55). 

Some inflammation markers such as C-reactive protein (CRP) are used 

clinically, as indicators of systemic inflammation, whilst others such as COX-2,  

production of NF-κB, nitric oxide synthetase, TNF-α and formation of free 

radical oxygen were reported to be directly associated with PDAC growth (56). 

 

 

 

 

 



15 

 

1.6. Management of pancreatic cancer  

 

The mainstay of treatment for pancreatic cancer, is that of surgical resection. 

Surgical resection is usually most effective in stages I and II of the disease and 

can yield 5-year survival rates approaching 25 to 35% (57, 58). Following 

surgical resection, post-operative (adjuvant) chemotherapy or chemo-

radiotherapy may be offered to prevent recurrence and to maximise therapeutic 

effects. So far Gemcitabine (GEM) and 5-Fluorouracil (5FU) are the only two 

drugs that have been shown to reliably advance the chances of survival in 

patients (59). Initially, 5FU was tested as an adjuvant and neoadjuvant therapy 

for pancreatic cancer (60-63). GEM can increase patient’s median survival by 

up to six month (64, 65). 5FU is a pyrimidine analogue related to uracil with an 

extra fluorine at the fifth position; it acts as a thymidylate synthase inhibitor, 

which is an enzyme that converts deoxyuridine monophosphate (dUMP) to 

deoxythymidine monophosphate (dTMP), thereby causing DNA damage (66, 

67). Also, phosphorylation of 5-FU leads to integration into RNA, at which point 

it can cause miscoding and stop protein expression (68) (Figure 

1.7). Gemcitabine (GEM) or (2’,2’-difluorodeoxycytidine) acts via three 

mechanisms; first, through the activity of deoxycytidine kinase (dCK), which is 

an enzyme essential for the phosphorylation of deoxyribonucleosides. dCK 

converts GEM to di-fluorodeoxycytidine triphosphate (dFdCTP) which the same 

site that cytidine triphosphate (CTP) does, for incorporation into DNA (59, 69). 

Next, its diphosphate metabolite (dFdCDP) prevents the action of 

ribonucleoside diphosphate reductase hindering the creation of the 

triphosphate nucleotide. Thirdly, the triphosphate metabolite (dFdCTP) stops 

DNA polymerases which are essential in the repair of DNA  (59, 69, 70), these 

all result in DNA replication errors and arrest DNA replication via “masked chain 

termination” mechanism (70) (Figure 1.8).  
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Figure 1.7 5-FU mechanism of action. 

Inhibition of DNA synthesis: the 5-FU, when phosphorylated, is transformed to its deoxynucleoside, 

and synthesis of DNA is inhibited due to the functions of an important DNA-replication enzyme, 

thymidylate synthetase, being blocked. Inhibition of protein synthesis: Phosphorylation of 5-FU takes 

place and it is incorporated into RNA, wherein miscoding results, so halting protein synthesis. 

Adapted from (68).  
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Figure 1.8  Gemcitabine cellular metabolism and mechanism of action. 

(A) dFdUMP: 2′,2′-difluoro-2′-deoxyuridine monophosphate; dFdCTP: gemcitabine triphosphate; 

dFdCMP: gemcitabine monophosphate; hNT: human nucleoside transporter; dFdCDP: 

gemcitabine diphosphate, dFdU: 2′,2′-difluoro-2′-deoxyuridine. (B-1) Gemcitabine mechanisms of 

action. (B-1) Representation of the masked chain termination. In this mechanism, (gemcitabine 

triphosphate (dFdCTP), (nucleotide triphosphate (dNTP). (B-2) Gemcitabine self-potentiation. 

Covalent binding of gemcitabine diphosphate (dFdCDP), adapted from (70). 

A 

B-1 

B-2 
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The equilibrative nucleoside transporter 1 (ENT1) facilitates the uptake of GEM 

(71). Interestingly, when pancreatic cancer patients were treated with GEM it 

was shown that the absence or lower levels of this nucleoside uptake mediator 

(ENT1) in patients, correlates with notably shorter survival compared to those 

with detectable or higher levels of expression (72). 5FU in combination with 

radiation improved the survival of pancreatic cancer patients from six to ten 

months compared to treatment with 5FU alone (60, 61). 

 

The United Kingdom National Institute for Health and Care Excellence (NICE) 

provide recommendations for advanced pancreatic cancer treatment (73). 

NICE recommend the use of GEM if the patient shows a Karnofsky 

performance (a normal measurement method regarding cancer patients’ 

capability for carrying out normal activities. The marks are between 0 and 100. 

Higher marks indicate that a patient is more functional in their daily tasks and 

this can inform the prognosis given as well as being used in clinical trials to 

score of 50 or more. It should also be used as a first line treatment. NICE also 

recommended that GEM is not appropriate for patients who are fit for surgery 

that could be curative, nor for patients who show a Karnofsky performance 

score of less than 50 (73). The European Society for Medical Oncology (ESMO) 

recommends 6 months of 5-FU chemotherapy or GEM postoperatively (74). 

Furthermore, patients can also be given erlotinib and GEM in combination as a 

first line treatment and this can be followed by 5FU combined with oxaliplatin 

as a second line treatment (74). Also lately, the combination of GEM and nab-

Paclitaxel demonstrated a significant survival advantage over single agent 

GEM statistically and clinically (75). 
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1.7. Stem cells  

1.7.1. Defining stem cells 

 

There are several defining characteristics of stem cells, which include the ability 

to proliferate, self-renew, and maintain an undifferentiated state capable of 

generating a variety of cell lineages (76). Stem cells can be further classified 

according to their ability to differentiate, referred to as pluripotency, 

multipotency, unipotency and totipotency. The strength of this ability 

determined by stem cells’ location and the duration of time from the point when 

the sperm fertilized the egg (zygote); this potentially can be the source of any 

tissues in the developing embryo.  Adult stem cells do not possess the same 

potency as ES (Embryonic stem cells) cells, but are required to maintain tissue 

homeostasis and to affect repair in response to injury. These cells are resident 

in a specific stem cell niche within each organ, where they are maintained in 

their undifferentiated state. This niche mediates stem cells’ homeostatic 

regulatory action, in order to ensure a continuous replacement of cells at a rate 

similar to that at which they are lost. 

 

1.7.2. Long-term survival of embryonic stem (ES) cells and 

embryonic transcription factors (Nanog, Oct4 and Sox2) 

 

ES cells maintain their pluripotency via expression of the transcription factor 

Oct 3/4 (Figure 1.9). Over-expression of Oct 3/4 makes cells differentiate into 

mesoderm and endoderm, while under-expression stimulates the creation of 

trophectoderm (trophoblasts differentiate from this layer of cells). Other 

significant regulatory elements, such as  Nanog and Sox2 , have recently been 

found to be involved in the control of pluripotency and maintenance of stem cell 

identity (77) (Figure 1.9). 
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Figure 1.9 Role of Nanog, Oct4 and Sox2 in embryonic stem cells. 

      These transcription factors involved in maintenance of pluripotency in the developing embryo (77). 

1.7.3. Stem cells and cancer 

 

The most important similarity between cancer cells and stem cells is their ability 

to self-renew, suggesting that they may share some common signalling 

pathways. Self-renewal in cancer cells is unregulated, and so perhaps if there 

was a greater understanding of ES cell self-renewal processes, this could be 

translated to controlling self-renewal in the deregulated cancer cell (77, 78). 

Signalling pathways common to both cancer and stem cells include Notch, Shh 

and Wnt and the transcription factors Nanog, Oct 3/4 and Sox2.  

 

1.8. The cancer stem cell (CSC) hypothesis 

 

In all tumour types, heterogeneity is observed across all aspects including 

morphology, proliferation rates, genetic alterations, and therapeutic response. 

This heterogeneity intimates that there is much cellular diversity within a 

tumour, even one that has arisen clonally, and it is this heterogeneity which 

becomes the fundamental problem facing cancer researchers. Sequential 

mutations (Darwinian) provide a fair explanation for this heterogeneity. 

However, the accepted theory of clonal evolution could not answer all 

questions, such as the reappearance of metastatic lesions after removing of 

tiny tumours and metastases of unknown primary tumour. These unanswered 

questions strongly motivated cancer researchers to look at cancer from a 

different perspective; by comparing the functional hierarchy of embryonic and 



21 

 

adult stem cells with cancer cells. This approach brought about a new 

hypothesis, known as the cancer stem cell hypothesis (79-84). According to this 

hypothesis, cancer stem cells (CSCs) can generate differentiated progeny for 

maintaining the tumour, self-renewal and survival, even after exposure to 

chemo-radiotherapies, leading to reoccurrence of the tumour (Figure 1.10). 

The first experimental evidence for the CSC hypothesis came from 

observations made by Furth and Kahn in 1937 (85), when a single leukemic 

cell from a mouse was injected into an inbred mouse, resulting in transmission 

of the leukaemia. In 1994, the first experimental proof regarding the identity of 

the tumour-initiating cell was reported. Specific cell-surface marker profiles 

were utilised in conjunction with fluorescence activated cell sorting (FACS) to 

identify populations with cancer stem cell characteristics; these cells were 

defined by a CD34⁺ CD38⁻ surface phenotype. 

 

 

Figure 1.10 Hypothesis for the origin of the cancer stem cell. 

Long-lived stem cells may gain mutations to become cancerous stem cells. Alternatively, more 

differentiated cells may gain mutations to give them a more stem-like phenotype. The CSC theory explains 

the existence of heterogeneous cells within a tumour, with a subset of cells that mimic the behaviour of 

stem cells and are ultimately responsible for tumour initiation, relapse, and chemo and radioresistance 

(86). 
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More recently, cancer stem cells have been identified in several tumour types, 

including colon, breast, prostate, liver, brain, melanoma, multiple myeloma and 

pancreatic cancer (87-91). It is now accepted that the majority of tumours have 

small subpopulations of cells with characteristics of stem cells that have the 

capability to generate the entire population of distinct cell types found in the 

original tumour (92). The stem-like properties of cancer stem cells have 

classically been demonstrated in the NOD-SCID (Nonobese Diabetic/Severe 

Combined Immunodeficiency) mouse model, by showing that transplantation of 

isolated pure populations can regrow tumours repeatedly on serial passage, 

and maintain the same morphological characteristics as the original tumour. 

According to the CSC hypothesis, CSCs have generally been shown to 

constitute only a small fraction of the cells within the tumour but provide the 

driving force behind malignancy. Tumours that contain higher CSC burdens are 

associated with higher rates of metastasis, poor patient prognosis and 

increased resistance to chemoradiotherapeutic agents (92). From a clinical 

perspective, the main issue, currently, with CSCs is that they are resistant to 

approved chemo-radiotherapies; a characteristic proposed as the fundamental 

reason for the recurrence of tumours (Figure 1.10). 

 

It is still not clear whether CSCs are derived from transformation of specific 

stem cells, their progenies, or more closely-related dedifferentiated 

descendants of mature neoplastic cells. The origin of cancer stem cells in each 

specific malignancy has yet to be truly defined. The CSC model is expanding 

from its original definition of a small and distinct subpopulation, and it has been 

hypothesised that the CSC may encompass more common and heterogeneous 

cells. Additionally, CSCs are now thought to be dynamic and reversible entities 

in cancer, governed by the tumour microenvironment (92). 

 

Understanding the behaviour of this small population of cells, which are known 

by many different names (tumour initiating cells, cancer stem cells and cancer 

stem-like cells) has become the main objective of stem cell researchers 

focussed on the discovery and development of drug therapies for cancer. For 

the sake of simplicity and without any prejudice, cancer stem cells (CSCs) will 

be used as the preferable terminology throughout this thesis. 
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1.8.1. Cancer stem cell niches 

 

The tumour microenvironment is similar to the niche of normal stem-cells and 

it is thought that the tumour microenvironment provides a cancer stem cell 

niche. The microenvironment is comprised of diverse stromal cells, for example 

immune and mesenchymal cells, a vascular network, soluble factors and 

components of an extracellular matrix (ECM) (93). These microenvironments 

play a very important role in the interactions between non-malignant cells that 

comprise the micro-environment and CSCs. CSCs rely on these niches for their 

self-renewal and differentiation, and for the maintenance of tumour growth. The 

ECM could also have a protective role for CSCs against genotoxic insult from 

therapeutic interventions (94, 95). 

 

1.8.2. Methods for identification of CSCs and markers for CSCs 

 

CSC identification from a heterogeneous population of tumour cells is most 

commonly undertaken using Fluorescence Activated Cell Sorting (FACS). Until 

more recently, CSC populations were identified by the use of side populations 

(SP) which identify a cellular subset that have a high ability for effluxing drugs. 

This method has now largely been overtaken by the identification of specific 

markers which can be used in combination to identify CSC subsets of varying 

potency. Of particular interest within the context of this thesis are the markers 

CD133, CD24, CD44 and activity of the intracellular enzyme, aldehyde 

dehydrogenase (ALDH1). Commonly used markers for defining CSCs in solid 

tumours can be found in (Table 1.2) (86, 92). These markers have limitation as 

they are not expressed for all patients which could be different from one patient 

to another patient. 
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Table 1.2 Cancer Stem Cell markers for various types of solid tumours. This table lists some of 

the salient markers for the better-characterised solid tumours. Markers are not listed in order of 

importance, and some data originates from cell line only studies (86, 96). 

Breast Colon Glioma Liver Lung Melanoma Ovarian Pancreatic Prostate 

ALDH1High ABCB5 CD15 CD13 ABCG2 ABCB5 CD24 ABCG2 ALDH1 

CD24Low ALDH1 CD90 CD24Low ALDH1 ALDH1 CD44 ALDH1 CD44High 

CD44High β-catenin CD133High CD44High CD90 CD20 CD117 CD24Low CD133 

CD90 CD24 α6-integrin CD90 CD117 CD133 CD133 CD44High CD166 

CD133 CD26 nestin CD133 CD133 CD271  CD133 α2β1-

integrin 

Hedgehog-

Gli activity 

CD29  OV6    c-Met α6-integrin 

α6-integrin CD44      CXCR4 Trop2 

CD49f+DL

L1high 

DNERhigh 

CD133      Nestin  

CD133+CX

CR4+ 

CD166      Nodal-

Activin 

 

Linlow LGR5        

 

1.8.3. Sphere forming characteristics of CSCs 

 

Culture of cells under low attachment conditions, provides a sphere forming 

environment which enriches for the CSC. A single cancer stem or progenitor 

cell has the ability to proliferate and produce a spheroid, relying on its self-

renewal capacity.  This assay was used for the first time to demonstrate the 

existence of adult neuronal stem cells (97), and the method subsequently 

adopted to probe stem cells and progenitors in a variety of normal and 

neoplastic tissues. Nowadays, in studying CSCs, sphere-forming assays are 

utilised as indicative parameters (98, 99). However, there are limitations in this 
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methodology, including the fact that sphere-forming assays cannot detect stem 

cells which are not proliferating and which are in a quiescent state; they are not 

located in their true niches. Furthermore, the markers are dynamic and there is 

a possibility of bias in differentiation potential as a result of being cultured with 

exogenous growth factors (100).  

 

1.8.4. Tumour drug resistance and membrane transporters in 

CSCs 

 

Clinical drug resistance can occur due to alterations to drug targets, 

inactivation/detoxification of the drug, reduced uptake of the drug, higher drug 

efflux and dysregulation of apoptotic pathways. Many models have been 

suggested to explain the origin of multidrug resistance: the cancer stem cell 

model of drug resistance, the acquired-resistance stem cell model and the 

intrinsic resistance model (101-103). 

 

For the sake of our limitation in this thesis, only more detail will be addressed 

on the cancer stem cell model; according to the cancer stem cell model of drug 

resistance, the original tumour has a small population of cancer stem cells and 

the progeny thereof, following differentiation. After exposure to the drug, only 

the cancer stem cells survive. These stem cells divide and restore the tumour's 

population with both CSCs and differentiated cells which are the progeny of the 

CSCs. It has been shown that cellular membranes and their constituents play 

a very important role in drug resistance in cancer cells, particularly the 

Adenosine triphosphate–Binding Cassettes (ABC). ABC transporters enforce 

the transport of substrates through biological membranes against a 

concentration gradient, via hydrolysis of ATP. Inactivation of ABC efflux pumps 

in order to reinstate drug sensitivity of CSCs, holds great promise for tackling 

various cancers (103, 104). Initial compounds that were used experimentally 

for this purpose include drugs such as verapamil and cyclosporine, which were 

capable of inhibiting the ABCB1 multidrug efflux pump (102). 
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1.8.5. Characteristics of CSCs in pancreatic cancer - markers 

and heterogeneity 

 

The pancreatic cancer stem cell (PCSC) population has been commonly 

defined using the cell surface markers CD44+CD24+ESA+ (Epithelial Cell 

Surface Antigen), which are expressed in only a small set of cells, representing 

only ~0.2 to 0.8% of the primary tumour (91). Compared to their non-CSC 

counterparts, these cells are highly tumourigenic and have stem cell 

characteristics, including the ability to self-renew by symmetric division and 

produce differentiated progenies by asymmetric division (105, 106). In addition 

to the cell surface markers, the sphere formation assay (Clonal Colony-Forming 

Assay) was used to mark a cell sub-population within pancreatic cancer that 

have characteristics of stem cells (91, 107). The cells, which have the ability to 

form spheres in appropriate media, were highly tumourigenic when injected 

through intraperitoneal into 4 week-old Nude mice. Hermann et al. (2007) 

showed another subpopulation with high CD133+ expression to be 

chemoresistant, and Hermann concluded that the CD133+CXCR4+ cells to be 

responsible for metastasis. Also other populations of PCSCs such (CD44+c-

Met+) and (ALDHhigh activity and CD44+CD24+) have been subsequently 

reported to have metastatic ability in pancreatic cancer (106-109). 

 

1.8.6. Roles of CSC markers in pancreatic cancer 

 

The potential role of PCSCs stem cells in the initiation and recurrence of 

pancreatic cancer has recently been explored (91). Samples from human 

pancreatic adenocarcinomas were sorted for expression of the cell surface 

markers CD24⁺, CD44⁺ and ESA⁺ and the isolated cells implanted into 

NOD/SCID mice (91). Dose limiting dilutions in this model revealed that the 

CD44⁺/CD24⁺/ESA⁺ population had the highest tumourigenic potential, with cell 

numbers as low as 100 able to generate tumours. Cells which did not express 

these markers could not develop tumours in mice following injection of the same 

cell number.  For additional markers associated with pancreatic cancer see 

Table 1.3. 
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Table 1.3 Pancreatic cancer stem cell markers. 

Marker 

(expression unless 

stated otherwise) 

Definitions Functions References 

CD44: Class 1 transmembrane 

glycoprotein 

Cell adhesion, 

proliferation, growth, 

survival, motility, 

migration 

angiogenesis, and 

differentiation 

(110, 111) 

 

CD24: 

 

Heat-stable antigen 

consisting of a small 

extracellular protein held 

by GPIS (glycosyl 

phosphatidylinositols) 

Role in cell-cell and 

cell-matrix interactions 

(112) 

CD133: 

 

A cholesterol interacting 

penta-span 

transmembrane 

glycoprotein (120 kd). An 

associate of the prominin 

family, is defined in many 

of tissues with at least 

three variants. 

Gives pancreatic 

cancer cells a high 

migration and invasion 

potential 

(113-115) 

ALDH-1 activity: Has the ability to 

metabolise and neutralise 

cytotoxic alkylators such 

as cyclophosphamide  

causing high resistant 

cells 

Cellular population 

exhibiting 

chemotherapy 

resistance 

(106, 107, 116-118)  

C-Met: c-Met, a member of the 

receptor tyrosine kinase 

family. 

Motility, invasion and 

metastasis 

(108, 118)  
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1.8.7. Role of Nanog, Oct4 and Sox2 in pancreatic cancer 

 

The major regulatory roles of the transcription factors Nanog, Oct4 and Sox2 in 

pancreatic cancer have yet to be fully elucidated. However, over-expression of 

these transcription factors individually or in combination has been linked to the 

transformation from pre-malignant to malignant conditions, poor differentiation 

of tumours, recurrence, metastasis and poor prognosis in pancreatic cancer, as 

well as other cancers (119). The degree of expression of Nanog, Oct4 and Sox2 

can be highly heterogeneous in different tumours and sometimes within the 

same tumour (120). 

 

To validate the importance of Nanog and Oct4 in PCSCs for proliferation, 

migration, invasion and the self-renewal processes, both genes were knocked 

down and chemotherapeutic resistance assessed in Panc-1 cell lines (121). It 

was observed that concurrent with knockdown of Nanog and Oct4, expression 

levels of CXCR4, MMP2, MMP9 and ABCG2 were also significantly decreased. 

The role of Nanog and Oct4 was also explored in the early stages of pancreatic 

carcinogenesis and correlated K-RAS mutation as Oct4 expression was 

increased in advance of  K-RAS mutation, with high expression of Oct4 and 

Nanog  genes in metaplastic ducts (119), indicating that targeting these proteins 

could be an ideal approach towards pancreatic cancer prevention and 

treatment. The clinical implications of targeting those CSCs with a distinct high 

expression Oct4 and Nanog is a subject of ongoing investigation (121, 122). 

 

The Oct4 gene has a pro-oncogenic role and is overexpressed in 69% of PDAC 

cases and in human pancreatic cancer cell lines (122-124). Particularly in the 

former, this induces cell proliferation, migration and invasion and correlates with 

clinical staging of cancers indicating a worse prognosis, whilst in human cell 

lines it contributes to metastasis and drug resistance (122). The Nanog gene is 

overexpressed in ~54% of PDAC (of 43 cases, 23 (53.5%) indicated that Nanog 

expression in the cancer tissue was strong, inducing proliferation, migration and 

invasion; it is associated with early-stage carcinogenesis, a worse prognosis 

and a negative impact on overall survival (121). Nanog is overexpressed in cells 



29 

 

which are capable of initiating spheres and promotes resistance to 5-FU 

treatment (125). 

 

The Sox2 gene is overexpressed in poorly-differentiated human tumours, 

correlating with aggressiveness (126) and also its ectopic expression in 19% of 

PDAC, promotes proliferation of cancer cells and their dedifferentiation, 

correlating with poor differentiation and rapid tumour progression (120, 127). 

Similar to Oct4, its induction of tumorigenic capacity can result in 

chemoresistance (128). 

 

A few suggestions have been put forward to nominate which transcription factor 

or combination of factors should be targeted for clinical therapies; Wang et al. 

(128) suggested targeting Sox2/Oct4/c-Myc markers would be a possible 

strategy worthy of further study in preclinical settings, but Wen et al. (119) and 

Lu et al. (121) suggested Oct4 and Nanog co-expression could be a useful 

marker in forming a prognosis and could be targeted by pancreatic cancer 

therapies. It is likely that the PCSC population will not be defined by a single 

marker, but by a combination of the markers previously described. Expression 

of different sets of markers may be indicative of the degree of potency, tumour 

location and chemoresistance associated with CSCs. 

 

1.8.8. Targeting PCSCs as a therapeutic approach for 

pancreatic cancer 

 

Therapeutic strategies that selectively target CSCs have been investigated, 

some of which have been evaluated in pre-clinic (Table 1.4). 

Significantly, such results suggest that clinical outcomes could be improved as 

a consequence of developing novel therapies that can eliminate or inhibit CSC 

proliferation or self-renewal capacity. A variety of possible approaches targeting 

surface antigens specific to CSCs have been detailed in preclinical studies, as 

well as those targeting cellular pathways related to cell differentiation, survival, 

adhesion and self-renewal. The recent attempts to target PCSCs are listed in 

(Table 1.4). 
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Table 1.4  Agents used to target PCSCs. Adapted from (118). 

Agents  Target 

receptor/pathway or 

mechanism of action 

Population markers Reference 

XL184  

 (Cabozantinib) 

c-Met c-MethighCD44+ 

CD44+CD24+ESA+ 

(129) 

DR5 Agonistic 

monoclonal antibody 

DR5 ALDH+ 

CD44+CD24+ESA+ 

(130)  

SB431542 ALK4/7 CD133+ (125)  

Cyclopamine, 

IPI269609 

Hedgehog ALDH+ 

CD44+CD24+ESA+ 

(131-133)  

GSI-18 

 

MRK-003, a potent 

and selective γ-

secretase inhibitor 

Notch 

 

Nuclear Notch1 

ALDH+ 

 

CD44+CD24+ and 

ALDH+ 

 

 

(134)  

 

(134)  

Salinomycin EMT CD133+ (135)  

Metformin indirect activation of 

AMP-activated protein 

kinase 

CD133, CD44, CXCR4 

and SSEA-1 and 

Nanog, Oct-4 

and Sox2 

(125)  

XL184  (Cabozantinib) c-Met SOX2, c-Met and 

CD133 

(129)  

Antibody-directed 

chemotherapeutics 

 

Monoclonal antibodies 

against CD44+ 

CD44+ (136) 

Antibody-directed 

chemotherapeutics 

 

RON CD44+CD24+ESA+ 

 

(137) 

Sorafenib (BAY 43-

9006 or Nexavar) 

Sulforaphane 

ALDH activity 

NF-κB 

ALDH+ (138)  

Anti-DLL4 DLL4 blocking 

antibody (Notch) and 

EMT 

in vitro sphere-form 

CD44+/CD24+/ESA+ 

 

(139) 
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1.8.9. Crosstalk between pancreatic stellate cells (PSCs) and 

PDAC cells 

 

PSCs initially were identified by Watari et al. (1982). They are mainly located in 

the periacinar region of the pancreas and constitute between 4 and 7% of 

parenchymal cells. PSCs, in a normal pancreas, are found in a condition of 

quiescence and their cytoplasm has an abundance of vitamin A as lipid 

droplets. There has been considerable study of PSCs in tumours (140). 

Understanding the interaction between PSCs and PDAC cells in vitro and in 

vivo is vital in tackling pancreatic cancer.  PSCs play a key role in stroma 

formation to form a physical barrier preventing radiochemotherapies getting to 

the tumour site, enhancing resistance to therapeutic intervention. In addition, 

PSCs participate in tumour growth, invasion and metastasis as PSCs 

disseminate with cancer cells to distant metastatic sites, promote angiogenesis 

and have the ability to migrate over the endothelial barrier to and from blood 

vessels. The process of stromal formation by PSCs is not clear but it was 

reported (52, 140-142) that PSCs create fibrosis via excessive extracellular 

matrix (ECM) deposition, changing formation of intratumoural vasculature, 

creating a hypoxic state. Moreover, PSCs not only survive, but actually thrive 

and proliferate allowing the tumour microenvironment to take over up to 90% of 

the tumour total volume (52). PSCs and pancreatic cancer cells exist in a 

dynamic state, with each cell type influenced by paracrine signalling from the 

other, enhancing tumour growth and proliferation. Changes to signalling 

pathways are effected by signalling via cytokines and growth factors including 

fibroblast growth factor-2 (FGF-2), TGF-β1(Transforming growth factor beta 1), 

and platelet-derived growth factor.  

 

In addition, it is thought that PCSCs interact with stromal cells mediated by 

factors such as SHH (Sonic Hedgehog), which is associated to PCSCs (143).  

PSCs also secrete SDF-1(stromal cell-derived factor-1), the ligand for CXCR4, 

to stimulate migration, invasion, and proliferation of pancreatic cancer cells in 

vitro (144). SDF-1 is also produced by other stromal cells, and so may provide 

an attractant for migratory PCSCs in other tissues via CD133+/CXCR4+ 
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expression in PSCSs, to facilitate metastasis. Research has been done into 

blocking PSC activity in pancreatic cancer. For example, halofuginine, a 

smad3-phosphorylation-inhibitor, decreases PSC activation and inhibits 

pancreatic xenograft tumour development (145). Retinoic acid can also stop 

PSC activity and decreases wnt-β-catenin signalling in cancer cells and their 

invasive capability. Key signalling pathways between PSCs and cancer cells 

have been proposed, including sonic hedgehog, which could be targeted for 

potential therapeutic drugs (146, 147). 

 

1.9. Cancer Chemoprevention 

 

Cancer chemoprevention is a pharmacological approach, originally described 

by Sporn in 1976, which is an interventional attempt to stop or reverse the 

process of carcinogenesis (148). Since then, over nearly four decades, cancer 

chemoprevention has changed from a concept to an achievable reality (149). 

Chemoprevention might include retarding many steps in tumour initiation, 

promotion and progression and falls into three broad categories (150, 151): 

A- Primary Prevention aims at preventing the initial development of tumours, 

both in healthy individuals, and to a greater degree in those predisposed 

towards cancer, due to genetics or personal history. 

B- Secondary prevention relates to individuals with pre-cancerous conditions, 

attempting to prevent their development into cancer. 

C- Tertiary prevention aims to prevent new cancers from forming in those already 

cured of pre-existing cancers, and to prevent disease recurrence or the 

development of metastases (111, 150, 152, 153).  

 

1.9.1. Chemopreventive agents 

 

Chemopreventive agents can be natural, synthetic, biological or chemical 

agents could possibly reverse, suppress, prevent or delay carcinogenic 

progression. The effective application of a chemopreventive substrate 

decisively relies upon the pinpointing of its mechanism of action at different 
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levels which ideally should be specific and effective, they should be easily 

administered (preferably orally), have little or ideally no toxicity and be 

affordable (111, 150, 152, 153). 

Chemopreventive agents can be generically grouped into 2 categories 

according to their mode of action; blocking agents and supressing agents, 

however, in reality, most chemopreventive compounds identified to date have 

the capacity to act as both blocking and supressing agents. The aim of blocking 

agents is to prevent the initiation step of carcinogenesis; these compounds 

inhibit DNA damage and or enhance repair through a variety of processes, 

including free radical scavenging, phase II drug-metabolising enzyme 

induction, antioxidant action (154), and the promotion of DNA repair, inhibiting 

of phase I drug-metabolising enzymes, or prevention of carcinogen uptake 

(155). Tumour suppressing substrates may exert their effects through altering 

genetic regulation, halting of cell proliferation, causing of terminal 

differentiation, senescence, triggering of apoptosis in pre-neoplastic lesions 

and alteration of signal transduction (150, 151). The most credible target human 

populations for intervention are those individuals who have greater risk of 

carcinogenic progression or who are found to have premalignant lesions. None 

of the existing chemopreventive agents are perfect so far, which may be due to 

a variety of reasons, including a lack of efficacy or potency, lack of defined 

biomarkers, or due to unacceptable side-effects.  

 

1.9.2. Current clinical use of cancer chemopreventive agents 

 

Synthetic chemopreventive agents are already in use clinically for patients at 

increased risk of cancer development or recurrence. In breast cancer the 

chemopreventive drug, tamoxifen (156), is used for its oestrogen blocking 

properties. The concept of cancer chemoprevention has gained increased 

recognition since the approval of tamoxifen for use in primary (156) and tertiary 

chemoprevention (156). Fisher et al. showed a 49% decrease in metastatic 

breast cancer and a 50% reduction in non-invasive disease, but the danger of 

endometrial carcinoma doubled and an incident rate of thromboembolic 

occlusions increased with taking tamoxifen over a period of 5 years, in 
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comparison with taking a placebo. The primary action of tamoxifen is via the 

oestrogen receptor, and so its protective effect is limited to those tumours which 

are oestrogen receptor positive. Its side effects, including blood clot formation 

and an increased risk of endometrial cancer (149), have limited the use of 

tamoxifen by healthy high-risk women for prevention purposes. Two other 

prevention trials have reported (157) similar findings to those described by 

Fisher in terms of the protective effects and side effect profile of tamoxifen 

(151).  

 

In prostate cancer, finasteride has been evaluated for chemoprevention, as an 

inhibitor of the 5-alpha-reductase enzyme (158). Although effective at reducing 

the occurrence of cancer, initial results from clinical prevention trials suggested 

that there was a greater prevalence of high-grade prostate cancer in men that 

took finasteride compared to those receiving placebo, but a follow-up study 

conducted 18 years later did not show a significant difference in the overall 

survival rate (158). Despite this, the ambiguity around the prevention of prostate 

cancer remains high, even following the introduction of more effective second 

generation 5α-reductase inhibitors such as dutasteride (159, 160). 

 

Notable benefits have also been observed for aspirin in the prevention of 

colorectal cancer in patients with HNPCC, with aspirin reducing the average 

polyp number in patients by 28% (161-164) and lowering the risk of death from 

cancer by nearly 20 percent. Aspirin also reduced spontaneous intestinal 

tumour formation in a mouse model (165) also at low-dose aspirin could 

decrease the risk of spontaneous colorectal cancer death in human (166). 
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1.9.3. Dietary-derived cancer prevention agents 

 

In the last two decades there has been increasing concern regarding the impact 

of dietary factors on cancer incidence, 42% cancers thought to be linked to  14 

lifestyle modifications (167). It has been shown that fruits and vegetables are 

rich in antioxidant chemicals (168, 169) and as part of a healthy lifestyle, an 

intake of 5 portions of fruit and vegetables daily is recommended. It is from 

these source that many putative cancer chemopreventive agents are derived, 

including those from turmeric, ginger, onion, soybeans, garlic, grapes, 

tomatoes, broccoli, brussel sprouts and cabbage. The active components of 

these foods include genistein (170), resveratrol (171-175), allicin (176) and 

curcumin (174, 177-186).These substrates are found to inhibit cancer cell 

proliferation, to promote apoptosis, to suppress growth factor signalling 

pathways, to deactivate NF-κB, AP-1 and JAK-STAT pathways and to halt 

angiogenesis. Their value as cancer preventive agents may therefore lie in their 

ability to target many pathways that contribute to the carcinogenic process. 

Recently, many clinical trials have been carried out aiming to identify a 

particular nutritional supplement or modified diet which can be used cancer 

prevention. 

 

1.9.4. Dietary chemopreventive agents for pancreatic cancer 

 

Many substrates sourced from humans diets have been tested pre-clinically as 

prospective pancreatic cancer prevention, both alone and in combination with 

chemotherapy drugs. When developing a substance as a chemopreventive 

agent, the same substance is often evaluated for potential use as a 

chemotherapy drug or as a sensitizer to standard chemotherapeutic drugs as 

many of the mechanisms required overlap (Table 1.5). The two poly-phenolic 

compounds explored within this project are resveratrol and curcumin (Table 

1.6), both of which target multiple pathways in carcinogenesis and have been 

used in clinical trials for the treatment and/or prevention of a variety of cancers. 

(187). 
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Table 1.5 Dietary-derived chemopreventive agents being used as adjuncts for 

chemotherapeutic drugs in preclinical studies of pancreatic cancer, taken from 

(188). 

Chemopreventive 

agent 

Chemotherapeutic 

drug 

System Reference 

Curcumin Gemcitabine In vitro & orthotopic 

xenograft 

(182, 189)  

Curcumin Celecoxib In vitro (190)   

Celecoxib & Mucin-1-

based vaccine 

Gemcitabine Kras G12D/ MUC1 

animal model 

(191)  

Sulforaphane TRAIL In vitro & xenograft (192)  

Genistein Docetaxel, Cisplatin In vitro (170)  

Genistein Erlotinib In vitro (188)) 

Resveratrol Gemcitabine In vitro & orthotopic 

xenograft 

(193)  

B-Dim Gemcitabine In vitro (194)  
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Table 1.6 The ongoing or completed clinical trials to investigate the value of curcumin 
or resveratrol (187, 195). 

 

Identifier 
no. 

 

Year 
started 

Phase 
Patient 

condition 

Patient condition Dose of 
curcumin or 
resveratrol 

Purpose 

NCT01294072 
Curcumin  

 

2011 Phase I Colon cancer 3.6 g/day for 7 
days 

Ability of plant 
exosomes to 

effectively deliver 
curcumin to 

colon tumours 

NCT00973869 
Curcumin 

 

2009 Phase I Colorectal cancer 14–28 days, 
dose not 
specified 

Side effects of 
curcumin in 
preventing 

colorectal cancer 
in 

patients 
undergoing 
colorectal 

endoscopy or 
colorectal surgery 

NCT00641147 
Curcumin  

2010 Not 
specified 

Familial 
adenomatous 

polyposis 
 

Twice a day 
for 12 months, 

dose 
not specified 

 

Ability of curcumin 
to prevent 

colorectal cancer 
in patients with 

familial 
adenomatous 

polyposis 

NCT01333917 
Curcumin  

2010 Phase I Colorectal cancer 4 g/day for 30 
days 

Identify 
biomarkers that 
are modified by 

curcumin in 
patients 

with colorectal 
cancer 

NCT00094445 
Curcumin  

2004 Phase II Pancreatic cancer 8 g/day for up 
to 6 months 

Ability of curcumin 
to shrink or slow 

the growth of 
pancreatic 

cancer 

NCT00256334 
Resveratrol  

2009 Phase I  Colon Cancer 125 mg/day Targeting Wnt 
signalling 
pathway 

NCT01476592 
Resveratrol 

2015 Not 
specified 

Neuroendocrine Tumor 5 mg/day Effects on Notch-
1 signalling 

 

NCT00098969 
Resveratrol 

2010 Phase I Unspecified adult 
solid Tumour 

0.5, 1.0, 2.5, 
or 5.0 g daily 
for 29 days 

Decrease in 
circulating IGF-I 
and IGFBP-3  
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1.9.5. Curcumin (diferuloylmethane) 

 

Curcumin is derived from turmeric (Curcuma long is ginger family) (178) and is 

the main bioactive component, and is responsible for the yellow pigmentation 

(196). Curcumin has been used as a medicine in the Asian community for a 

thousand years but it has only been studied extensively over the last few 

decades (174, 177-186, 197, 198). During this time, evidence has accumulated 

to support the notion that curcumin is able of preventing or treating numerous 

pathophysiological developments, such as cardiovascular disease (199), 

pulmonary conditions and stroke (184), cancer (183), inflammation (184), liver 

disorders (200) and Alzheimer’s disease (201). Curcumin can be obtained as a 

food supplement and is a commonly used food additive (E100) where it is often 

used as a colouring agent.  

 

Curcuminoids is the principle component of turmeric responsible for the yellow 

colour of turmeric and it consists of a mixture of 75% curcumin, 16% 

demethoxycurcumin (DMC), 8% bisdemethoxycurcumin (bDMC) and a little 

quantity of cyclocurcumin  (196) (Figure 1.11).These percentages can vary 

depending upon the formulation and purity of the extraction from turmeric. 
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Figure 1.11 The major active constituents of turmeric. 

Bisdemethoxycurcumin (bDMC), demethoxycurcumin (DMC), and a small amount of cyclocurcumin. 

Curcumin exists as keto and enol isomers (7). 

 

There are a number of tautomeric forms of curcuminoids, which are a 1, 3-

diketo form and two similar enol forms (Figure 1.11), with the OH functional 

group easily capable of donating hydrogen ions and undergoing nucleophilic 

addition. This property allows curcumin to have many biological activities, 

playing a role in reduction–oxidation and as an anti-oxidant, able to trap and 

scavenge radicals. Radicals commonly generate reactive oxygen species and 

nitrogen free-radicals, and are therefore capable of damaging DNA and 

proteins. An important property of curcuminoids, which can bring beneficial 

effects, is through the chain-breaking anti-oxidant activity via hydrogen atoms, 

in most cases originating from the phenol (OH) components (196). 
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1.9.6. Curcumin: molecular mechanisms of anti-tumour effects 

 

Curcumin has an ability to selectively modify various cell signalling molecules 

including those relating to invasion, growth, metastasis, inflammation, 

angiogenesis and survival of cancer cells in various cancers. Curcumin is able 

to elicit many of these anticancer effects through inhibition of pro-inflammatory 

proteins: NOS (Nitric Oxide Synthase) and COX-2, growth factors: (VEGF 

(vascular endothelial growth factor) and HER2 (human EGFR type 2), apoptotic 

proteins: (survivin, Bcl-2, DNA topoisomerase, p53, hTERT), transcription 

factors: (NF-κB, Wnt/beta-catenin, STAT3, HIF-1(Hypoxia-inducible factor) and 

cell cycle proteins (cyclin B, cyclin E, p27, p21, cyclin D1, Chk1 ) (Figure 1.12). 

The anti-cancer effects of curcumin across a variety of cellular models are 

summarised in (Table 1.7) (174, 177-186). Curcumin affects every signalling 

pathways associated with The Hallmark of Cancer (Figure 1.3). 

 

 

Figure 1.12 Curcumin and pancreatic cancer.  

Shows the effect of possible pancreatic cancer chemopreventive substrates of dietary origin, including 

curcumin, on several pathways engaged in carcinogenesis of pancreatic cancer, adapted from (188).  
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Table 1.7 Preclinical anti-tumour activity of curcumin reported in various cancers 

Cancer type Cellular effects Mechanism of 

action 

References 

 

Colon cancer cells Inhibition of growth 

factors 

Inhibition of insulin 

growth factor-1 and 

EGFR receptor 

(202)  

Breast cancer cells Inhibition of growth 

factors 

Inhibition of HER-2 (203)  

Bladder cancer Antiangiogenic agent Inhibits both VEGFR 

and VEGF 

(204)  

Human myelomonoblastic 

leukaemia cell line 

Immune system Suppressed TNF 

signalling pathways 

(205)  

Breast cells Antioxidant, 

antiangiogenic, and 

antiapoptotic by 

inhibiting B-RAF 

Induced heme 

oxygenase-1 (HO-1) 

 (206)  

Rhabdomyosarcoma cells mTOR-mediated 

signaling pathways in 

the tumour cells 

Anti-mTOR agent (207)  

Breast cancer cell Blocks proliferation Downregulating ER 

activity 

(208)  

 

 

1.9.7. Curcumin in pancreatic cancer 

 

In vitro studies have demonstrated that curcumin targets many cellular 

signalling pathways in pancreatic cancer cell lines such as NF-kB, COX-2, 

EGFR, ERK1/2, Notch, STAT3 and miRNA-22 (188) (Figure 1.10). Wang et al. 

(1999) and Li et al. (2004) demonstrated that curcumin halted the growth of 

pancreatic cancer cell lines in a time- and dose-dependent fashion by inhibiting 

NF-κB. It was demonstrated that curcumin suppressed COX-2 and EGFR 

expression and inhibited ERK1/2 activity in pancreatic cancer cells and 

consequently curcumin augmented the effects of gemcitabine on pancreatic 

cancer cell lines (189, 209). Further to this, curcumin (210) also downregulates 

Notch signalling in BxPC-3 and Panc-1 pancreatic cancer cells and alters 
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specific microRNAs associated with pancreatic cancer (upregulating miRNA-22 

(211).  

 

1.9.8. Clinical potential of curcumin 

 

To date, there are more than 40 clinical trials using curcumin and assessing 

pharmacological and toxicological outcomes (185). However, most have been 

early phase trials and the outcomes have not yet shown sufficient clinical 

efficacy for it to be recommended as a treatment for any indication. The use of 

curcumin as a chemopreventive agent is supported by both in vitro and 

preclinical in vivo studies. Consequently, early-phase clinical trials have 

explored its safety, efficacy and pharmacokinetics in patients suffering from a 

variety of cancer types.  

 

For pancreatic cancer, new drug development is acutely necessary as those 

currently in use (e.g. erlotinib and gemcitabine) elicit responses only in ~10% 

of patients and promise only a prolongation of their lives by a few weeks. Most 

patients die less than a year after being diagnosed (64, 197, 212). An 8 week 

phase 2 trial involving 25 patients with advanced pancreatic cancer saw them 

receiving an 8 g per day dose of curcumin (197). Curcumin-induced toxicity was 

not reported, while the disease remained stable in one patient for 1.5 years and 

a 73% reduction in tumour volume was reported for another patient. One of the 

suggestions from this study was that more consistent blood curcumin levels and 

better biological effects may result from improved formulations, since curcumin 

exhibits poor systemic bioavailability (Section1.9.10). 

 

A Japanese phase I/II trial of 21 participants (Advanced pancreatic cancer) 

were given 8 g of curcumin per day (213). The disease was stable in 5 

participants but none experienced a complete or partial response. However, the 

dose administered was well tolerated and the results of the clinical study 

indicate that for patients with pancreatic cancer, the use of 8 g curcumin daily 

in combination with gemcitabine-based chemotherapy is safe and further trials 

aimed at evaluating efficacy should be conducted. 
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Table 1.8 Summary of published clinical trials assessing curcumin on 

pancreatic cancer patients, taken from (187, 213). 

 

Reference (197)  (214) (215)  (216)   

Sample size 25 21 17 14  

Study design Phase II Phase I/II Phase II Phase I  

Study period 2008 2008-2009 2004-2006 2011-

2012 

 

Dose of curcumin 8 g/d 8 g/d 8 g/d 200 mg/d 

(n = 9) 

400 mg/d 

(n = 5) 

 

Prior history of 

chemotherapy 

Yes (n = 22) Yes (n = 21) None yes (n = 

14) 

 

Concomitant use of 

anticancer drug 

No Yes Yes Yes  

Major toxicity 

associated with 

curcumin 

None None Abdominal discomfort (n 

= 5) 

Abdomin

al pain (n 

= 2) 

 

Median survival 

time (months) 

NA 5.4 5 4.4  

Finding No systemic 

side effect 

observed; 

Single case 

kept stable 

for over 18 

months; 

Another case 

had a 

marked but 

short tumour 

response 

Dose level well-

tolerated; 

Five cases 

displayed stable 

illness; 

No cases found 

with a partial or 

complete 

response 

One of 11 evaluable 

cases (9%) respond 

partially, 4 (36%) had 

stable disease, and 6 

(55%) had tumour 

progression 

 

No 

systemic 

side 

effects 

observed 
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1.9.9. Pharmacokinetics and pharmacodynamics of curcumin 

 

A) Bioavailability 

 

Pharmacokinetic studies of curcumin have shown it has low oral bioavailability, 

therefore, despite showing promise as a chemopreventive agent, the dose of 

curcumin required to have a positive impact may potentially be difficult to 

achieve in the clinic (198). There are several possible reasons for low 

bioavailability of any compound; weak absorption, a high metabolic rate, 

metabolic product inactivity and/or fast clearance from the body (179, 217). 

Research up to the present have shown that the limited bioavailability of 

curcumin is because of its inadequate absorption and fast metabolism (217). 

The majority of curcumin ingested orally is excreted unmetabolised and the 

remaining curcumin is rapidly metabolised and undergoes biotransformation to 

produce various metabolites (217). It has been reported that typically, following 

an oral dose of 2.35 g curcumin, mean colonic mucosa levels were 48.4 mg/g 

(218). Serum concentrations peaked at 1 to 2 h post dose with a decline within 

12 h (219). The average peak serum concentrations following ingestion of 4 g 

of curcumin was 0.51 +/- 0.11 µM; a 6 g dose generated 0.63 +/- 0.06 µM and 

8 g curcumin produced concentrations of 1.77 +/- 1.87 µM (219). The highest 

curcumin levels have consistently been found in the intestinal mucosa, after 

oral administration (220).  

 

Another formulated curcumin is Meriva (Soybean lecithin-curcumin) which 

showed higher bioavailability that curcumin, 18-fold more absorption of 

curcumin in human subjects from Meriva than from unformulated curcuminoid 

mixture; 29-fold more absorption of overall curcuminoid absorption (187, 221).  
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B) Curcumin metabolites and chemoprevention 

 

Oral ingestion of curcumin has been shown, by research, to result in its 

transformation into curcumin-O-glucuronide (COG) and curcumin-O-sulfate 

(COS). In a study carried out by Ireson (222, 223) in humans receiving 3.6 g of 

daily curcumin over 4 months, curcumin glucuronide and sulfate conjugates 

were detected in plasma. Similarly, in studies carried out in rats, curcumin 

glucuronide and sulfate were predominantly detected (222, 223) (Figure 1.13). 

 

 

 

Figure 1.13 Chemical structures of curcumin metabolites (COG, COS), adapted (198). 

 

 

There are conflicting data on whether the metabolites of curcumin possess any 

intrinsic chemopreventive activity. In a study carried out by Dempe (224) three 

cancer cell lines (Ishikawa and HepG2 and HT29) were incubated with different 

metabolism of curcumin. In Ishikawa and HepG2 cells, curcumin was 

metabolized by bioreduction to HHC (hexahydrocurcumin) and small amounts 

of octahydro-curcumin (OHC), whereas the only metabolism in HT29 cells was 

the formation of curcumin glucuronide. Despite these differences, all cell lines 

responded to treatment, with G2/M phase arrest and mitotic catastrophe, likely 

due to the parent curcumin compound rather than its metabolites. The effects 

of curcumin versus curcumin glucuronide, were compared in HepG2 cells, and 

the metabolite was found to have much weaker anti-proliferative effects 

compared to the parent curcumin (225). However, there are studies which 

suggest that the metabolites are less active than curcumin (222, 223), and there 

are also studies which come to the opposite conclusion. Overall, the potential 
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role of curcumin metabolites in mediating any beneficial effects in vivo and in 

humans remains to be determined (226). 

 

 

C) Improving the bioavailability of curcumin 

 

The low bioavailability of curcumin has been shown to improve by using 

adjuvants, or by formulating in liposomes, micelles or phospholipid complexes. 

One such adjuvant, piperine, inhibits hepatic and intestinal glucuronidation and 

has been shown in various studies to increase serum curcumin levels (217). A 

study by Suresh and Srinivasan (227) found that absorption was increased from 

48.7% to 56.1% when with micelles. Ma et al. (2007) found that when compared 

to dimethylacrylate (DMA), polyethylene glycol (PEG) and dextrose, micellar 

curcumin resulted in a biological half-life that was 60-fold greater in rats. 

Phospholipid complexes have also been shown to significantly improve 

curcumin’s bioavailability (228). Furthermore, the bioconjugation of curcumin 

can help improve its bioavailability by increasing cellular uptake. The 

bioconjugate BCM-95, when combined with turmeric oil, showed 700% more 

activity and significantly increased bioavailability compared to curcumin (198, 

217).  

 

1.9.10. Curcumin targets stem cells 

 

Curcumin has huge potential in terms of cancer chemoprevention and cancer 

treatment, particularly through the targeting of CSCs. The effect of curcumin on 

CSCs has been assessed in vitro as well as in vivo by utilizing side populations, 

tumour-sphere formation, cell-surface marker assays and enzyme activity. The 

findings of these studies are summarised in (Table 1.9). 
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Table 1.9 Studies demonstrating that curcumin targets CSC populations 

Curcumin or 
combination 

Cancer cell 
types 

CSC 
populations 

Mechanism 
of action 

Observation References 
 

Curcumin Rat C6 

glioma cells 

Side 

population 

Anti-

proliferation 

depletion of 

a side 

population 

(229)  

Curcumin Glioma cells Nestin and 

CD133 

Anti-self-

renewal 

Depletion  of  

Nestin and 

CD133 

population 

(230)  

Curcumin Breast 

cancer stem 

cells 

High-ALDH1 Anti-

proliferation 

Depletion  of 

High-ALDH1 

population 

(231)  

Curcumin Esophageal 

squamous 

carcinomas 

ALDH1A1 Anti- 

proliferation 

Depletion  of 

High-ALDH1 

 (232)  

Curcumin in 

combination 

with FOLFOX 

Colon cancer 

cells 

Lower levels 

of CD44, 

CD166 

Anti- 

proliferation 

 (233)  

 

1.10. Resveratrol as a chemopreventive agent 

 

Resveratrol (Figure 1.14) is a phytoalexin which is naturally-occurring 

discovered in 1940. The origin, at that time, was the white hellebore lily 

(Veratrum grandiflorum O. Loes), whose roots were used to produce a 

somewhat white powder. It is naturally found in over 100 plants, such as 

jackfruit, corn lilies, blueberries, scots pine, mulberries, peanuts, cranberries 

and grapes (234). Resveratrol is commercially available as a food supplement 

and the best natural source containing resveratrol is the Polygonum cuspidatum 

root. Resveratrol has also been used as a constituent of traditional Chinese and 

Japanese medicine (235-238). Plants release greater volumes of resveratrol 

when stressed due to ultraviolet irradiation, injury, or under the attack of 

pathogens as defence mechanism.  
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 Figure 2.14 Resveratrol (3, 5, 4’-trihydroxy-trans-stilbene), adapted (198). 

 

1.10.1. Health benefits of resveratrol 

 

A growing body of evidence suggests that resveratrol has an impact in reducing 

the negative effects of a number of pathological processes, with activity such 

as anti-inflammation, anti-atherosclerosis, inhibition of carcinogenesis, lowering 

of blood glucose levels, protecting from ischemia and neurotoxicity and  cardio-

protective effects, observed both in vitro and in vivo (234). Resveratrol also 

mimics the effects of caloric restriction in mammals and has been shown to 

extend lifespan in invertebrates (239, 240). 

 

The characteristics of resveratrol that are thought to contribute to its biological 

activity are neuroprotection, antioxidant, cyclooxygenase inhibition, lipid 

modification, antiviral activity, platelet aggregation inhibition and vasodilation, 

radical scavenging activity, inhibition of tumour initiation, promotion and 

progression, and mitochondrial oxidative phosphorylation (234). However, the 

key mechanisms of action for resveratrol required for efficacy in humans at 

clinically achievable concentrations are not clear, but it has the facility to 

modulate multiple cellular targets including prostaglandin biosynthesis, gene 

expression, angiogenesis, cell cycle progression and signal transduction. Like 

curcumin, resveratrol can manipulate all the cancer phases; initiation, 

promotion, and progression by modulating signalling pathways. One of the 
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mechanisms of resveratrol-induced apoptosis which was documented in 

leukaemia, colon and breast cancer cells is via the recruitment and clustering 

of Fas receptors (235-238, 241, 242). The Fas receptor is a death receptor 

which initiates the death-inducing signalling complex (DISC) following ligand 

binding and this can activate caspase3 which leads to apoptosis. Resveratrol 

was also shown to repress the products of genes under the control of NF-kB, 

thus increasing activation of caspase-3, an important player in the caspase 

cascade leading to apoptosis (243). In a separate report it was shown that 

knockdown of Bcl-xL enhances the proliferation-inhibiting and apoptosis-

inducing effects of resveratrol in H-2452 cells (244). Benitez et al (245) found 

that NF-kB–mediated transcriptional activity was inhibited by resveratrol in 

prostate cancer cells. Shakibaei et al (243) showed that resveratrol could inhibit 

IL-1β–induced apoptosis via caspase-3 activation which leads to apoptosis. 

 

Translation of the preclinical findings to a clinical setting is essential for 

determining the potential benefits of resveratrol in humans. The driving force 

behind taking resveratrol was the “French Paradox” in which epidemiological 

studies suggested that there was an inverse relation between consuming red 

wine (a major dietary source of resveratrol) and risk factors for cardiovascular 

disease (246, 247). Furthermore, the effects of resveratrol on obesity, type 2 

diabetes and Alzheimer's disease (AD) from a human perspective are currently 

under investigation and there is great interest in its potential value for 

preventing a variety of cancers (248, 249). In 2009 there was the first publication 

of a small phase 1 clinical trial involving patients, aimed at examining the 

potential of resveratrol as a cancer treatment  (250). Patients scheduled for 

colorectal surgery received 14 days of oral resveratrol supplementation, at 80 

or 20 mg per day (n = 2 and n = 1, respectively) or oral supplementation with 

grape powder, at 1.20 or 0.80g per day (n = 3 and n = 2, respectively) and 

paired pre- and post-dose colorectal tissue samples were analysed for 

evidence of activity.  The authors concluded that the most significant effects 

were noticed with the low-dose grape powder that contained resveratrol in 

combination with other components, and caused down regulation of the Wnt 

signaling pathway, which may help reduce the risk of colon cancer progression. 
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In 2011, a clinical trial conducted in our institution examined treatment of 

colorectal cancer patients with hepatic metastasis with a micronized formulation 

of resveratrol (SRT501) or placebo (n=6 and 3, respectively) (251). After 10-21 

days supplementation with 5 g SRT501, cleaved caspase-3, a marker of 

apoptosis, was significantly increased in malignant hepatic tissue, compared to 

tissue from the placebo-treated patients. Another study in healthy volunteers 

revealed that daily resveratrol intervention (0.5 - 5 g) for one month decreased 

circulating levels of insulin-like growth factor 1 (IGF1) and IGF-binding protein 

3 (IGFBP3) (175), which could contribute to cancer preventive activity. 

  

All evidence to date indicates that resveratrol is generally well-tolerated but mild 

to moderate gastrointestinal symptoms can occur with repeated high doses of 

2.5 g and 5 g. Additionally, there is a report of adverse effects in a particular 

population of cancer patients that received the SRT501 formulation, which 

generates higher systemic concentrations than standard resveratrol. At 5 g per 

day, fatigue, diarrhoea, renal toxicity and nausea, among other symptoms, were 

reported in a phase II clinical study of relapsed or refractory multiple myeloma 

patients. One patient’s death may have been contributed to by these events, 

and so the researchers ended the SRT501 trial prematurely (252). However, 

among healthy subjects and other cancer patients, other trials have found this 

to be a safe dose (173, 253). 

 

It has been noted that many published preclinical studies have employed 

resveratrol concentrations significantly higher than those achievable in human 

plasma (151). Brown et al. (175) reported that in healthy volunteers who 

ingested doses ranging from 0.5 to 5 g daily, the maximum plasma 

concentrations achievable increased proportionately with dose and ranged 

from 0.19–4.24 µM. However, since doses exceeding 1 g cause gastrointestinal 

side effects, it has been suggested that this intake represents the upper limit 

for repeated administration in healthy populations for prevention purposes 

(151) and this dose generates maximum resveratrol concentrations of 1 µM.  

In colon tissues Patel et al. showed that resveratrol levels were extremely 

variable but could be recovered at much higher concentrations than in plasma, 
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with maximum mean levels of 674 nmol/g in patients that took 1 g daily for a 

week prior to surgery. At doses of 0.5 and 1 g resveratrol decreased tumour 

cell proliferation by 5%; the authors concluded it has potential as a colorectal 

cancer chemopreventive agent and that more clinical investigation is warranted 

(173). 

 

1.10.2. Resveratrol targets CSCs 

 

Resveratrol regulates multiple cellular pathways related to carcinogenesis 

(171-175, 254). In pancreatic cancer cell lines, resveratrol has many potential 

anti-tumour activities including induction of apoptosis, inhibition of cell 

proliferation and angiogenesis inhibition (172, 188). In addition to this, 

resveratrol in combination with gemcitabine potentiates antitumor activity in 

vitro and in the orthotopic mouse model of human pancreatic cancer (193). 

Furthermore, it has been shown that chemo-radiotherapies can be enhanced 

by resveratrol as a result of increasing sensitivity of malignant cells to the 

treatments (235, 255). 

 

Recently, it was explored whether resveratrol could target CSC populations. 

Pandey (256) indicated that resveratrol significantly inhibited breast cancer cell 

viability and mammosphere formation, subsequently promoting apoptosis in 

cancer stem-like cells (CD24-/CD44+/ESA+). The authors found that resveratrol 

induced apoptosis in CSCs through the alteration of FAS (fatty acid synthase) 

mediated cell survival signalling. Importantly, resveratrol was able to 

significantly decrease the growth of CSCs in a xenograft model of breast cancer 

without any indication of toxicity (256). The authors concluded that resveratrol 

can induce apoptosis in CSCs through lipogenesis blocking via alteration of 

FAS expression, showing a novel anti-tumour effect mechanism for resveratrol 

(256). 

 

Resveratrol was shown to inhibit the self-renewal ability of PCSCs obtained 

from human primary tumours and KrasG12D mice in vitro (254). Furthermore, 

resveratrol induced apoptosis via capase-3/7 activation and repressing XIAP 
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activity and Bcl-2 in PCSCs. This resulted in less primary and secondary sphere 

formation in PCSCs obtained from KrasG12D mice. Activity of the multidrug 

resistance gene, ABCG2, which research indicates is overexpressed in 

PCSCs, was inhibited by resveratrol. Concurrently, resveratrol reduced 

expression of slug, vimentin and snail, and also slowed the rate of PCSC 

migration and invasion. Nanog and other transcription factors that have a role 

in pluripotency maintenance, including Sox2 and Oct4a, were also 

downregulated by resveratrol (254). 

 

In nasopharyngeal carcinoma (NPC), resveratrol causes an increase in ROS 

levels, leading to depolarization of mitochondrial membranes, concurrent with 

inhibition of CSC self-renewal ability, resistance to therapy, tumour initiation 

ability and metastatic capability (257). The molecular mechanism by which 

resveratrol induced its effects was via the activation of p53. This therefore 

suggests that resveratrol may act via the p53 pathway in regulating stemness, 

EMT, and metabolic reprogramming (257). 

 

1.11. Combining diet-derived compounds for cancer 

prevention and treatment 

 

There is a limited amount of research exploring the interactions of drugs with 

natural products, despite estimates that 50% of oncology patients utilise such 

natural products, often without the knowledge of their doctors (258, 259). There 

is an inadequate volume of data available on such interactions and there is a 

significant gap in the literature in this regard, particularly with respect to the 

clinical consequences of using untested combinations.  

 

The primary aims of using drugs in combination are to reduce toxicity and 

dosage, to minimise or delay the onset of drug resistance and to achieve 

improved results of therapy. Recently, a few novel in vitro combinations of 

dietary-derived agents and chemotherapeutics have been reported including 

curcumin and resveratrol (260) or celecoxib and curcumin (190) for colon 
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cancer, curcumin and omega-3 fatty acids for prevention and treatment of  

pancreatic cancer (261), curcumin and Garcinol for apoptotic and 

antiproliferative effects in pancreatic cancer cells (262). 

 

1.11.1. Combining diet-derived compounds for pancreatic 

cancer prevention and treatment 

 

Beneficial effects for combination of different compounds have been shown to 

enhance chemopreventive abilities when compared with using the compounds 

alone. Research has been done regarding the beneficial effects of differing 

combinations of natural products for therapeutic purposes in the pancreatic 

cancer treatment and prevention. Parasramka and Gupta (262) used a 

combination of garcinol and curcumin on human pancreatic cells (BxPC-3 and 

Panc-1) and assessed their antiproliferative and apoptotic activity. There was 

a significant reduction in the viability of both cell lines in a dose-dependent 

manner as compared to the controls. It was observed that there was a 2 to 5-

fold lower concentration of garcinol and curcumin needed to show similar 

effects to those observed in combination compared to use of the single agents. 

There was also an increase in apoptosis observed, and a significant increase 

in caspase-3 and -9 activity, with induction apparent at lower concentrations 

when garcinol and curcumin were used in combination (262). Wang et al (2008) 

studied the effects of a combination of curcumin and isoflavone, a flavonoid 

found in soy products, to determine whether there was a synergistic 

antiproliferative effect in the BxPC-3 and Colo-357 pancreatic cancer cell lines. 

It was reported that compared to either treatment alone, and to the controls, 

there was a greater increase in the inhibition of cell growth following exposures 

ranging from 24 to 72 h. In BxPC-3 cells at 24 h, the combination of 10 µM 

isoflavone and 2.5 µM curcumin caused a 65% growth inhibition, with an even 

greater effect at 72 h (80% reduction). Even when treated with 10 µM isoflavone 

plus 1 µM curcumin for 72 h, proliferation was decreased by 35%. Observations 

of Colo-357 cells with 10 µM isoflavone and 5 µM curcumin, similarly, resulted 

in a reduction of cell number by 60% at 24 h. This cell growth inhibition was 

found, in part, to be because of the higher rate of apoptosis, where the 
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combination treatments (10 µM isoflavone and 2.5 µM curcumin) caused an 8-

fold increase in apoptosis at compared to each treatment individually (263). A 

combination of curcumin, resveratrol, EGCG and isoflavone was also studied 

with a 40% cell growth inhibition observed when compared to the solvent 

controls (263). When Pancreatic cancer BxPC-3 cells were dosed with a 

combination of curcumin and do-cosahexanenoic acid (DHA), a six-fold 

increase in the induction of apoptosis was observed with the combination 

treatment and there was a 70% cell proliferation inhibition when exposed to 5 

µM curcumin and 25 µM DHA (261) the combination being more effective than 

either treatment alone. Overall, these studies demonstrate that different 

compounds in combination can enhance the effects of treatment, with a lower 

concentration being required for a significant increase in antiproliferative and 

apoptotic activity. 

 

A combination of curcumin and resveratrol has been used in various cancers, 

with enhanced effect observed when compared to curcumin and resveratrol 

alone. Curcumin and resveratrol in combination results in the inhibition of colon 

cancer cell growth by causing a reduction in cell proliferation and apoptosis 

induction. This occurred in both p53-positive (wt) and p53-negative colon 

cancer HCT-116 cells in vitro and in a mouse xenograft derived from the same 

cells. When curcumin (500 mg/kg body wt) and resveratrol (150 mg/kg body wt) 

were given individually, they inhibited the growth of HCT-116 tumours by 40% 

and 28%, respectively. When given in combination, tumour growth was 

inhibited by >50%, relative to the control group of mice, which represents a 

greater effect than either monotherapy (260). A combination of liposomally 

encapsulated curcumin and resveratrol has been used in the prostate-specific 

PTEN knockout mouse model. Here, the combination inhibited prostatic 

adenocarcinoma development in vivo more potently than either of the single 

agents and induced apoptosis in vitro (264) which might contribute to reduced 

incidence of prostate cancer because of the loss of PTEN, the tumour 

suppressor gene. In another study, when the combination treatment was used 

on Hepa1-6 hepatocellular carcinoma cells, there was a dose and time 

dependent effect on the inhibition of  cellular proliferation, and an increase in 

apoptosis alongside caspase-3, -8 and -9 activation. There was also an up 
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regulation of intracellular reactive oxygen species (ROS) levels and a down 

regulation of XIAP and survivin expression (265). 

 

Curcumin and resveratrol individually have been used in models of pancreatic 

cancer and have been shown to have chemopreventive potential. However, 

these two compounds have yet to be used in combination to assess whether 

these preventive effects can be enhanced. This research aims to identify 

whether low clinically achievable concentrations of these agents could have 

potential utility in the treatment or prevention of pancreatic cancer, either alone 

or in combination, and to examine their effects on PCSCs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



56 

 

Aims:  

This project is focused on pancreatic cancer; on the prevention of it, and 

attempts to find a better treatment. In recent years the cancer stem cell theory 

has increased in popularity among developmental biologists and cancer 

biologists, and is based on the theory that a small set of cells is responsible for 

the initiation of pancreatic cancer, as well as its maintenance and reoccurrence. 

Therefore, a rational approach for cancer prevention and better treatment would 

be targeting this small subset of cells for elimination. Consequently, the overall 

goal of this project is to evaluate the ability of two phytochemicals, curcumin 

and resveratrol alone or in combination, to target the tumour-initiating cells 

within pancreatic cancer using a panel of cell lines, and with an emphasis on 

using clinically relevant concentrations. Given the importance of stroma in 

pancreatic cancer, these two compounds have been tested for activity against 

pancreatic stromal cells, significant activity in this context could allow more 

effective drug delivery to the tumour site and may be a valuable target in both 

chemopreventive or treatment strategies for pancreatic cancer. In addition, the 

activity of curcumin metabolites has also been investigated to ascertain whether 

they might contribute to efficacy in humans. 

To achieve the overall aims the following specific objectives have been 

completed: 

1- Assessment of the growth inhibitory effects of curcumin and resveratrol 

alone and in combination on pancreatic cancer cell lines using relevant 

concentrations that are achievable in human plasma and potentially 

pancreatic tissues (Chapter 3). 

2- Determination of whether curcumin and resveratrol alone and in 

combination inhibit the growth of pancreatic stellate cells, which can 

contribute up to 90% of the pancreatic tumour mass (Chapter 3). 

3- Exploration of whether curcumin and resveratrol singularly and in 

combination inhibit the growth of various cancer stem like cell populations 

in pancreatic cancer cell lines, defined using the cell surface markers CD44, 

CD24, ESA, CD133, ALDH-1 activity or sphere forming ability (Chapter 4). 



57 

 

4- Establish the CSC profile for tumours obtained from pancreatic cancer 

patients and comparison with the CSC profile in pancreatic cancer cell lines 

(Chapter 4). 

5- Investigation of the processes underlying the growth inhibition of CSCs in 

pancreatic cancer cell lines, including effects on Nanog (Chapter 4). 

6- Evaluation of curcumin mono-sulfate activity, a major metabolite of 

curcumin, in pancreatic cancer cell lines (Chapter 5).   

7- Elucidation of the intracellular uptake and metabolism of curcumin in 

pancreatic cancer cell lines in an attempt to explain the differential activity 

of curcumin and its metabolites (Chapter 5). 

Overall, it is hoped that this project will improve understanding of the effects of 

curcumin and resveratrol on PCSs, and provide information to assess the 

potential clinical utility of these agents alone and in combination for the 

prevention or treatment in pancreatic cancer. 
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Chapter Two: Materials and Methods 
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2.1. Materials 

 

All cell culture and laboratory plastic ware was obtained from Appleton Woods 

(UK) unless stated otherwise. Heparin, DMEM high glucose media, curcumin 

(≥94% curcuminoid content) and all general laboratory reagents were obtained 

from Sigma (Dorset, UK). Curcumin m o n o - sulfates (185) and curcumin 

m o n o - glucuronide (266) were synthesised in house by Dr Robert Britton and 

Mr Jagdish Mahale (Unpublished data). Cell strainers (40, 100 µm) were 

obtained from (VWR International). Phosphate buffered saline (PBS), 50% 

Neurobasal Medium, DMEM/F12 Medium (1:1) hyclone, N-2 Supplement, B-27 

Supplement, Antibiotic-Antimycotic, FGF-2, EGF and all solvents were 

obtained from Fisher Scientific unless stated otherwise. Tissue culture 

supplements, including foetal bovine serum (FBS), media, glutamax and trypsin 

were obtained from Invitrogen. Accudrop, CST beads and FACS flow sheath 

fluid were obtained from BD Biosciences (Oxford, UK) and the aldefluor kit was 

supplied by Stem Cell technologies (Cambridge, UK). Antibodies were obtained 

from multiple suppliers; the Anti-Sox2 antibody was purchased from Merck 

Millipore (Hertfordshire, UK). EpCam (ESA) and CD133 were obtained from 

Miltenyi Biotech (Surrey, UK). CD24-FITC and CD44-APC supplied by BD 

Pharmingen (Oxford, UK) and ALDH1A1 was from BD Biosciences. IgG 

negative control for immunohistochemistry was from Dako (Cambridge, UK). 

Antibodies for western blot included Cleaved Caspase-3 (Asp175) from Cell 

Signaling Technology (Hitchin, UK), Nanog and Oct4 from Novus Biologicals 

(Abingdon, UK), ALDH-1 BD Pharmingen (Oxford, UK) and actin was sourced 

from Santa Cruz (Middlesex, UK). Resveratrol (99.9% purity) was obtained from 

Shanghai Novanet Co. Ltd. (Shanghai, China). HPLC (high performance liquid 

chromatography) supplies were from obtained from Waters (Hertfordshire, UK). 

These included Deactivated Clear Glass 12 x 32mm Screw Neck Total 

Recovery Vials, Atlantis dc18 Sentry Guard Cartridge, 100Å, 3 µm, 4.6 mm X 

20 mm, Atlantis dc18  100Å, 3 µm, 4.6 mm X 150 mm column. 

 

Immunohistochemistry materials included Distyrene Plasticizer Xylene (DPX) 

supplied by Sigma (Dorset, UK) and xylene and Industrial Methylated Spirits 
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(IMS) obtained from Geneta Medical (York, UK). Novolink TM Polymer 

Detection Kit was purchased from Novocastra TM and polysine adhesion slides 

from Thermo Scientific (Paisley, UK). 

 

2.2. Preparation of buffers  

 

2.2.1. Western blotting  

 

Running buffer comprised a 1 to 10 dilution of 0.25M Tris/1.92 M glycine/1 % 

SDS (10X) running buffer from Geneflow (Lichfield, UK)  by adding 100 mL of 

stock buffer to 900 mL water. Transfer buffer was prepared by adding 100 mL 

of stock buffer of (0.25 M Tris/1.92 M glycine Geneflow (Lichfield, UK)), to 700 

mL water and 200 mL methanol. Ammonium Persulphate (AMPS) (Sigma) was 

prepared at 10% w/v in dH2O, aliquoted and stored at -20°C. PBST (phosphate 

buffered saline – tween-20) was prepared by addition of 10 PBS tablets (Sigma) 

and 1 mL tween-20 (Sigma) to 1000 mL of water. 

 

Five % or 3% Marvel milk (Spalding, UK) or 5% of BSA (Life Technologies 

(Paisley, UK)) in  PBST were used for blocking purposes, with 3% milk (in 

PBST) or 3%  BSA  used for diluting both primary and secondary antibodies. 

All cell lysis was undertaken using RIPA buffer (Sigma) with the addition of one 

tablet each of Phospho-stop (Invitrogen (Paisley, UK)) and Complete Mini 

protease inhibitor (Invitrogen) added per 10 mL of RIPA buffer. 
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2.2.2. Preparation of Antigen retrieval buffer 

(Immunohistochemistry) 

 

For all antigen retrieval, freshly-made citrate buffer was used (10 mM citric acid 

at pH 6). 

 

2.2.3. Preparation of Antibody diluent 

(Immunohistochemistry) 

 

One % (w/v) BSA in PBS was used for both primary and secondary antibody 

dilution, and was freshly prepared prior to each use. 

 

2.2.4. Preparation of Freezing Mix 

 

Cells were re-suspended in 10% dimethyl sulfoxide (DMSO) and 90% foetal 

calf serum, frozen overnight at -80°C and transferred to liquid nitrogen for long-

term storage. 

 

2.2.5. Stem cell media composition 

 

Stem cell media (sphere media) was prepared in 100 mL aliquots and stored at 

2-8°C. Each aliquot comprised the following: 50% Neurobasal Medium (50 mL); 

1% N-2 Supplement (1 mL); 2% B-27 Supplement (2 mL); 2% Antibiotic-

Antimycotic (2 mL); 2 µg/mL Heparin (100 µL); 20 ng/mL FGF-2 (20 µL); 20 

ng/mL EGF (20 µL); DMEM/F12 Medium (1:1) hyclone (45 mL). Media was 

filtered-sterilised prior to use. 
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2.3. Cell lines 

2.3.1. Cell line suppliers 

 

All pancreatic cancer cell lines were supplied by ATCC (UK). Panc-1 is an 

epithelioid carcinoma adherent cell line, derived from pancreatic cells of a 56 

year old Caucasian male. Capan-1 is an epithelial adenocarcinoma adherent 

cell line of pancreatic origin, derived from a metastatic site in the liver of a 40 

year old Caucasian male. AsPC-1 is an epithelial adenocarcinoma adherent 

cell line of a pancreatic origin, derived from a metastatic site in the ascites of a 

62 year old Caucasian female. 

Table 2.1 Pancreatic cell lines and media requirements. 

Cell line Supplier Media Supplier 

Panc-1 ATCC 

(CRL-1469) 

Dulbecco’s Modified 

Eagle’s Medium 

Sigma 

Capan-

1 

ATCC 

(HTB-79) 

Iscove's Modified 

Dulbecco's Medium 

Invitrogen 

AsPC-1 ATCC 

(CRL-1682) 

RPMI 1640 Sigma 

RLT-

PSC 

 

Dr. Jesenofsky and Prof. M. Löhr, University of 

Heidelberg, Department of Medicine 

 

Minimal Essential 

Medium 

Sigma 

 

Immortalized pancreatic stellate cells (RLT-PSC) derived from a patient with 

chronic pancreatitis. They were immortalized by transfection with SV40 large T 

antigen and human telomerase (Jesenowski et al., 2005) (Table 2.1). For 

genetic data regarding the cell lines see (Table 2.2). 
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Table 2.2 Genetic mutations in the pancreatic cell lines and frequencce 

mutations found in pancreatic cancer patients. WT= Wild type, HD= 

Homozygous deletion. (Deer EL et al (2010) 

 

Cell line KRAS (>90) TP53 (75) CDKN2A/p16(>95) SMAD4(50)  

Panc-1 Mutated  Mutated HD WT 

Capan-1 Mutated  Mutated HD Mutated 

AsPC-1 Mutated Mutated WT WT 

Note: The numbers represent frequency of the mutations found in pancreatic patients.  

 

2.4. Methods 

 

2.4.1. Maintenance of cell lines 

 

Panc-1 cells were cultured in high glucose (4500 mg/mL) Dulbecco’s Modified 

Eagle’s Medium (DMEM), supplemented with 10% foetal calf serum (FCS) and 

1X Glutamax. Capan-1 cells were cultured in Iscove's Modified Dulbecco's 

Medium (IMDM)/GlutaMAX, supplemented with 20% foetal calf serum (FCS). 

The AsPC-1 cells were cultured in RPMI 1640 media with L-Glutamine and 10% 

FCS. The stellate cells (RLT-PSC) were cultured in Minimal Dulbecco’s 

Modified Eagle’s Medium (DMEM), supplemented with 10% foetal calf serum 

(FCS) and 1X Glutamax. 

 

All four cell lines were kept in a humidified incubator at 37°C, supplemented 

with 5% CO2 and grown to 70–80% confluency prior to passage/harvest. Media 

was aspirated and the cells washed with sterile PBS before addition of 1-2X 

trypsin/EDTA (T/E) for 5 min (for Panc-1, AsPC-1 and Stellate cells) or 5-10 

min (for Capan-1), at 37°C. Following cell detachment, complete medium was 

added to neutralise the trypsin. Cell suspensions were then centrifuged at 207 

× g for 5 min, the supernatant discarded and cells plated into new flasks at the 

necessary density. The maximum cell passage number did not exceed 20. Cells 

were harvested and re-suspended in an appropriate medium and counted using 
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a Z2 particle count and size analyser from Beckman Coulter (High Wycombe, 

UK). 

 

2.4.2. Sphere growth and maintenance 

 

To investigate whether Capan-1, Panc-1 and AsPC-1 cells can grow into 

spheres, single cell suspensions of Panc-1 were plated in ultra-low attachment 

plates in sphere growth media. Cells were fed weekly with 0.5 mL of fresh 

sphere media and passaged after two or three weeks, depending on the rate of 

sphere growth. For passaging, spheres were filtered through 100 μm filters to 

remove debris and the supernatant discarded. The filter was washed with 

DMEM supplemented with 10% FCS and spheres collected in the flow through. 

The sphere solution was centrifuged at 200 x g for 10 min, and the supernatant 

discarded. The sphere pellet was re-suspended in 1x TE and incubated for 10 

min at 37°C to make a single cell suspension. Trypsin was neutralised by 

adding DMEM media containing 10% FCS, cells pelleted and washed in PBS, 

counted and plated in sphere growth media at the required seeding densities.  

Freshly prepared single cell suspensions of Capan-1, Panc-1 and AsPC-1 cells 

were plated at 5,000 cells per well in 6-well ultra-low attachment plates for 

sphere growth, and cells supplemented with sphere growth medium. Plates 

were kept in a humidified incubator at 37°C, supplemented with 10% CO2. 

 

One to two weeks were required for sphere formation. Curcumin and resveratrol 

were dissolved in DMSO and added to the cells to final concentrations of 0.01, 

0.1, 1 and 5 µM. Cells were exposed twice a week for a period of two weeks. 

During each exposure of either curcumin or resveratrol, the appropriate volume 

was added on top of the existing incubation volume. After two weeks of sphere 

growth, sphere numbers were counted and sizes were measured. All 

treatments and control incubations contained an equivalent concentration of 

DMSO (diluted in the media), which did not exceed 0.1%. All treatments were 

carried out in triplicate and three biological replicates for each cell type. Spheres 

from each well were collected in 15 mL centrifugation tubes and centrifuged at 

190 x g for 10 min. The supernatant was discarded leaving a residual volume 
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of 30-50 µL with the sphere pellet. Gridded slides were circled around the grid 

with wax to define an area within which the spheres were counted and 

measured. Sphere pellets were re-suspended in the residual volume and plated 

into the circled area of the gridded slide for counting and size measurements 

using an inverted light microscope (Nikon EclipseTE2000U) at 10X optical 

zoom. The sphere size was determined using Eclipse software that measured 

an average diameter of two measurements for each sphere.  

 

 

2.4.3. Checking cell lines for ALDH activity 

 

All the necessary reagents were supplied in the Aldefluor assay kit (Stem Cell 

Technologies). Inactivated Aldefluor substrate was dissolved and activated in 

compliance with the instructions given by the manufacturer. Twenty five µL of 

DMSO were added to Aldefluor substrate (BiodipyTM – aminoacetaldehyde) for 

a period of 1 min. Subsequently, 25 µL of 2N hydrochloric acid was added and 

incubated at room temperature for 15 min. Aldefluor assay buffer (360 µL) was 

then added to the solution and the activated substrate aliquoted and stored at 

-20°C. 

 

Prior to use, all reagents were equilibrated to room temperature. Approximately, 

1x106 cells in a single cell suspension were used for staining. Cell pellets were 

re-suspended in 1 mL aldeflour buffer (supplied with the kit) and split into two 

tubes; one labelled 'control' and the other ‘test’, with each sample to be tested 

for ALDH1 activity.  

 

The ALDH1 inhibitor, DEAB (diethylaminobenzaldehyde) (10 µL), was added 

to each control tube and mixed with the cell suspension. Immediately, 2.5 µL of 

activated aldefluor substrate was added to each of the 'control' and 'test' tubes. 

Following this, all of the tubes were incubated at 37°C for 40 min.  The activated 

substrate was converted by intracellular ALDH into a negatively charged 

fluorescent compound (BIODIPYTM-aminoacetate). The negative charge of this 

reaction product prevents diffusion and retains it inside the cell. However this 
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can be easily effluxed from cells by the ATP-binding cassette (ABC) transporter 

system. This active efflux is prevented by the use Aldeflour assay buffer which 

contains inhibitors of the ABC transporter system.  After the incubation period, 

all tubes were washed with 500 µL of adleflour buffer and centrifuged at 207 x 

g for 3 min. The supernatant was discarded and the pellet re-suspended in 250 

µL of Aldefluor buffer for FACS analysis.   

 

 

2.4.4. Co-staining for CD44 and CD24 and single staining for 

CD-133 

 

Approximately 1x106 cells were used for staining Panc-1, AsPC-1, and Capan-

1 cells with fluorophore-conjugated antibodies raised against CD44 and CD24.  

Prior to staining, cells were harvested using trypsin, washed with PBS and re-

suspended in complete medium, ensuring that a single cell suspension was 

obtained.  Cells were aliquoted (100 µL at 1 x 107 cells/mL) into pre-chilled 

tubes as follows: unstained cells; CD44 only; CD24 only and co-stained 

CD24/CD44. The cells were washed in PBS (3 min, 277 x g), the supernatant 

discarded and the cells re-suspended in Aldefluor buffer. Appropriate 

antibodies (10 µL, 1:10 dilution) were added to the ‘test’ samples only.  Cells 

were incubated with the primary antibody for 30 min on ice, and then washed 

twice with PBS (3 min, 277 x g).  Following centrifugation, the supernatant was 

discarded and cells re-suspended in 500 µL of Aldefluor buffer.  Analysis of the 

stained populations was subsequently undertaken by flow cytometry using a 

BD FACS Aria II with Diva 6 analysis software (Becton Dickinson).  For CD133 

single staining the same procedures outlined above were followed.   
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2.4.5. FACS analysis and sorting conditions 

 

All FACS analysis and sorting was carried out using the BD FACS Aria II SORP 

machine. The instrument was QC tested prior to any sample analysis. Single 

cell analysis was achieved by exclusion of doublets through different gating 

strategies based on the forward and side scatter profiles of each sample 

analysed. All the events were recorded and saved for further analysis. The 

minimum number of events recorded for any analysis was 10,000 provided that 

there were enough cells for analysis. Laser delay was set up using Accudrop 

beads when sorting cells using an 85 µm nozzle. Sorted cells were collected in 

DMEM media supplemented with 10% FCS.  

 

 

2.4.6. Sorting Capan-1 for ALDH-1 activity by FACS for 

Western blotting 

 

Capan-1 cells were sorted after being exposed to curcumin at two different 

concentrations (1 µM and 2.5 µM) for 6 days, with exposure on a daily basis. 

Sorted cells were lysed and the expression of embryonic pluripotent 

transcription factors assessed using antibodies raised against Nanog, Oct4 and 

Sox2.  

 

 

2.4.7. Evaluating effects of curcumin and resveratrol on cell 

proliferation in Panc-1, Capan-1, AsPC-1 and RLT-PSC 

 

Five different concentrations (0 µM, 0.01 µM, 0.1 µM, 1 µM and 5 µM) of 

curcumin and resveratrol were used. Cells were seeded at densities of 2x104, 

1x104, 8x103 and 5x103 cells per well in a 24-well plate, for Panc-1, AsPC-1, 

Capan-1 and RLT-PSC, respectively. Cells were allowed to adhere for 24 h 

before commencing daily dosing treatments. ALDH activity and co-staining with 
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CD24 and CD44 was performed on days 3 and 6. Daily dosing was also 

undertaken using a combination of curcumin and resveratrol at the following 

respective concentrations: 0.1 µM curcumin + 0.1 µM resveratrol, 5 µM 

curcumin + 0.1 µM resveratrol, 5 µM curcumin + 5 µM resveratrol, 5 µM 

resveratrol + 0.1 µM curcumin.  Cells were harvested and re-suspended in 10 

mL of isotone and counted on days 1-7 using a Z2 particle count and size 

analyser from Beckman Coulter (UK). 

 

2.4.8. Determination of protein concentration using Pierce 

BCA Assay 

 

The protein assay was conducted in accordance with the manufacturer’s 

instructions. BSA (2 mg/mL stock) was diluted with distilled water to prepare a 

standard curve (0, 0.2, 0.4, 0.6, 0.8 and 1 mg/mL) and the cell lysates diluted 

at ratios of 1:10, 1:50 and/or 1:100. Ten µL of each sample was aliquoted into 

96 well plates (Corning, UK) and 200 µL of BCA (Bicinchoninic Acid) reagent 

was mixed with each and incubated for 30 min at 37°C. The intensity of colour 

change was measured at 595 nm using a Fluostar Optima plate reader (BMG 

Labtech) and the concentration of the lysates determined from the standard 

curve.  

 

2.5 Western Blot 

 

2.5.1. Preparation of the gels 

 

Gels were prepared using gel casting apparatus (Bio-Rad, mini gel apparatus). 

Based upon the molecular weight of the protein, a Sodium Dodecyl Sulfate 

(SDS)-polyacrylamide (8-15%) resolving gel was prepared, a stacking gel (5%) 

was poured on top, appropriate combs placed in and the gel allowed to set. 
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Gels were then placed in a gel tank with running buffer and the gels loaded with 

one aliquot of appropriate molecular weight marker.  

 

2.5.2. Sample preparation and running of the gel 

 

Protein samples were thawed and the required volumes of the protein lysate 

diluted in water to give samples of equivalent concentration in a final volume of 

20 µL. Added to this was an equal volume (10 µL) of sample loading buffer (2X 

Laemmli, Sigma, UK). Samples were heated (5 min, at 100°C) to denature the 

proteins, followed by a quick vortex and a pulse centrifuge. Samples were then 

loaded into the wells and run at 100 V for 60-90 min at room temperature.  

 

Proteins were transferred from the gel to a nitro cellulose membrane by first 

placing them onto a transfer cassette consisting of a sponge, blotting paper 

(Whatman, UK), the gel, the nitrocellulose membrane (Geneflow Ltd UK), 

blotting paper and a final sponge. The transfer cassette was placed into a mini 

gel holder which was colour coded to ensure the transfer cassette was correctly 

orientated. All blotting paper, nitrocellulose membranes, and sponges were pre-

soaked in 1X transfer buffer before being placed in the transfer cassette. 

Subsequently, the transfer cassette was inserted into a blotter assembly in a 

tank that was filled with transfer buffer. Protein transfer was conducted at 120 

V for 1.5h at room temperature. 

 

2.5.3. Primary and secondary antibodies 

 

Nitrocellulose membranes were stained using Ponceaus S solution (Sigma Life 

Science), to ensure that protein transfer was achieved. Subsequently, it was 

washed twice with PBST for a period of 5 min on a shaking platform so that the 

stain was removed. The membrane was then blocked using a 5% blocking 

solution overnight at 4°C, or for 2 h at room temperature, on a shaking platform. 

Following the blocking step, the membrane was washed once for 10 min and 

twice for 5 min with PBS on a shaking platform. Primary antibodies were 
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prepared in the appropriate antibody dilution solution and at the correct 

concentration (Table 2.3) and were applied to the membranes overnight at 4°C, 

or for 2 h at room temperature, on a shaking platform. The membrane was then 

washed as above, and a secondary antibody, labelled with a detectable enzyme 

or fluorophore was added for 1 h at RT on a shaking platform. The membrane 

was then washed as previously described, prior to developing the signal.  

 

 

Table 2.3 list of anti-body used for FACS, Western and IHC. 

Antibody Size 

kDa 

Dilution Incubation Antibody Supplier Method 

CD133 

(APC) 

n/a 1/10 30 min on ice Miltenyi Biotech FACS 

EpCam (PE) n/a 1/10 30  min on ice Miltenyi Biotech FACS 

CD24-FITC n/a 1/10 30  min on ice BD Pharmingen FACS 

CD44-APC n/a 1/10 30  min on ice BD Pharmingen FACS 

Sox2 37 1/1000 2 h RT Merck Millipore Western 

Cleaved 

Caspase-3 

17 1/1000 2 h RT Cell Signaling Western 

Nanog 36 1/2000 Overnight in cold room Novus Europe/UK Western 

Oct4 38 1/1000 2 h RT Novus Europe/UK Western 

Actin 43 1/20000 1 h RT Santa Cruz Western 

ALDH-1  1/2000 2 h RT BD BIOSCIENCES IHC 

 

 

2.5.4. Developing the intracellular membrane 

 

The membrane was put upon a flat surface protein side up. As the secondary 

antibodies used were conjugated to horseradish peroxidsae (HRP), an 

Enhanced Chemiluminescence (ECL) (Geneflow, Lichfield, UK) detection 

system was used for protein visualisation. The luminol and stabilised 

peroxidase solution were mixed in a 1:1 ratio and applied to the membrane for 

2 min. The membrane was placed into an autoradiographic cassette with film 

(AGFA Gevaert N.V., Mortsel, Belgium) and developed in a dark room. The 

developed film will show bands, band intensity was quantified using Image J 

(1.49E). 
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2.5.5. Equal Loading 

 

For the purposes of confirming that equal loading has taken place and to 

normalise the proteins, the membrane were re-probed to detect α-tubulin or β-

actin proteins, which are expressed by house-keeping genes. 

 

2.6. Immunohistochemistry procedures for the 

detection of ALDH expression in pancreatic cancer 

patient samples 

 

Slides were heated for 10 min at 100°C allowing the paraffin to melt, then were 

immediately immersed in xylene. Slides were then hydrated as follows: xylene 

2 x 3 min, industrial methylated sprit (IMS) 99% 2 x 3 min, IMS 95% 2 x 3 min 

and under running water for 5 min. Antigen retrieval was carried out in citric 

acid at pH 6 for 18.46 min in a microwave at maximum temperature. Slides 

were allowed to cool for 10 min and incubated in PBS for 5 min. Slides were 

developed using the Novolink TM Polymer Detection Kit, following the 

manufacture’s protocol. Endogenous peroxidase was neutralised using one 

drop of hydrogen peroxidise block for 5 min, then the slides were washed in 

PBS twice for 5 min, followed by incubation in protein block for 5 min to prevent 

nonspecific binding. Slides were then washed in PBS twice for 5 min and 

incubated in optimally diluted primary antibody (1/2000) for the required time 

and at the appropriate temperature for a period of 2 h (ALDH). Slides were then 

washed twice in PBS for 5 min before incubation with post primary block for 30 

min; again slides were washed twice in PBS for 5 min. Subsequently, slides 

were incubated with NovoLink Polymer for 30 min; next they were washed in 

PBS for 5 min x 2, while rocking gently. In order to develop the peroxidise 

activity, DAB working solution (50 µL DAB chromogen to 1 mL of NovoLink Dab 

substrate buffer) was added for 5 min then slides were rinsed in water and 

counterstained with Mayer's Haematoxylink for 30 sec. Finally, slides were 

washed under tap water and dehydrated back up through graded alcohols and 
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xylene, then mounted using DPX mounting solution. Picture taken by light 

microscopy (LeitZ V2.8.8). 

 

2.7. Double Liquid Phase Extraction (LPE) method for 

curcumin and curcumin metabolites from cell pellets 

and media  

 

The Double Liquid-Phase Extraction method has been previously validated 

within the laboratory for plasma analysis. 

 

2.7.1. Standard curve preparation 

Standard curves were obtained for cell pellets and media. Thirty 175 cm3 flasks 

were seeded with 5 million Capan-1 cells per flask and allowed to adhere 

overnight. Media was collected in 1 mL aliquot and the cells were harvested 

and stored at -80°C until required. To the cell pellet, PBS was added in the ratio 

of 1:2 (e.g. 200µL PBS for 100 mg cell pellet). Cell pellets were homogenised 

with a magnetic homogeniser for 10-15 seconds. Stock solutions of curcumin, 

mono-glucuronide, mono-sulfate and β-estradiol (internal standard) were 

prepared at a concentration of 1 mg/mL in DMSO. The stock solutions were 

further diluted with DMSO to give final concentrations ranging from 10-1000 

µg/mL for all the analytes and 600 µg/mL for β-estradiol. One µL from stock 

solution of each analyte and internal standard was spiked into the 100 µL of cell 

homogenate or 100 µL media. Extraction of the compounds was then 

undertaken by adding 200 µL of 9:1 Acetone: Formic Acid to cell 

homogenate/media. The samples were vigorously vortexed for 10 seconds and 

subsequently incubated at -20°C for 30 min. Following a further vortex and 

centrifugation at 13200 x g for 20 min at 4°C, the supernatants were transferred 

into new Eppendorfs and kept at 4°C. This step was repeated by adding a 

further 200 µL of 9:1 Acetone: Formic Acid to ensure all compounds were 

extracted properly. All samples were then dried using a SpeedVac with no heat, 

for approximately 2.35 h. The sample residues were then re-suspended in 100 
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µL of mobile phase A (50:50 Ammonium Acetate: Acetonitrile).  Following a 

final vigorous vortex for 10 seconds and centrifugation at 13200 x g for 3 min, 

the supernatant was transferred into HPLC vials and 50 µL was injected. All 

samples were analysed on the same day. 

The retention times for mono-glucuronide, mono-sulfate and curcumin using 

the HPLC-UV assay established in our laboratory was around 15.77, 20.1 and 

23.53 min respectively. The limit of detection (LOD) and limit of detection 

quantification (LOQ) were calculated using signal:noise ratio which were 3:1 

and 10:1 respectively. LOD was at 0.1 µg/mL on LOQ was 0.4 µg/mL for the 

three analytes. Calibration curves for all the analytes in both the matrices were 

linear with an average correlation coefficient (r2) value of more than 0.99 for all 

the three analytes. Concentration of mono-glucuronide, mono-sulfate and 

curcumin in media with cells/without cells and cell homogenate (Capan-1 and 

Panc-1) were quantified using these respective standard curves.  

 

2.7.2. Assessment of curcuminoid concentrations in Capan-1 

and Panc-1 cell pellets and media over time 

 

Cells (Capan-1 and Panc-1) were seeded under adherent conditions in 175cm3 

flasks at approximately 5 million cells/flask and allowed to adhere overnight.  

Following exposure to 5 µM curcumin, 5 µM cur-glucuronide or 5 µM cur-

sulfate, cells were harvested at time points of 0, 15, 30, min and 1, 6, 24 and 

48 h. One ml aliquots of media and cell pellets removed from flasks for each 

time point and were immediately stored at -80°C. The cell pellets were snap 

thawed in liquid nitrogen and water bath at 37°C three times to facilitate 

extraction of intracellular content of cells. The cell pellet and media were then 

extracted as described in section 2.7.1. 
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2.7.3. High performance liquid chromatography (HPLC) 

reversed phase (Waters HPLC-UV System) 

 

The equipment utilised was a 2695 Water Alliance HPLC system with a series 

separation module with column heater, refrigerated autosampler, inline 

degasser, a UV visibility detector (Waters) and Empower software for data 

analysis. The method developed by our lab used the following approach for 

HPLC. Atlantis dc18 Column, 100Å, 3 µm, 4.6 mm X 150 mm, 1/pKg was used, 

which is connected through the guard column (Atlantis 4.6 x 20mm) at a flow 

rate of 1 mL per min, keeping the column temperature at 25°C. The mobile 

phases were: mobile phase A, 10 mM Ammonium acetate at pH 4.5; mobile 

phase B, Acetonitrile. The procedure was carried out by injecting all samples 

prepared daily onto the Waters Atlantis 3 µm C18 column that joined to the 

Waters Atlantis 3 µm C18 guard column which allows prolonging the column 

lifetime. Temperatures were maintained for column and auto-sampler at 25°C 

and 4°C, respectively. The gradient elution states for each injection are shown 

in table 2.3. 

 

 

Table 2.4 Mobile phase gradient for the Waters HPLC-UV system applied for curcumin, 

Cur-Glucuronide and mono-Sulfate separation. The mobile phases were: mobile phase A, 

10 mM Ammonium acetate at pH 4.5; mobile phase B, Acetonitrile. 

 

 

 

 

 

 

Time % of mobile phase A % of mobile phase B

0 90 10

15 60 40

25 15 85

30 0 100

30.10 90 10

40 90 10
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2.8. Cell cycle analysis 

 

Cells were seeded into 175cm3 flasks for Panc-1, AsPC-1 and Capan-1 

200,000, 300,000 and 350,000 cells respectively. After seeding, cells were 

treated with curcumin/resveratrol for 24, 48 and 72 h. Cells were harvested by 

trypsinisation then cell pellets were washed once with PBS then ice-cold 

ethanol (2 mL, 70%) added whilst vigorously vortexing the cells. Samples were 

kept for maximum 7 days at 4 °C before analysis. All samples were centrifuged 

at 207 x g for 10 min at RT then the supernatants discarded. Each cell pellet 

was suspended in 800 µL of PBS then RNase added (10 mg/mL) and the cells 

incubated overnight at 4 °C. Finally, 100 µL propidium iodide at final 

concentration of 50 µg/mL was added for 45 min prior for analysis on the Flow 

Cytometer (FACS Aria11, BD Bioscience). The results were analysed using 

ModFit LT software version (3.1). A sample DNA histogram is presented in 

(Figure 2.1). 

 

Figure 2.1 A DNA histogram showing cell cycle analysis. Cells were labelled with PI were 

gated first by FSC-W and FSC-H then gated by YG/610/20-H via YG/610/20-W signals. 
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Chapter Three: Assessment of cell proliferation 

in response to curcumin and resveratrol  
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3.1. Introduction 

 

Within chemoprevention strategies, two of the most extensively investigated 

compounds to date are resveratrol and curcumin. Limited information is 

available as to whether the anti-carcinogenic effects of these compounds 

individually may be enhanced when in combination with one another. For 

pancreatic cancer, as one of the most aggressive solid tumours, there has been 

little advance in terms of five year patient survival rate over the last three 

decades  but better a good progression in 1 year survival rate (267). Therefore, 

the aim of the work described in this thesis is to investigate the potential for 

efficacy of both resveratrol and curcumin alone and in combination in in vitro 

models of pancreatic cancer. Whilst curcumin has been tested individually in 

small pancreatic cancer clinical trials (187, 213) and resveratrol in various 

pancreatic cancer preclinical trials (193). Furthermore, it has been shown that 

chemo-radiotherapies can be enhanced by resveratrol and curcumin 

individually as a result of increasing sensitivity of malignant cells to the 

treatments (182, 188, 193, 215, 235, 255), there is still a lack of evidence at a 

molecular level alluding to how pancreatic cancer may be targeted by these 

diet-derived agents. Furthermore, the nature of pancreatic cancer, which 

exhibits a dense stromal/desmoplastic environment, results in poor drug 

delivery (268). Thus, administration of a low toxicity agent with potential to 

target the stroma could have utility in both a prevention and therapeutic setting.  

 

This chapter aims to investigate sensitivity to both curcumin and resveratrol 

alone and in combination, in a panel of human pancreatic cancer cell lines and 

a pancreatic stellate cell line (RLT). Endpoint mechanisms of anti-proliferative 

effect will be assessed, and cell lines profiled to determine whether they are 

phenotypically representative of cancer stem-like cells. 
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3.2. Growth inhibition by single dose exposures of 

curcumin or resveratrol 

 

Effects of both resveratrol and curcumin alone as single agents were first 

determined for all PDAC cell lines (Panc-1and Capan-1) and for the pancreatic 

stellate cell line (RLT) in comparison to the vehicle exposure alone (DMSO). 

 

3.2.1. Growth inhibition by curcumin and resveratrol in Capan-

1 cells 

 

The concentration dependent change in Capan-1 cell numbers following 

curcumin and resveratrol exposure is demonstrated in Figure 3.1. In general, 

for curcumin, the higher the concentration and longer the exposure, the greater 

the reduction in cell numbers (Figure 3.1B). In Capan-1 cells, curcumin 

significantly inhibited proliferation from day 1 by 36±3%, at concentrations of 1 

µM and above. By day 6, significant growth inhibition of 16±3.4% was observed 

from 0.1 µM curcumin, rising to 86±2.5% at 5 µM. In contrast, the Capan-1 cells 

appeared much less sensitive to resveratrol, which only caused a significant 

decrease in cell numbers from 3 days of treatment with the highest 

concentration (5 µM) (18±4.1%). After 6 days, this inhibition rose to 43±7.1%, 

but again, effects were only apparent at the highest resveratrol concentration.  

IC50 values were calculated from the plot of cell number as a percentage of 

DMSO control versus agent log concentration at 6 days, at which time cells 

were still in linear growth phase for curcumin and resveratrol (269). The number 

generated from the equation was converted back from the log10 concentration 

to give the actual IC50 value. The IC50 for curcumin in Capan-1 cells was 

calculated to be 1.76±0.21 µM. This value is the mean of 3 separate 

experiments (Appendix 7.1-7.6), whereas the IC50 value for resveratrol was 

predicted to be beyond the concentration used in this study (Figure 3.1B). IC50 

is the concentration of an inhibitor where the response is reduced by half, and 

this value could be used to test the concentration of a compound required to 
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achieve half maximal inhibition as a parameter that is indicative of 

antiproliferative potency (270).
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Figure 3.1 Capan-1 cells exposed to curcumin (A) and resveratrol (B) at varying concentrations for 6 days, with daily dosing. Bar charts show the dose 

response for cell numbers over time after repeated daily exposure at the following concentrations: 0.01, 0.1, 1, 2.5 or 5 µM curcumin or resveratrol. Data are 

expressed relative to the DMSO solvent control, which is set at 100% and represent the average +SEM of three independent experiments, each performed in 

triplicate, Significant differences compared to the control were determined using a student’s T-test and are shown, where * = p≤0.05.  
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3.2.2. Growth inhibition by curcumin and resveratrol in Panc-1 

cells 

 

Growth inhibition of Panc-1 cells after exposure to curcumin and resveratrol 

was assessed in a similar way as described in Section 3.2.1. This cell line 

appeared relatively refractory to both curcumin and resveratrol (Figure 3.2), 

with significant inhibition observed for both agents only at 5 µM. At the highest 

exposure to curcumin, significant growth inhibition was observed from as early 

as day one at 5 µM (41±7% reduction compared to control); the effect remained 

relatively consistent over time, increasing to 57±3% on day 6 (Figure 3.2A). 

Similarly, resveratrol (5 µM) significantly inhibited growth from day 1, by 35±7% 

compared to the control. As with curcumin, the effect was constant over the 

dosing period, with a slightly greater reduction (40±5%) on day 6 (Figure 3.2B). 

For both compounds, given that only a single concentration out of the four 

tested had a significant effect on cell numbers, it is not possible to reliably 

calculate an IC50 value based on these data. However, since 5 µM curcumin 

reduced cell numbers by over half on day 6, the IC50 may be predicted to be 

close to this value, whereas for resveratrol it is likely to be >5 µM using this 

dosing protocol.  
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Figure 3.2 Panc-1 exposed to curcumin (A) and resveratrol (B) at varying concentrations for 6 days, with daily dosing. Bar charts show the dose 

response for cell numbers over time after repeated daily exposures at the following concentrations: 0.01, 0.1, 1, 2.5 or 5 µM curcumin or resveratrol. Data are 

expressed relative to the DMSO solvent control, which is set at 100% and represent the average +SEM of three independent experiments, each performed in 

triplicate. Significant differences compared to the control were determined using a student’s T-test and are shown, where * = p≤0.05.  
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3.2.3. Growth inhibition by curcumin and resveratrol in RLT-

PSC stellate cells 

 

The bulk of a tumours' mass consists of stellate cells which can prevent access 

of drugs to the cancer cells. Moreover, PSCs not only survive, but actually thrive 

and proliferate allowing the tumour microenvironment to take over up to 90% of 

the tumour total volume (268). It was therefore considered pertinent to 

determine whether single use or a combination of curcumin and resveratrol 

could bring about growth inhibition in stellate cells. To date, little attention has 

been given to the environment surrounding and influencing PDAC cells as a 

target for therapy, with most research only focusing on pancreatic cancer cells. 

So far, the role of stellate cells in resistance to treatment or prevention has not 

been fully considered in preclinical studies; this could explain the failure in 

translating effective treatments identified from in vitro and animal studies to the 

clinical setting, since the experimental models do not accurately replicate the 

interactions that occur in this microenvironment in humans.  

 

The growth inhibition of RLT-PSC cells after exposure to curcumin and 

resveratrol was assessed in a similar way as described in Section 3.1.1. At the 

highest concentration of curcumin (5 µM), a significant and pronounced growth 

inhibition relative to the control was observed from day one (39±17%) and the 

effect increased over time, rising to 95±24% by day 6 (Figure 3.3A). At days 3, 

4, 5 and 6, 2.5 µM curcumin also significantly inhibited growth, but to a lesser 

extent than the highest exposure (39±6%; 51±15%; 46±4% and 39±2%, 

respectively). 

 

A similar pattern was observed when RLT-PSC cells were exposed to 

resveratrol, although as seen with the pancreatic cancer cell, they were less 

sensitive to resveratrol than to curcumin. Resveratrol at 5 µM significantly 

decreased cell number on day 1 with 30±12% inhibition compared to the 

control. Cell growth inhibition was relatively stable over time increasing slightly 

to 36±9% by day 6 (Figure 3.3B). Significant reductions in cell number were 
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also observed from day 3 onwards at 2.5 µM resveratrol, which decreased the 

percentage of viable cells by 18-33%. 

 

The IC50 value for curcumin in RLT-PSC cells was calculated to be 2.25±0.05 

µM on day 6 as described in section 3.1.1. Again, due to the lack of activity over 

the concentration range employed, it was not possible to determine the IC50 for 

resveratrol in RLT-PSC cells, since it is predicted to be greater than 5 µM.
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Figure 3.3 RLT-PSC exposed to curcumin (A) and resveratrol (B) at varying concentrations for 6 days, with daily dosing.  Bar charts show the dose 

response for cell numbers over time after repeated daily exposure at the following concentrations: 0.01, 0.1, 1, 2.5 or 5 µM curcumin or resveratrol. Data are 

expressed relative to the DMSO solvent control, which is set at 100 % and represent the average +SEM of three independent experiments each performed in 

triplicate. Significant differences compared to the control were determined using a student’s T-test and are shown, where * = p≤0.05.
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3.3. Growth inhibition by combination exposures of 

curcumin and resveratrol 

 

To assess the anti-proliferation characteristics of the combination of curcumin 

and resveratrol, further dose-response growth curves were performed in 

triplicate for the three cell lines used previously plus another cancer cell line, 

AsPC-1.  For combination two concentrations were chosen (0.1 µM and 5 µM); 

as 5 µM was the only concentration that consistently had an effect, but this 

concentration is high and difficult to achieve in human plasma. Regarding 0.1 

µM which is a more clinically achievable concentration even though it was 

difficult to see its activity in any of the cell lines alone, but examined for whether 

the combination might have activity. For simplicity purposes when describing 

the treatments, abbreviations have been used, such that C stands for curcumin 

and R stands for resveratrol.  The following combinations were employed in 

these studies: (0.1 µM C, 0.1 µM R), (5 µM C, 0.1 µM R), (5 µM C, 5 µM R) and 

(5 µM R, 0.1 µM C), and cells were exposed for six days with repeated dosing 

every day. Cell numbers were counted daily.  

 

3.3.1. Growth inhibition by combined exposure of curcumin 

and resveratrol in Capan-1 cells 

 

On day 1 when Capan-1 cells were exposed to 5 µM C, a significant 61±4.9% 

growth inhibition was recorded but the lower concentration had no effect (Figure 

3.4). Resveratrol alone failed to significantly reduce cell number at either 

concentration following 24 h exposure. When 0.1 µM R was added (5 µM C and 

0.1 µM R), there was a significant cell growth inhibition of similar magnitude, 

(64±1.2%), suggesting no further benefit. Furthermore, when both compounds 

were used at the higher concentration (5 µM C, 5 µM R) resveratrol did not 

seem to improve the antiproliferative effect observed with curcumin alone after 

24 h. The effectiveness of all three treatments containing 5 µM C increased with 

time. By day 6, when exposed to 5 µM C alone there was 98±5.2% inhibition of 
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cell growth, which is comparable to the effects achieved with the combinations 

(98±0.1% decrease with 5 µM C, 0.1 µM R; and 99±0.1% reduction with 5 µM 

C and 5 µM R). In addition, with repeated exposure the high concentration of 

resveratrol began to cause significant growth inhibition, with a ~30% reduction 

by day 6 and when combined with 0.1 µM C the mixture (0.1 µM C and 5 µM 

R) decreased cell numbers by 71±5.3%, which represents a considerable 

improvement on either agent alone at the same concentration; 0.1 µM C gave 

a 10±2.1% reduction and 5 µM R resulted in a 30±3.2% decrease, as noted 

above. Another interesting point from this study is that when Capan-1 cells were 

treated with 0.1 µM C and 0.1 µM R, a significant, albeit relatively small 

reduction 14±0.8% was observed from day 3 onwards, which could be valuable 

in clinical applications.    
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Figure 3.4 Capan-1 cells exposed to curcumin and resveratrol alone and in combination at varying concentrations for 6 days, with daily dosing. Bar 

chart shows the dose response for cell numbers over time after repeated daily exposure at the following concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single 

compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM. Data are expressed relative to the DMSO solvent control and represent 

the average +SEM of three independent experiments each performed in triplicate. Significant differences between treatments and the solvent control are 

designated, where,* = p≤0.05, determined using a student’s T-test. 
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3.3.2. Growth inhibition by combination exposure of curcumin 

and resveratrol in Panc-1 cells 

 

As illustrated in figure 3.5, significant inhibition of Panc-1 cell proliferation was 

observed from day 1 following treatment with 5 µM C (31±4.2%), 5 µM R 

(22±4.1%), 5 µM C+0.1 µM R (41±8.8%), 5 µM C+5 µM R (43±8.6%) and 5 µM 

R+0.1 µM C (30±6.4%). These effects were enhanced over 6 days to (46±1.8%, 

27±1.8%, 63±4.6%, 61±2.1% and 30±4.6%, respectively) but Panc-1 cells 

remained relatively refractory to these interventions compared to the Capan-1 

cells (Figure 3.5). An interesting observation was that the combination of 5 µM 

C+0.1 µM R inhibited cell growth more than either compound alone, even 

though this mixture contained the low concentration of resveratrol which itself 

lacked activity in this assay. In addition, the combination of 5 µM C + 5 µM R 

also induced growth inhibition more than either compound alone, although this 

was more expected given that both compounds individually had activity at these 

concentrations.  Overall, the results from this study indicate that combination 

treatments did enhance activity in Panc-1 cells compared to either compound 

alone as single exposure produced 5 µM C (31±4.2%), 5 µM R (22±4.1%) 

inhibition while combination 5 µM C+0.1 µM R (41±8.8%), 5 µM C+5 µM R 

(43±8.6%) and 5 µM R+0.1 µM C (30±6.4%). Similar patterns were observed 

for other days and P value only shown for day 6 (Figure 3.5).  
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Figure 3.5 Panc-1 cells exposed to curcumin and resveratrol alone and in combination at varying concentrations for 6 days, with daily dosing. Bar 

chart shows the dose response for cell numbers over time after repeated daily exposure at the following concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single 

compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM. Data are expressed relative to the DMSO solvent control and represent 

the average +SEM of three independent experiments, each performed in triplicate. Significant differences between treatments and the solvent control are 

designated, where * = p≤0.05, determined using a student’s T-test.
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3.3.3. Growth inhibition by combination exposure of curcumin 

and resveratrol in AsPC-1 cells 

 

Results of the assessment for anti-proliferation in AsPC-1 cells were shown 

(Figure 3.6). Curcumin 5 µM alone gave a significant growth inhibition from day 

1 (22±4%), as did 5 µM resveratrol alone from day 2 (27±2%). The combination 

exposure of 5 µM C and 5 µM R resulted in significant growth inhibition from 

day 1 (27%±4.1), and the magnitude of effect for this mixture remained greater 

than that produced by 5 µM C or 5 µM R alone at days 2, 3, 4 5 and 6. In 

addition, the combination of 5 µM R and 0.1 µM C at day 6 inhibited growth by 

72±2%, which was considerably greater than either treatment alone, since 0.1 

µM C caused only a small, non-significant reduction (8±4%) and 5 µM R 

decreased the number of cells by one third at this time point. At day 6, the 

treatment that caused the greatest cell reduction was the mixture of high 

concentrations (5 µM C and 5 µM R); this resulted in significant inhibition of cell 

growth by 88±1.8%, which was greater than either compound alone but only 

significantly different from the effect observed with 5 µM R. 
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Figure 3.6 AsPC-1 cells exposed to curcumin and resveratrol alone and in combination at varying concentrations for 6 days, with daily dosing.  Bar 

chart shows the dose response for cell numbers over time after repeated daily exposure at the following concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single 

compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM. Data are expressed relative to the DMSO solvent control and represent 

the average +SEM of three independent experiments, each performed in triplicate. Significant differences between treatments and the solvent control are 

designated, where * = p≤0.05, determined using a student’s T-test.
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3.3.4. Growth inhibition by combination exposure of curcumin 

and resveratrol in RLT-PSC stellate cells 

 

Figure 3.7 reveals that significant growth inhibition of RLT-PSC cells was 

observed from day 1 following treatment with 5 µM C (24±6%), 5 µM R (30±7%), 

0.1 µM C + 0.1 µM R (37±2.8%), 5 µM C + 0.1 µM R (61±1.7%), 5 µM C + 5 

µM R (40±9%) and 5 µM R + 0.1 µM C (27±3.9%) (Figure 3.7). These effects 

were enhanced over time, such that by 6 days there were hardly any cells 

remaining (<3%) for three of the treatments, namely, 5 µM C alone, and the 

combinations of 5 µM C plus both concentrations of resveratrol. This finding is 

consistent with RLT-PSC cells being highly sensitive to curcumin at the higher 

concentration, as was previously noted for Capan-1 cells. Resveratrol (5 µM) 

alone also had a marked effect, decreasing cell numbers by 67% after 6 days. 

Although the strong potency of curcumin at the high concentration makes it 

difficult to assess whether adding in resveratrol enhances activity, it is 

interesting to note that the combination of 0.1 µM C and 0.1 µM R showed a 

significant but small antiproliferative effect from day one onwards, even though 

neither of these two compounds alone showed any significant effects at the low 

concentration. However, it is recognised that the difference between the 

combination and individual treatments did not reach significance. 
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Figure 3.7 RLT-PSC cells exposed to curcumin and resveratrol alone and in combination at varying concentrations for 6 days, with daily dosing.  Bar 

chart shows the dose response for cell number over time after repeated daily exposure at the following concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single 

compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM. Data are expressed relative to the DMSO solvent control and represent 

the average +SEM of three independent experiments, each performed in triplicate. Significant differences between treatments and the solvent control are 

designated, where * = p≤0.05, determined using a student’s T-test.

0

20

40

60

80

100

120

140

1 2 3 4 5 6

%
 i

n
h

ib
it

io
n

 o
f 

c
e

ll
 g

ro
w

th
 

re
la

ti
v
e

 t
o

 c
o

n
tr

o
l 

Days

RLT-PSC exposed to Curcumin and Resveratrol 

0 0.1C 5C 0.1R 5R 0.1C 0.1R 5C0.1R 5C5R 5R0.1C

*

*

**

*

*

*

*

**

*

*

*

*

**

*

*

*

*

*
*

*

*

*

*
*

*

*

*
*

*

**

*

*

*

*



95 

 

3.4. Cell Cycle Analysis following combined exposure 

of Capan-1, Panc-1 and AsPC-1 cells to curcumin and 

resveratrol  

 

It was important to determine the processes underlying the anti-proliferative 

activity caused by the combination of curcumin and resveratrol. Therefore, the 

effects of the single agents and combinations on cell cycle progression and the 

induction of apoptosis were subsequently investigated to assess whether the 

anti-proliferation observed was due to cytostatic or cytotoxic effects. 

 

3.4.1. Cell cycle analysis following combined exposure of 

Capan-1 cells to curcumin and resveratrol 

 

When Capan-1 cells were exposed to different concentrations of single 

compounds and combinations by daily dosing for up to 72 hr, no cell cycle arrest 

was observed in any phase, as illustrated by a lack of significant difference 

between the solvent control and various treatments (Figure 3.8). Cells were 

also incubated with etoposide (50 µM) to provide a positive control for the 

analysis. Importantly, etoposide arrested cells primarily in late S/G2 as reported 

in the literature (271, 272).  
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Figure 3.8 Capan-1 cell cycle analysis at 24, 48 and 72 h following treatment with combinations of curcumin plus resveratrol and the individual 

compounds. (A) Bar charts show the proportion of cells in each phase of the cell cycle (G1, S and G2) after repeated daily exposure to the following 

concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM (B) Tables are also 

included for easy comparison of the data.  Data represent the average (+SEM) percentage of cells in each phase of the cell cycle, for three experiments, each 

conducted in triplicate Significant differences between treatments and the solvent control are designated, * = p≤0.05, as determined using a student’s T-test 
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Treatments G124 S24 G224
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ETOPOSIDE 37±8 62±8 0±

0.1C 52±3 29±4 17±2.2

5C 52±4 29±4.7 17±0.6

0.1R 55±2 29±4 15±2.8

5R 53±2.5 29±5 17±2.1

0.1C 0.1R 55±1.6 29±4 15±0.6

5C 0.1R 54±5 28±8 16±2.9

5C 5R 53±5.5 29±4 16±1.2

5R 0.1C 54±1.9 29±3 15±1.9

Treatments G148 S48 G248

DMSO 56±3 27±2.6 15±0.8

ETOPOSIDE 25±8 74±10 0±

0.1C 56±4 29±2.7 14±2

5C 54±3.9 26±12 18±0.9

0.1R 57±4.1 27±2.9 14±1.2

5R 56±3.8 28±2.4 15±1.7

0.1C 0.1R 58±3.2 25±4.2 15±0.9

5C 0.1R 56±3.4 25±4.7 17±1.6

5C 5R 55±2.8 22±4.5 21±4.3

5R 0.1C 57±3 28±2.3 13±1

Treatments G172 S72 G272

DMSO 55±2 29±3 14±0.4

ETOPOSIDE 50±11 49±2 0±

0.1C 55±2.5 30±3 14±0.8

5C 57±1.1 24±3.7 17±4.7

0.1R 56±3.6 29±2.5 13±0.8

5R 56±2.6 29±3.6 13±1.6

0.1C 0.1R 55±3 30±2.7 13±0.59

5C 0.1R 57±1.2 24±5.5 14±4.5

5C 5R 57±6 25±2.9 16±3

5R 0.1C 56±3 30±.1.4 12±1.8
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3.4.2. Cell cycle analysis following combined exposure of 

Panc-1 cells to curcumin and resveratrol 

 

When Panc-1 cells were exposed for 24 h, significant G2 arrest was observed 

following treatments with 5 µM C when compared with DMSO and the 

combinations that also contained the high concentration of curcumin, 5 µM 

C+0.1 µM R  and 5 µM C+5 µM R  (Figure 3.9). Interestingly, at this time point 

the greatest increase in G2 cells compared to the solvent control was evident 

in the combination with the lower resveratrol concentration. However, the effect 

was no longer apparent at 48 h, as significant G2 arrest was only observed 

following treatments with 5 µM C and 5 µM C+5 µM R . The same pattern was 

observed at 72 h, as significant G2 arrest was observed following treatments 

with 5 µM C (23.37%±10), 5 µM C+0.1 µM R again (31.33%±12) and also 5 µM 

C+5 µM R (23.65%±9) when compared with DMSO only (10.91%±4). Of note, 

no significant difference between curcumin alone and curcumin plus either 

concentration of resveratrol, suggested that resveratrol may not be contributing 

greatly to the arrest and this is supported by the lack of G2 arrest in cells treated 

with resveratrol alone. On the other phases of cell cycle such as G1 or S, no 

significant different was observed as compared with the vehicle (DMSO). 
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Figure 3.9 Panc-1 cell cycle analysis at 24, 48 and 72 h following treatment with combinations of curcumin plus resveratrol and the individual 

compounds. (A) Bar charts show the proportion of cells in each phase of the cell cycle (G1, S and G2) after repeated daily exposure to the following 

concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM (B) Tables are also 

included for easy comparison of the data.  Data represent the average (+SEM) percentage of cells in each phase of the cell cycle, for three experiments, each 

conducted in triplicate Significant differences between treatments and the solvent control are designated, where * = p≤0.05, as determined using a student’s T-

test. 

Treatments G124 S24 G224

DMSO 52.81±2 37.97±1 9.22±1

ETOPOSIDE 46±0 54±0 0±0

0.1C 52.87±3 35.82±1 11.38±2

5C 47.62±4 28.23±3 25.57±0

0.1R 53.28±1 33.72±1 12.34±2

5R 55.10±2 36.58±0 8.06±2

0.1C 0.1R 51.96±2 31.23±3 15.22±2

5C 0.1R 42.13±4 26.80±4 29.36±3

5C 5R 49.02±6 34.31±7 21.56±3

5R 0.1R 55.51±1 36.51±5 7.74±4
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DMSO 55.39±4 33.7±5 10.91±4

ETOPOSIDE 47±0 53±0 0±0

0.1C 57.06±4 30.88±5 12.06±2

5C 51.53±11 24.95±1 23.37±10

0.1R 56.73±4 30.56±5 12.59±2

5R 60.32±4 35.95±4 3.73±2

0.1C 0.1R 53.55±2 33.06±6 13.39±4

5C 0.1R 45.11±11 23.56±2 31.33±12

5C 5R 42.97±8 33.38±4 23.65±9

5R 0.1R 58.68±1 36.12±1 5.20±2

Treatments G148 S48 G248

DMSO 56.09±2 30.86±5 13.06±3

ETOPOSIDE 37±0 63±0 0±0

0.1C 53.88±2 34.07±4 12.05±2

5C 46.17±6 29.32±2 24.51±5

0.1R 52.77±4 35.2±7 12.09±4

5R 57.35±1 36.61±1 6.05±1

0.1C 0.1R 52.04±3 34.29±4 13.67±2
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3.4.3. Cell cycle analysis following combined exposure of 

AsPC-1 cells to curcumin and resveratrol 

 

For this cell line the responses in terms of cell cycle arrest were different for 

curcumin and resveratrol exposures (Figure 3.10). Curcumin caused cell cycle 

arrest at G1 but on the other hand resveratrol caused S-phase arrest.  At 24 h 

there was a significant G1 arrest following treatment with 5 µM C (79% versus 

63% in control cells) and 5 µM C+0.1 µM R (77%) but the addition of resveratrol 

did not seem to enhance the level of arrest caused by curcumin. This G1 arrest 

was not sustained at the longer time points particularly at 72 h where the 

proportion of cells in this phase were similar to the control. Resveratrol 

treatments caused significant S-phase accumulation at the 5 µM concentration 

alone and both combinations with curcumin, 5 µM R+0.1 µM C and 5 µM C+5 

µM R, (47% versus 33% in the control), (54%) and (51%) at 24 h, and this effect 

was sustained at 72 h. Combination of curcumin with resveratrol marginally 

enhanced G1 and S-phase arrest but not significantly (Figure 3.10). 
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Figure 3.10 AsPC-1 cell cycle analysis at 24, 48 and 72 h following treatment with combinations of curcumin plus resveratrol and the individual 

compounds. (A) Bar charts show the proportion of cells in each phase of the cell cycle (G1, S and G2) after repeated daily exposure to the following 

concentrations: 0, 0.1C, 5C, 0.1R, 5R µM of single compounds and combinations of (0.1C, 0.1R), (5C, 0.1R), (5C, 5R) and (5R, 0.1C) µM (B) Tables are also 

included for easy comparison of the data.  Data represent the average (+SEM) percentage of cells in each phase of the cell cycle, for three experiments, each 

conducted in triplicate Significant differences between treatments and the solvent control are designated, where * = p≤0.05, as determined using a student’s T-

test. 

Treatments G124 S24 G224

DMSO 62.75±0 33.17±0 4.07±0

ETOPOSIDE 40±2 60±1 0±1

0.1C 66.23± 2 30±1 3.78±1

5C 78.99±3 16.15±2 4.86±2

0.1R 65.67±3 30.34±1 4±2

5R 45.63±6 47.33±2 7.28±5

0.1C 0.1R 64.76±1 30.88±1 4.36±2

5C 0.1R 76.75±3 14.76±1 8.48±2

5C 5R 49.16±4 50.86±0 0±6

5R 0.1R 37.90±2 54.19±1 7.85±2

Treatments G148 S48 G248

DMSO 62.93±2 31.60±1 5.43±1

ETOPOSIDE 43±0 57±0 0±0

0.1C 63.62±2 31.67±2 4.71±2

5C 69.5±5 23.73±3 6.76±5

0.1R 63.09±3 32.98±1 3.93±3
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5C 0.1R 67.63±3 21.5±1 10.87±4

5C 5R 58.26±3 36.59±1 5.16±2

5R 0.1R 51.66±2 45.69±1 2.65±3

Treatments G172 S72 G272

DMSO 62.30±3 33.26±1 4.45±3

ETOPOSIDE 37±0 63±0 0±0

0.1C 62.34±2 33.07±1 4.59±1

5C 65.73±5 26.05±2 8.22±6

0.1R 63.28±4 34.09±1 2.63±4

5R 44.66±8 52.68±2 2.46±9

0.1C 0.1R 53.61±12 39.77±3 6.78±10

5C 0.1R 66.12±6 26.34±2 7.54±7

5C 5R 53.21±4 44.82±2 1.96±5

5R 0.1R 55.22±2 40.55±2 4.22±1
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3.5. Induction of apoptosis in Capan-1, Panc-1 and AsPC-1 

cells by curcumin and resveratrol exposure: 

 

Apoptosis was assessed by Western blotting, utilizing an antibody directed 

against cleaved capase-3 (19kDa and 17kDa are large fragments of full length 

caspase 3) as a marker of apoptosis. Etoposide was used as a positive control 

in cell lines to show that the cells were responding to treatments and for 

comparison in the Western blot analysis. 

  

3.5.1. Capan-1 cells 

 

Out of the three cell lines used Capan-1 cells were the most sensitive to 

induction of apoptosis by curcumin and resveratrol. A significant induction of 

apoptosis was observed with 24 h exposure to 5 µM C, which resulted in a 3.8 

-fold increase compared to the vehicle control (DMSO); this was further 

increased to a ~5-fold induction following treatment with 5 µM C+ 0.1 µM R. A 

combination of the high concentrations (5 µM C+5 µM R) also caused 

apoptosis, but the effect was slightly reduced (3.4-fold induction) compared to 

the mixture containing just 0.1 µM R (Figure 3.11A & B). 

 

At 48 h, a significant induction of apoptosis in Capan-1 cells was observed at 

0.1 µM curcumin (2.7±1.1-fold increase), 5 µM curcumin (6.7±2.1-fold 

increase), 0.1 µM resveratrol (3.1±1.2-fold increase) and 5 µM resveratrol 

When Capan-1 cells were exposed to the combination of 5 µM C+0.1 µM R, 

this induced a 4.7±1.8-fold increase relative to the control, but 5 µM C+5 µM R 

caused only 2.9±1.1-fold increase in apoptosis (Figure 3.11A & B). 

 

At 72 h, significant increases in apoptosis were also observed in response to 

curcumin at 0.1 µM (1.3±0.03-fold increase) and 5 µM (1.9±0.09-fold increase), 

but the magnitude of effect was smaller than at the earlier 48 h time point. The 

combinations of 5 µM C+0.1 µM R and 5 µM C+5 µM R also elevated apoptosis 
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by 1.4±0.15 and 2±0.57-fold, respectively. However, overall, the addition of 

resveratrol did not significantly enhance apoptosis over that caused by 

curcumin alone (Figure 3.11A & B).
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3.5.2 Apoptosis induction by curcumin and resveratrol exposure in Panc-

1 cells 

 

After three days exposure to curcumin and resveratrol as a single compound or 

in combination, no consistent indication of apoptosis was observed at any time 

point in Panc-1 cells, over the background level in control incubations, where 

this was detectable (Figure 3.11C). 

 

3.5.3 Apoptosis induction by curcumin and resveratrol exposure in AsPC-

1 cells 

 

After three days exposure to curcumin and resveratrol as a single compound or 

in combination, there was no indication of apoptosis observed at any time point 

in AsPC-1 cells (Figure 3.11D).There seemed to be a very low basal level of 

apoptosis in the control cells but treatment with etoposide caused a strong 

apoptotic response, as measured by cleaved caspase-3.  
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Figure 3.11 Expression of cleaved-caspase 3 (19kDa and 17kDa) in Capan-1, Panc-1 and AsPC-1 cells repeatedily exposed to curcumin and 

resveratrol, analysed by Western blot. (A) Quantification of cleaved caspase-3 protein levels in Capan-1 cells after exposure to combinations of resveratol 

(R) or curcumin (C) at 0.1 µM or 5 µM for 24, 48 and 72 h. Data are the average (+SEM) of three independent experiments. Significant differences between 

treatments and the solvent control are indicated , where * = p≤0.05, determined using a student’s T-test. Statistical analysis between the treatments carried out 

using T-test, no significant result was observed (B-D) Representative Western blot analysis for the expression of cleaved caspase-3 in (B) Capan-1, (C) Panc-

1 and (D) AsPC-1 cells exposed to combinations of curcumin and resveratrol for 24, 48 and 72 h.  β-actin (42kDa)  was used as a control for protein loading. 

Etoposide represents a positive control, which is known to induce apoptosis and was incubated with each cell line. 
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3.6. Stem cell profile in Capan-1, Panc-1 and AsPC-1 

cells 

 

Having established that curcumin and resveratrol as single compound 

exposures or in combination, affect proliferative capacity of the chosen cell 

lines, the next goal was to assess their effects on the cancer stem cell 

populations using flow cytometric analysis. Baseline properties of the cell lines 

were first assessed. In Panc-1 cells, CD44+ cells constituted 99.6%, CD24+ 

cells 13.4% and ALDHhigh constituted 5.8% of the total population. AsPC-1 also 

had a high percentage of cells expressing CD44+ (98.97%), with very low 

expression of all the other markers. Capan-1 had low levels of CD44+ cells 

(28.7%) and (9.2%) CD24+ cells but they had the highest expression of CD133+ 

(68%) and the largest fraction of cells with ALDH-1high activity (23.2%). Panc-1 

cells exhibited the highest co-expression of CD44+/CD24+, with the other cell 

lines exhibiting <1% of this expression pattern (Figures 3.12, 3.13 and 3.14). 

 

 

 

 

 

 

 

 

 

Figure 3.12 Stem cell profile for Capan-1, AsPC-1 and Panc-1 cells using cell surface 

markers and intracellular activity of ALDH-1. Bar Chart shows cellular expression and 

activity. Cells were stained for CD24+, CD44+ and CD133+ expression and ALDH-1 activity with 

appropriate antibodies then analysed by FACS. The Table reports the overall percentage of 

cells expressing each phenotype. A minimum of 10,000 cells were analysed. Data are the 

average (+SEM) of three independent experiments.
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3.12Example of gating strategies to measure co-expression of CD44 CD24in AsPC-1, Panc-1 and 

Capan-1. X-axis: CD44 APCR670M/14-A, Y-axis CD24 FITC B/530/30A. The left panel represents 

the unstained cell lines and the right panel represents cell lines stained for co-staining ofCD44 CD24 at 

quadrant 2 

 

 

 

 

 

 

 

 

 

 

 

3.13 Example of gating strategies used to determine CD24+ and CD44+ expression on the surface of AsPc-1, 

Panc-1 and Capan-1 cells. X-axis shows Forward side scatter (FSC-A) CD44+ APC R/670/14-A, Y-axis shows CD24+ 

FITC B/530/30A. The left panel represents no staining which are gated at 0.5% and the right panels represent cells 

stained for CD24+ and CD44+.  Q1= Stained for CD44+, Q2= Stained for both CD24+ and CD44+, Q3= Unstained cells 

and Q4= Stained for CD24.  (A and B for AsPC-1), (C and D for Capan-1) and (E and F for Panc-1).  
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3.14 Example of gating strategies used to determine ALDH activity in AsPc-1, Panc-1 and Capan-1 cells. X-axis 

shows Forward side scatter (FSC-A), Y-axis ALDH FITC B/530/30A. The left panel represents the controls (DEAB 

added) which are gated at 0.5% and the right panels represent ALDH activity above the control level. (A and B for 

AsPC-1), (C and D for Capan-1) and (E and F for Panc-1). 
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3.7. Stem cell profile for Capan-1, Panc-1 and AsPC-1 

using embryonic stem cell markers: 

 

The major regulatory roles of Nanog, Oct4 and Sox2 in pancreatic CSCs have 

not been fully interpreted, but when they are overexpressed together or 

individually they correlate with tumour metastasis, transformation, 

tumourigenicity, distant recurrence, poor prognosis and poorly differentiated 

tumours. This causes crucial genes for pluripotency to be triggered while genes 

accountable for differentiation are deactivated and switched off. This is a 

common feature between ESCs and CSCs, suggesting that Oct4, Nanog, and 

Sox2 could be interrelated and cooperate to regulate pluripotency and self-

renewal in tumours. The expression of Oct4, Sox2 and Nanog is highly 

heterogeneous in different tumours and there may also be differences within 

the same tumour (120).  

 

Recently, there have been a number of specific publications analysing the role 

of Sox2, Oct4 and Nanog in pancreatic cancer. Embryonic transcription factors 

might have an association with stem cell markers that confer the development, 

therapeutic resistance and reoccurrence of pancreatic cancer. Therefore, the 

baseline cellular expression of Sox2, Oct4 and Nanog was determined in the 

panel of three pancreatic cancer cells employed in this project. Their expression 

was compared under adherent culture conditions as well as when they were 

incubated under sphere forming conditions. Nanog, Oct4 and Sox2 baseline 

expression were measured in the Panc-1, Capan-1 and AsPC-1. 

 

Nanog, Oct4 and Sox2 baseline expression was measured in the Panc-1, 

Capan-1 and AsPC-1 cells, under both adherent (Figure 3.15) and sphere 

culture conditions (Figure 3.16). Nanog expression in Capan-1 cells was similar 

in both systems at and for adherent and sphere cultures. Nanog expression in 

Capan-1 cells slightly increased from 1.6±0.3 in adherent cultures to 1.9±0.1 in 

spheroids (Figure 3.17A) but the difference was not significant, unlike Sox2 

expression, which was significantly enhanced in spheres (Figure 3.17C). In 

spheroid cultures Nanog, Oct4 and Sox2 were significantly increased in Panc-
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1 cells and nearly doubled compared to adherent conditions. The lowest 

expression of Nanog was observed in AsPC-1 cells (data not shown). 

 

The Oct4 baseline expression in adherent Panc-1 cells was 1.4±0.15 and 

increased significantly to 2.2±0.18 spheroid cultures. In adherent conditions, 

the Oct4 baseline expression in Capan-1 cells was 1.4±0.07 while significantly 

increased in sphere condition into 1.9±0.1 (Figure 3.17B).  The lowest 

expression of Oct4 was observed in AsPC-1 (Data is not shown). 

In adherent conditions, the Sox2 baseline expression in Capan-1 cells was 

0.4±0.05 while significantly increased in sphere condition into 0.7±0.03 (Figure 

3.17C).  The lowest expression of Oct4 was observed in AsPC-1 (Data is not 

shown). 

 

The Sox2 baseline expression in adherent Panc-1 cells was 0.4±0.09 and 

increased significantly to 0.8±0.04 in Panc-1 spheres. In adherent conditions, 

the Sox2 baseline expression in Capan-1 cells was 0.4±0.05 while significantly 

increased in sphere condition into 0.7±0.03 (Figure 3.17C).   

 

Figure 3.15 Baseline protein expression levels in Adherent condition. Baseline protein 

expression for Nanog, Oct4 and Sox2 in adherent condition for Panc-1 and Capan-1. X-axis= 

cell lines and Y-axis= level of protein expression. (+SEM) of three independent experiments. 
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Figure 3.16 Baseline protein expression levels in Sphere condition. Baseline protein 

expression for Nanog, Oct4 and Sox2 in sphere condition for Panc-1 and Capan-1. X-axis= cell 

lines and Y-axis= level of protein expression. (+SEM) of three independent experiments.
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3.17 (Nanog 37kDa, Oct4 40kDa and Sox2 37kDa) analysed by Western blot. (A-C) The charts shows quantification of the expression level for (A) Nanog, 

(B) Oct4 and (C) Sox2, comparing cells grown under adherent conditions (designated by A), with those under sphere forming conditions (designated by S). (1-

D) Representative Western blot for all three proteins. Data are the average (+SEM) of three independent experiments.  
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3.8. Discussion 

 

Three pancreatic cancer cell lines (Capan-1, Panc-1 and AsPC-1) were 

assessed for their sensitivity to curcumin and resveratrol. These cell lines were 

representative of both primary adenocarcinoma (The most common one; 

represents 85-90% of all pancreatic cancer types) (46, 273) and metastatic 

deposits found in the liver and lymph node (as pancreatic cancer frequently 

presents at late stage, when the tumour has disseminated into other organs). 

Whilst it is acknowledged that cell lines often give poor representation of clinical 

disease, a number of publications have suggested that the genomic status of 

cell lines remains representative of the primary tumour, exhibiting many similar 

features (274, 275). Furthermore, primary pancreatic cell lines are difficult to 

derive, due to limited tissue availability following surgical resection, and the 

need for much of the resected tissue to be used clinically in histological 

diagnosis. Recently, 80 pharmacological drugs were analysed in 16 pancreatic 

cancer cell lines with Capan-1 cells shown to be highly resistant to many 

chemotherapeutics, including docetaxel (276). Capan-1 represent a well 

differentiated cell type despite being metastatic in origin. It is now well 

documented that Capan-1 cells are a highly resistant cell line, with increasing 

resistance observed in response to repeat administration of both 5-FU and 

gemcitabine  (277, 278). This enhanced resistance was thought to be due, in 

part, to a highly elevated expression of the export pump multidrug resistant 

(MDR) protein 5 (MRP5), which facilitates faster drug detoxification through 

enhanced excretion (277). Additionally, the highly resistant phenotype of 

Capan-1 may be due to overexpression of MUC1 and MUC4, which regulate 

the MDR genes (275, 279). For these reasons, Capan-1 cells were of particular 

interest, as there is evidence that putative chemopreventive agents may have 

the ability to target genes associated with chemoresistance (277, 278) 

 

Anti-proliferative effects of curcumin have previously been shown in a wide 

variety of tumour cells, including colon carcinoma, breast carcinoma, 

hepatocellular carcinoma, renal cell carcinoma, T cell leukaemia, basal cell 

carcinoma, B cell lymphoma, acute myelogenous leukaemia, melanoma and 
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prostate carcinoma (178, 181, 183, 280). The range of pharmacologically 

relevant curcumin concentrations that elicit effects on biomarkers in tumours 

and induce outcome such as apoptosis and growth inhibition in vitro for various 

cancer cell lines has been previously reported to be in the range of 1 to 12 µM 

(174).  

 

Similarly, resveratrol has been shown to regulate multiple cellular pathways 

related to carcinogenesis via anti-proliferative (235-238, 241, 242). In 

pancreatic cancer cell lines, its potential anti-tumour activities include induction 

of apoptosis, inhibition of cell proliferation and inhibition of angiogenesis (172, 

173, 193, 254, 281). In addition to this, resveratrol in combination with 

gemcitabine potentiates anti-tumour activity in vitro and in an orthotopic mouse 

model of human pancreatic cancer (193). Furthermore, it has been shown that 

chemo-radiotherapies can be enhanced by resveratrol as a result of increasing 

sensitivity of malignant cells to the treatments (235, 254). 

 

Exposure of the panel of pancreatic cell lines to curcumin and resveratrol 

revealed Capan-1 cells to be the most sensitive to curcumin, with a significant 

decrease in proliferation observed at 0.1 µM, a concentration at which little 

efficacy has been observed in other cancer cell lines. Following repeat daily 

dosing, this sensitivity to curcumin was maintained, which is in contrast to 

observations for chemotherapeutic interventions in this cell line (278). This 

leads to the intriguing possibility that there is perhaps potential for curcumin to 

be used as a co-therapeutic to enhance sensitivity and decrease the rate at 

which chemotherapeutic resistance occurs, however longer term exposures 

would be required to test this. In all cell lines, curcumin appeared to elicit anti-

proliferative effects at lower concentrations than that observed for resveratrol. 

 

When IC50s were calculated only for cell lines were 50% of cell reduction 

observed. The IC50 of curcumin in Capan-1 and RLT-PSC were 1.7 and 2.25 

µM respectively. Of note however, most other studies report effects from a 

single dose rather than the daily dosing strategy employed here, which would 

better mimic any future clinical regimen. It is therefore likely that the daily dosing 

regimen may give greater efficacy at lower doses. 
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In addition to the pancreatic cancer cell lines, pancreatic stellate cells (RLT-

PSC) were also exposed to curcumin and resveratrol. These type of cells play 

a very important role in pancreatic cancer, such as promoting an inflammatory 

environment that will promote progression of tumourigenesis, or be responsible 

for production of dense desmoplasia to form barriers preventing 

chemotherapeutic drugs getting to the cancer cells. Known inhibitors of PSC 

activity in pancreatic cancer include drugs such as halofuginine, a smad3-

phosphorylation-inhibitor, which decreases PSC activation and inhibits 

pancreatic xenograft tumour development (145). Retinoic acid can also prevent 

pro-carcinogenic PSC activity and decreases wnt-β-catenin signalling in cancer 

cells, reducing their invasive capability. Key signalling interactions between 

PSCs and cancer cells have been proposed, including sonic hedgehog, 

galectins, endothelins and platelet-derived growth factor, which could be 

targeted by potential therapeutic drugs (146, 147). 

 

In a study by Masamune et al, (2006) curcumin blocked pancreatic stellate cell 

activation (140, 282) from a concentration of 5 µM. The anti-proliferative effects 

of curcumin on PSCs was also reported in a mouse model and was mediated 

by induction of HO-1 gene expression (283). This is consistent with the results 

found here, which showed that RLT-PSC cells are very sensitive to curcumin 

exposure, with significant growth inhibition observed from 2.5 µM. The PSCs 

were also sensitive to low concentrations of resveratrol, and this is the first time 

such an effect has been described for this compound.  The identification and 

use of agents to inhibit proliferation of PSCs might decrease the barrier effect 

of the desmoplasia, thus allowing chemotherapy drugs to reach their target 

cells. Evidence for success of this approach has been observed via targeting of 

the hedgehog pathway in stromal cells, which resulted in a 10-fold improvement 

of drug delivery (125). Furthermore, inhibition of PSC proliferation may result in 

decreased pro-oncogenic signalling, invasion and metastatic spread. 

 

An important aim of the work presented here was to use concentrations of both 

curcumin and resveratrol that are within a clinically achievable range, but when 

used as a single treatment, significant changes to proliferation were not 

observed across all cell types. It was hypothesized that combination of the two 
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agents may reduce the concentration required to elicit pharmacologic effects. 

Recently, additive and synergistic effects of various combinations of natural 

products have been studied for their properties and usefulness in the prevention 

and treatment of pancreatic cancer.  

 

Evidence of enhanced efficacy when combining curcumin with resveratrol has 

been observed in various cancers, with enhanced anti-proliferative and pro-

apoptotic effects observed in colon cancer (260) (10 µM curcumin combined 

with 10 µM of resveratrol), and in prostate cancer (5 µM each of curcumin and 

resveratrol) (264). However, it has also been observed that concentrations used 

to achieve this enhanced effect were very high in some combination studies. 

For example, when the combination (curcumin and resveratrol) treatment was 

used on Hepa1-6 hepatocellular carcinoma cells, inhibition of cellular 

proliferation and an increase in apoptosis were reported with 10 µM curcumin 

combined with 40 µM of resveratrol (265). 

 

In this thesis the results from combination exposure after 6 days daily dosing 

showed enhanced anti-proliferative effects for the first time in pancreatic cancer 

cell lines. The main outcome observed was that across all cell lines, the addition 

of very low dose curcumin (0.1 µM) to 5 µM resveratrol, resulted in an 

enhancement of the anti-proliferative activity of resveratrol at this concentration.  

The growth inhibition data also indicated that combination of resveratrol and 

curcumin both at clinically achievable concentrations of 0.1 µM induced 

significant growth inhibition in 2 out of 4 cell lines. Here it has been 

demonstrated that the combination of curcumin and resveratrol in pancreatic 

cancer cell lines is more effective at lower concentrations of each compound 

than has been previously shown for other cancer cell lines derived from colon, 

prostate and hepatocellular carcinoma, as reported in the literature.  

 

In order to try and identify the main mechanisms by which growth inhibition 

occurred, the cancer cell lines were assessed for apoptotic cell death. It was 

only possible to detect induction of apoptosis in Capan-1 cells, where it  was 

observed after 24 h exposure to a combination of 5 µM curcumin and 0.1 µM 

resveratrol at almost 5-fold above the basal level in the DMSO control. In 
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addition, the greatest induction of apoptosis with any treatment was apparent 

at 48 h in cells exposed to 5 µM curcumin (6.7-fold increase). It was impossible 

to see any trace of apoptosis in the other two cell lines (Panc-1 and AsPC-1), 

even though the positive control compound, etoposide has the desired effect. 

 

For the cell lines where induction of apoptosis could not be observed, it was 

important to ascertain whether the cells underwent cell cycle arrest, as it has 

previously been reported that curcumin and resveratrol both cause arrest in 

other cancer cell lines.  

 

It has previously been shown that activation of ATM/Chk1 by curcumin caused 

cell cycle arrest at G2/M in pancreatic cancer cells (BxPC-3) and led to 

apoptosis at 2.5 µM (284). It was also suggested that curcumin treatment 

inhibits Wnt signaling and cell-cell adhesion pathways leading to a G2/M phase 

cell cycle arrest in HCT-116 cells (285). In pituitary tumour cell lines and 

adenomas, curcumin caused cell cycle arrest at G2/M and apoptosis at 20 µM 

(286). In terms of cell cycle arrest by curcumin and resveratrol in pancreatic 

cancer cell lines various concentrations have been shown to induce arrest at 

different stages of cell cycle arrest (Table 7.7 and 7.8 in Appendices). 

 

When Capan-1, Panc-1 and AsPC-1 cells were exposed to a single compound 

and combinations for 24, 48 and 72 h, the following observations were similar 

to those previously reported by other investigators, with the exception that there 

is no cell cycle data relating to Capan-1 cells in the literature to the best of my 

knowledge. No cell cycle arrest was observed in Capan-1 cells, but in this cell 

line there was marked apoptosis induced at the earliest time point. Cell cycle 

arrest occurred in both the Panc-1 and AsPC-1 cell lines. Panc-1 cells 

underwent G2 arrest in response to 5 µM curcumin and any combination 

containing 5 µM of curcumin. No significant increase in arrest when 

combinations were used compared to either compound alone. Aspc-1 cells 

underwent significant S phase arrest in response to 5 µM resveratrol and 

curcumin caused cell cycle arrest at G1. 
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In order to explain the lack of induction of apoptosis in Panc-1 and AsPC-1 cells, 

despite observation of significant anti-proliferative effects, other mechanisms of 

cytotoxicity or cytostasis may have been induced by resveratrol and curcumin. 

Other potential mechanism that may have been invoked by both resveratrol and 

curcumin include necrotic cell death, autophagyic cell death and pyroptosis 

(287). In addition, Mosieniak et al. (2015) (288) recently investigated curcumin 

for its ability to cause senescence in cancer cells and the existence of a 

functional link between senescence and autophagy in HCT-116 cells, whilst 

Patel et al. (2013) showed that resveratrol exposure caused senescence and 

autophagy in colorectal cancer cells (289). The genetic makeup of the cell lines 

has a dominant role in cell death pathways, and the way in which they respond 

to drug insults. Interestingly, the cells with wild-type p21 or SMAD4 (Panc-1 and 

AsPC-1) underwent a cell cycle growth arrest when exposed to a combination 

of curcumin and resveratrol, whereas cells lacking p21 or SMAD4 (Capan-1), 

did not and furthermore proceeded to apoptosis. Similar types of response have 

been demonstrated in two colon cancer cell lines that were genotypically 

similar; apart from their p21 status. Wild-type p21 cells, when irradiated with γ-

radiation, experienced cell cycle growth arrest, but cells with no activity of p21,  

did not experience a cell cycle growth arrest when irradiated and instead 

progressed to apoptosis (290). 

 

In general, data reported in the literature have used higher drug concentrations 

in pancreatic cancer cell lines than in the present study, with the exception of 

Sahu et al. (2009) (284). This group applied 2.5 µM curcumin to BxPC-3 cells, 

and observed curcumin-induced G2 cell cycle arrest. It seems BxPC-3 and 

Capan-1, are both very sensitive to curcumin as they have many similar genetic 

and molecular pathways (291). 

 

It is clear that the ability of curcumin and resveratrol to either invoke a cell cycle 

arrest or induce cell death is likely to be cell line dependant. It is also likely that 

both curcumin and resveratrol have effects on multiple signalling pathways 

linked to proliferation and cell death. It was reported that more than 90 

alternations of cancer-linked cell-signalling pathways occurred following 
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treatment with curcumin (280, 292) in different cell lines, and a similar 

pleiotropic effect is likely in response to resveratrol. 

 

To sum up this chapter, it is clear that both curcumin and resveratrol, following 

individual exposure, induce anti-proliferative effects, and that the cell lines are 

more sensitive to curcumin than resveratrol. Combinations of these two 

compounds could have beneficial effects on growth inhibition at lower 

concentrations which is clinically achievable in 2 out of 4 cell lines. In addition, 

it was observed that these two phytochemical substances can induce their 

effects through multiple signalling pathways which rely on the cell lines to bring 

about growth inhibition either by cell cycle arrest or apoptosis. Last but not least, 

these two compounds have a great potential for de-bulking the pancreatic 

cancer cell lines by inhibition of cell growth particularly for stellate like cells 

which allows the barrier for drug delivery into the site of cancer cells to be 

overcome, as well as de-bulking the whole tumour mass.  
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Chapter Four:  Targeting of cancer stem-like 

cells by curcumin and resveratrol 
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4.1. Introduction 

 

Pancreatic cancer is a very heterogeneous cancer, known to harbour rare 

populations of cancer stem cells (CSCs) (118, 293-295). Preclinical studies 

have previously described a wide array of potential approaches that target 

CSCs via specific surface antigens and cellular pathways involved in cell 

survival, adhesion, self-renewal and differentiation (108, 117). Both curcumin 

and resveratrol may have potential to target the CSC population, which may 

provide a basis for both chemopreventive and therapeutic effects (231, 254, 

295). Current research on pancreatic cancer stem cells has focused on 

targeting specific and phenotypically defined CSCs, often relying upon single 

CSC populations which can be targeted. However, the existence of multiple 

CSC populations representing different levels of potency and exhibiting 

differential chemo-radio resistance and self-renewal properties, recently been 

identified in pancreatic carcinoma (106, 294). It is likely that the dismal 

prognosis for pancreatic cancer may be contributed to by the inability of 

common chemotherapeutic agents to target these self-renewing populations, 

and therefore, treatments which are able to target CSCs may offer a promising 

therapeutic or preventive approach (105, 109). 

 

The aim of the work described within this chapter was to determine the 

sensitivity of cellular populations expressing characteristics of differing CSC 

populations, to the investigational agents. This was undertaken using both 

measures of surface marker expression (CD24+/CD44+
 and CD133+), 

endogenous activity of ALDH-1, and by assessment of levels of proteins known 

to be associated with pluripotency (Nanog, Oct4 and Sox2). In addition, 

functional measures of CSC phenotypes (sphere formation assay) were 

assessed in response to curcumin and resveratrol.  
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4.2. Effect of curcumin and resveratrol on sphere 

formation by Capan-1 and Panc-1 cells 

 

In order to test whether pancreatic adherent cells lines (Capan-1, AsPC-1, and 

Panc-1) can form spheres in serum free media, the cells were grown in stem 

cell media. Initially, bulk cell populations for both cell lines were cultured, in 

order to establish that sphere formation occurred under low adherence 

conditions. In general, the size of spheres formed by AsPC-1 cells were the 

smallest, between 40-60 µm, and the biggest spheres were formed by Panc-1 

cells, which ranged in size between 40-400 µm.  Of note, AsPC-1 cells did not 

form ‘true’ spheres, as they had the appearance of small aggregates. The Panc-

1 “megaspheres” consisted of many aggregates of small spheres. Only the 

Capan-1 cells formed true, well-defined spheres. The size of the spheres 

formed by Capan-1 cells was between 40-230 µm. It is worth highlighting that 

Panc-1 and AsPC-1 cells did not form what might be considered to be ideal 

spheres as the AsPC-1 spheres were very small in size and low in number, 

whilst the Panc-1 spheres were giant and tended to look like aggregates of 

small spheres rather than one sphere. However, the Capan-1 cells formed 

similar shaped spheres to those reported for primary pancreatic cancer cell 

lines (99, 296, 297) (Figure 4.1).  

Figure 4.1 Representative light microscopy images showing the three cell lines. (AsPC-

1, Panc-1 and Capan-1) forming spheres. Cells were grown in stem cell medium for 2 weeks 

then pictures were taken (under a 20X objective) using an inverted light microscope and Nikon 

EclipseTE2000U merging system with built in Eclipse software. The scale bar is 100 µm. 

 

Following this, each cell type was subsequently sorted for two populations, cells 

with ALDH-1high activity and cells expressing high levels of the two cell surface 

proteins CD24+ and CD44+ (CD24+/CD44+, double positive population), and the 

AsPC-1 Panc-1 Capan-1

100 µm 100 µm100 µm
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sphere forming ability of each isolated population was assessed (Table 4.1).  

For comparison, the negative populations for each potential CSC marker were 

also evaluated for sphere formation. 

 

Table 4.1 Pancreatic cancer cells sorted according to various potential stem cell 

markers to check sphere forming ability in stem cell media across multiple wells per 

sort. Statistical analysis was performed using a Student’s T-test. 

Cell lines  Seeding density  

(cells/well) 

Sorted for stem cell 

markers 

Average Number of 

spheres formed after 14 

days across multiple 

wells 

Capan-1 5000 ALDH-1High 500 

Capan-1 5000 ALDH-1Low 150 

Panc-1 5000 ALDH-1High 180 

Panc-1 5000 ALDH-1Low 140 

AsPC-1 5000 ALDH-1High
 220 

AsPC-1 5000 ALDH-1Low 170 

Capan-1 5000 CD24+/CD4+ 450 

Capan-1 5000 CD24-/CD4- 300 

Panc-1 5000 CD24+/CD4+ 300 

Panc-1 5000 CD24-/CD4- 250 

 

For Panc-1, there was no significant difference in sphere formation between the 

ALDH-1High and ALDH-1Low or CD24+/CD44+
 and CD24-/CD44- populations.  

With Capan-1 cells, there was a significant difference in sphere formation 

between ALDH-1High and ALDH-1Low (P=0.001) but CD24+/CD44+
 and CD24-

/CD44- populations were similar (Table 4.1).  

 

Sphere culture under low serum conditions enriches cell populations for CSCs, 

and so provides a useful model for testing anti-CSC efficacy of 

chemopreventive and chemotherapeutic agents. To determine whether 

curcumin or resveratrol can affect sphere growth, number or size, Capan-1 and 

Panc-1 cells were cultured under non-adherent conditions using the standard 

stem cell conditions and exposed to curcumin and resveratrol individually 
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(Figure 4.2). AsPC-1 was not used for further experiments as they did not form 

spheres and lacked expression of CSC markers. A significant reduction in 

sphere number was observed following exposure of Panc-1 cells to curcumin 

at 5 µM only, with a 45±26.5% reduction in sphere number compared to the 

control. A significant but small decrease (11±5.03% relative to control) in sphere 

size was also seen when Panc-1 cells were exposed to curcumin at 5 µM. No 

significant effects on sphere number or size were observed in response to 

resveratrol treatment at any concentration (Figure 4.2 C & D). 

 

 

Figure 4.2 Sphere number and size after two weeks exposure of Panc-1 cells to curcumin or 

resveratrol, relative to solvent control. (A) Sphere number following curcumin treatment. (B) Sphere 

size following curcumin treatment. (C)  Sphere number following resveratrol treatment. (D) Sphere size 

following resveratrol treatment. Data are expressed as a percentage of the solvent control (red & blue 

bars) and represent the average (+SEM) of three experiments, each performed in triplicate wells. 

Significant differences in number and size relative to the control are indicated, where * = p≤0.05. 

Statistical analysis was performed using a Student’s T-test. 

 

In Capan-1 cells, a significant dose-dependent reduction in sphere number was 

observed following curcumin treatments at 0.1 µM (15±4.5% decrease), 1 µM 
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(55±4.2%) and 5µM, which dramatically decreased sphere numbers by 96% 

(Figure 4.3). A significant reduction in sphere size was also detected after 

exposure to 1 µM (22±4.9%) and 5 µM curcumin (53±7.6%). Resveratrol also 

reduced sphere number but was less potent than curcumin, causing a 

significant reduction of ~12% at 1 µM and ~36% at 5 µM. Only the highest 

concentration of resveratrol had a significant effect on sphere size, but the 

magnitude of the reduction was very small (6±2.1%). 
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Figure 4.3 Sphere number and size after two weeks exposure of Capan-1 cells to 

curcumin or resveratrol, relative to solvent control. (A) Sphere number following curcumin 

treatment. (B) Sphere size following curcumin treatment. (C) Sphere number following 

resveratrol treatment. (D) Sphere size following resveratrol treatment. Data are expressed as a 

percentage of the solvent control (red & blue bars) and represent the average (+SEM) of three 

experiments, each performed in triplicate wells. Significant differences in number and size 

relative to the control are indicated, where * = p≤0.05. Statistical analysis was performed using 

a Student’s T-test. 
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4.3. Effect of curcumin and resveratrol on expression 

and activity of CSC markers in Panc-1 cells 

 

Within cell lines, some CSCs can be identified by their differing cell markers, 

which are selectively expressed on their surfaces, and conserved throughout 

the self-renewal process. Panc-1 cells in monolayer culture were exposed to 

curcumin or resveratrol individually at four different concentrations for six days, 

with repeated administration of curcumin or resveratrol daily. Stem cell 

populations were subsequently identified via FACS analysis using CD44 

(conjugated to APC fluorochrome) and CD24 (conjugated FITC fluorochrome) 

antibodies and ALDH1 activity on day 3 and day 6. Following 3 days of curcumin 

treatment (5 µM) there was a significant reduction (53±7.8%) in cells expressing 

CD24+/CD44+
 compared to the control incubations. On day 6, cultures treated 

with 1 µM of curcumin also had a significantly reduced population of 

CD24+/CD44+
 cells (38±10.2%) and the activity of 5 µM curcumin seen after 3 

days was retained (54±7.1% reduction) (Figure 4.4 A). on the other hand, there 

was  significant effect on the fraction of Panc-1 cells with high ALDH-1 activity 

following  curcumin exposure at 0.01 and 0.1 µM on day 3; 65±5% and 54±4%  

respectively (Figure 4.4 B). However, no significant effect was observed when 

higher concentration of curcumin applied. Resveratrol did not affect 

CD24+/CD44+
 expression (Figure 4.4 C), but caused a significant reduction in 

ALDH-1High activity following both 3 (35±11.9%) and 6 (61±12.9%) days 

treatment at 5 µM (Figure 4.4 D). 

 

Over all, both resveratrol and curcumin was successful in affecting either 

sphere numbers or the expression of cancer stem cell like markers. However 

this was achieved at different concentrations and time points for resveratrol and 

curcumin respectively. This suggests that individually resveratrol or curcumin 

may have different mechanisms of targeting cancer stem-like cells. Hence a 

combination of curcumin and resveratrol at relevant concentrations might elicit 

a more effective treatment strategy to target cancer stem-like cells. 
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Figure 4.4 The effect of curcumin and resveratrol on the proportion of Panc-1 cells with CD24+/CD44+
 surface markers and ALDHhigh activity as 

determined by FACS analysis. (A) Proportion of cells with double positive staining for CD24+/CD44+
 relative to DMSO-treated control cells, after 3 & 6 days 

incubation with curcumin. (B) Proportion of cells with ALDH-1High activity relative to the DMSO control after 3 & 6 days incubation with curcumin. (C) Proportion 

of cells with double positive staining for CD24+/CD44+
 cells relative to DMSO-treated control cells, after 3 & 6 days incubation with resveratrol. (D) Proportion 

of cells with ALDH-1High activity relative to the DMSO control after 3 & 6 days incubation with resveratrol. Data represent the average (+SEM) of three 

experiments, each performed in triplicate wells. Significant differences relative to the control are indicated, where * = p≤0.05. Statistical analysis was performed 

using a Student’s T-test. 
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4.4. Combination effects of curcumin and resveratrol 

on the expression and activity of CSC markers in 

Panc-1, AsPC-1 and Capan-1 cells. 

 

Adherent cultures of Panc-1, AsPC-1 and Capan-1 cells were exposed to 

curcumin and resveratrol individually and in the following combinations used in 

the previous experiments described in Chapter 3: (0.1 µM curcumin 0.1 µM 

Resveratrol), (5 µM curcumin 0.1 µM resveratrol), (5 µM curcumin 5 µM 

resveratrol) and (5 µM Resveratrol 0.1 µM curcumin) for 3 and 6 days, with 

repeated daily administration (Figure 4.5). Staining of surface or intracellular 

markers was undertaken as previously described. The order of basal 

expression for the double positive fraction CD24+/CD44+
 was Panc-1>Capan-

1>AsPC-1 (Figure 3.11). In Panc-1 cells (Figure 4.5 A), a significant decrease 

in CD24+/CD44+ co-expression was observed at days 3 and 6 in response to 5 

µM curcumin (30.6±8.2% and 39.9±2.1% reduction, respectively), and also 

when this treatment was combined with resveratrol at either concentration; 5 

µM curcumin plus 0.1 µM resveratrol on day 3 (31.1±5.7%) and day 6 

(39.8±4.3%) and 5 µM curcumin plus 5 µM resveratrol on day 3 (25.1±4.5%) 

and day 6 (24.9±4.9%). However, these decreases were not significantly 

different from the treatment with curcumin alone, indicating that resveratrol 

does not enhance the activity of curcumin and has no effect itself on these 

markers in this cell line. In AsPC-1 cells (Figure 4.5B), significant reductions in 

CD44+/24+ co-expression were only observed at day 6 following treatment with 

5 µM curcumin (44±4.4%), the combination of 5 µM curcumin plus 5 µM 

resveratrol (45±2.9%) or the combination of 5 µM resveratrol plus 0.1 µM 

curcumin (52.5±7.9%). The latter combination reduced CD44+/24+ co-

expression to a greater extent than the single agent treatments, but the 

decrease was only significant when compared to the control. Capan-1 cells 

were extremely sensitive to the treatments, meaning that shorter incubation 

times (1 and 3 days) were chosen (Figure 4.5C). Even at 3 days treatment, the 

low cell numbers meant that FACS analysis proved problematic. It appeared 
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that CD24+/CD44+
 expressing cells increased significantly following any 

treatment containing 5 µM curcumin.     
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Figure 4.5 The effect of curcumin and resveratrol alone and in combination on the proportion of cells with CD24+/CD44+
 co-expression in the Panc-1, AsPC-

1 and Capan-1 cell lines. The charts show relative co-expression of CD24+/CD44+
 following a 3 and 6 day exposure (Panc-1, AsPc-1) or 1 and 3 day exposure 

(Capan-1) to resveratrol and curcumin, compared to the DMSO solvent control. (A) Panc-1 cells. (B) AsPC-1 cells. (C) Capan-1 cells. Data represent the average 

(+SEM) of three experiments, each performed in triplicate wells. Significant differences relative to the control are indicated, where * = p≤0.05. Statistical analysis was 

performed using a Student’s T-test. 
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Assessment of ALDH1 activity was also undertaken in response to the single 

and combination treatments (Figure 4.6). The order for the basal levels of 

ALDH1 activity was Capan-1>Panc-1≈AsPC-1 (Figure 3.12). The effect of 

resveratrol-containing treatments on Panc-1 cells was more marked than that 

of curcumin. When Panc-1 cells were exposed to resveratrol alone at 5 µM 

there was a significant decrease in ALDH-1High activity at both day 3 

(71.35±7.95%) and day 6 (66.08±10.29%). A significant reduction in ALDH-1High 

activity was also observed (day 3 and 6) when 5 µM curcumin was combined 

with 0.1 µM resveratrol, with the population decreased by 77±8.7% and 

54±8.9%, respectively. This is very interesting result as neither compound 

alone at these particular concentrations reduced the ALDH-1High activity, but it 

was only significant to the solvent control.  When 5 µM curcumin was combined 

with 5 µM resveratrol, this mixture also showed a significant reduction on both 

days (44±9.1% and 65±8.2%), but the combination of 0.1 µM curcumin with 0.1 

µM resveratrol significantly inhibited ALDH1 activity (day 6) by 64.6±6.6% 

whereas the individual treatments did not; importantly, this combination is 

clinically achievable (Figure 4.6 A). In AsPC-1 cells, no significant effects were 

observed at day 3, with the exception of the combination of 0.1 µM curcumin 

and 0.1 µM resveratrol where a decrease of 34.2±10.1% was apparent. At day 

6, 0.1 µM curcumin resulted in a 23±9.1% reduction, whilst 5 µM curcumin plus 

0.1 µM resveratrol had a smaller effect (13±4% decrease) and 5 µM curcumin 

plus 5 µM resveratrol caused a 42±8% reduction in the ALDH-1High fraction of 

cells (Figure 4.6 B). The results from combination incubations in AsPC-1 cells 

suggests that low concentrations of both compounds could have a potential for 

further investigation in preclinical studies. When Capan-1 cells were exposed 

to the different treatments, a significant and similar decrease in ALDH-1High 

activity was observed for all treatments at day 3, the latest time point examined. 

Exposure to 0.1 µM curcumin caused a 31.3%±3.4% decrease in ALDH-1High 

activity and 5 µM of curcumin brought about 34.9±11.1% reduction compared 

to the control. Resveratrol had a comparable effect, with 0.1 µM inducing a 

30.6±9.1% reduction in ALDH-1High activity and the 5 µM concentration 

decreasing this cellular compartment by 31.1±6.9%. For the combination 

exposures (5 µM curcumin + 0.1 µM resveratrol), (5 µM curcumin + 5 µM 

resveratrol) and (5 µM resveratrol + 0.1 µM curcumin), significant and 
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consistent decreases of ~32%, 34%, 40%, and 39%, respectively, were 

observed (Figure 4.6.C).  

 



133 

 

 

.   

 

 

 

 

 

 

 

 

 

Figure 4.6 The effect of curcumin and resveratrol alone and in combination on the proportion of cells with high ALDH-1 activity in the Panc-1, AsPC-1 and 

Capan-1 cell lines. The charts show the relative proportion of cells with high ALDH-1 activity following a 3 and 6 day exposure (Panc-1, AsPc-1) or 1 and 3 day 

exposure (Capan-1) to resveratrol and curcumin, compared to the DMSO solvent control. (A) Panc-1 cells.  (B) AsPC-1 cells. (C) Capan-1 cells. Data represent the 

average (+SEM) of three experiments, each performed in triplicate wells. Significant differences relative to the control are indicated, where * = p≤0.05. Statistical 

analysis was performed using a Student’s T-test. 
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4.5. Combination effects of curcumin and resveratrol 

on sphere size and number in Capan-1, AsPC-1 and 

Panc-1 cells 

 

Use of the spheroid model, which enriches for CSCs, provides a more accurate 

method by which to study the activity of test compounds on CSCs. To determine 

the effect of curcumin and resveratrol combinations on Panc-1, AsPC-1 and 

Capan-1 cells, they were exposed to curcumin and resveratrol either alone or 

in combination for 2 weeks, with repeated administration of the compounds 

every 3-4 days, without replacing the media; it was not possible to perform daily 

dosing analogous to that conducted with the 2D-cultures because this would 

disrupt spheroid formation as they are non-adherent. The capability of these 

cell lines to form spheres, in terms of increasing numbers, follows the rank order 

Capan-1>Panc-1> AsPC-1 but for sphere size Panc-1> Capan-1> AsPC-1 

(Table 4.1). AsPC-1 sphere number was significantly decreased by almost 60% 

following exposure to 5 µM Curcumin (4.7A). The significant reduction was 

maintained when cells were exposed to mixtures containing 5 µM curcumin plus 

0.1 µM resveratrol (42.3±10%), and 5 µM curcumin plus 5 µM resveratrol 

(43.1±7.2%), but the effect was not enhanced by the addition of resveratrol over 

that achieved with curcumin alone. When AsPC-1 cells were exposed to 5 µM 

resveratrol plus 0.1 µM curcumin, there was a 32.1±5.8% reduction in sphere 

number, which was greater than for either agent alone at these same 

concentrations but not significantly. The average AsPC-1 sphere size was also 

significantly decreased by ~70% when exposed to 5 µM curcumin. This 

decrease in sphere size was maintained but not enhanced in the presence of 

resveratrol.  

 

Exposure of Panc-1 cells to 5 µM curcumin resulted in a 37.5±9.5% reduction 

in the number of spheres (Figure 4.7 C). Reductions were also observed 

following exposure to 5 µM curcumin plus 0.1 µM resveratrol (~25%), 5 µM 

curcumin combined with 5 µM resveratrol (~53%) and to 5 µM resveratrol plus 

0.1 µM curcumin (~51%). Interestingly, it was noted that at clinically achievable 

concentrations, where 0.1 µM curcumin and 0.1 µM resveratrol were combined, 
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a significant reduction in sphere number occurred (27±4.6%). None of the 

treatments significantly affected sphere size, except for 5 µM curcumin (5.4%±5 

reduction).  

 

In Capan-1 cells, treatment with 5 µM curcumin resulted in a large 96.2±3.1% 

reduction in the number of spheres, and consequently, no additive effects of 

the combinations with resveratrol could be observed, although addition of 

resveratrol did not abrogate this effect. Curcumin at 0.1 µM resulted in a much 

smaller 15.5±3.1% reduction in sphere number, and the higher concentration 

of resveratrol (5 µM) was also effective, causing a significant 36.5±3.3% 

decrease. When Capan-1 cells were exposed to the mixture of 0.1 µM curcumin 

plus 0.1 µM resveratrol, there was a significant ~26% reduction in sphere 

number, but this was not significantly different compared to either agent alone 

at these concentrations. However, when exposed to 5 µM resveratrol in 

combination with 0.1 µM curcumin there was a 56.3±1.9% reduction in sphere 

number, and this time the decrease was significantly different compared to 

either agent alone; this means adding curcumin could be beneficial to 

resveratrol at lower concentrations. Representative examples of the sphere 

images observed in this experiment are shown for Capan-1 cells in Figure 4.8.  

 

A significant difference in sphere size was noted when Capan-1 was exposed 

to 5 µM curcumin which resulted in a 55.05%±2 reduction in the size of spheres. 

When resveratrol was applied at 5 µM resveratrol, sphere sizes decreased 

significantly by 6.7%±1.36.  When exposed to 5 µM curcumin 0.1 µM resveratrol 

there was a 65.6%±1.8 reduction in sphere size. When exposed to 5 µM 

curcumin 5 µM resveratrol there was a 60%±1.7 reduction in the size of spheres 

(Figure 4.8 A). Again, an additive effect was observed when Capan-1 were 

exposed to 5 µM resveratrol 0.1 µM curcumin, resulting  in a 30.1%±1.94 

reduction in sphere sizes compared to 6.7% by resveratrol and 0% by curcumin 

for either compound alone (Figure 4.8 B) which significantly different from either 

compound alone.
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4.7 The effect of curcumin and resveratrol alone and in combination on sphere numbers and size over a period of 2 weeks in AsPC-1, Panc-1 and 

Capan-1 cells. (A) Sphere numbers and (B) sphere size in AspC-1 cells; (C) sphere number and (D) sphere size in Panc-1 cells; (E) sphere numbers and (F) 

sphere size in Capan-1 cells following treatments with curcumin/resveratrol alone and in combination at the concentrations indicated, over a period of 2 weeks. 

The charts show the number of spheres and sphere size relative to the DMSO solvent control, which is set at 100%. Data represent the average of three 

experiments, each performed in triplicate wells. Significant differences relative to the control are indicated, where * = p≤0.05. Statistical analysis was performed 

using a Student’s T-test. Comparison between treatments carried out and significant indicated by P values on E and F. 
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4.8 Sample light microscopy images showing the effect of exposure to curcumin and resveratrol alone and in combination on the number of spheres 

formed by Capan-1 cells. Capan-1 cells were exposed to curcumin/resveratrol at the concentrations indicated (µM) for 2 weeks (20X objective). After the 

treatment period, spheres were counted and their sizes measured using a an inverted light microscope (Nikon EclipseTE2000U) at 20X optical zoom. The 

sphere size was determined using Eclipse software that measured an average diameter from two measurements for each sphere. The scale bar is 100 µm. 
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4.6. Effect of curcumin exposure on Nanog expression 

in Capan-1 cells 

 

The aim of the experiment is to examine whether curcumin may be affecting stem cell 

growth via effects on Nanog protein expression which is an embryonic stem cell 

transcription factor that regulates the self-renewal of stem cells, as this has been 

observed by other members of our lab group in colorectal cancer stem cells (A. 

Karmokar, unpublished data). Adherent cultures of Capan-1 cells were exposed to 1 µM 

and 2.5 µM curcumin with repeat dose on a daily basis for 7 days. Cells then were 

harvested and the expression of Nanog was determined in the population with high 

ALDH-1 activity (ALDH-1High cells) by Western blot. When Capan-1 cells were exposed 

to 1 µM curcumin there was no significant difference in Nanog expression compared to 

the DMSO solvent control in the ALDH-1High population, but at 2.5 µM curcumin, Nanog 

expression was reduced significantly by 48±23 % compared to the control (DMSO) 

(Figure 4.9). 

  

 

 

 

 

 

 

 

 

4.9 Effect of curcumin on the expression of the stem cell protein Nanog in the ALDHhigh 

population of Capan-1 cells. The level of Nanog was determined in curcumin exposed and 

control, untreated cells (DMSO). Data represent the average (+SEM) of three independent 

experiments. All bands are normalised to Actin and expressed as fold change to control DMSO. 

Significant differences relative to the solvent control are shown, where * indicates p<0.05. 

Statistical analysis was performed using T-test. 
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4.7. CSC profiles of primary pancreatic cancer tissue 

obtained from patients 

 

The next aim of the project was to establish CSC profiles in tissue samples from 

patients who had undergone pancreatectomy following a suspected cancer 

diagnosis. Previous experiments have profiled only certain markers of pancreatic 

cancer stem-like cell markers (91, 107, 113, 115). This is first time that we report 

an extensive CSC marker profile in primary pancreatic cancer cells.  Single cell 

suspensions from each sample were obtained and stained for CD24+, CD44+ and 

CD133+ expression and ALDH-1high activity and then gated appropriately for the 

various combinations. In addition, the epithelial cell surface marker (EpCAM) was 

included in order to differentiate the CSC population arising from the epithelial-

derived cancer cells, or those derived from the mesenchyme. When the patient 

samples were gated to separate the single cell suspension into an epithelial 

population using EpCAM, a very heterogeneous population was observed, which 

differed greatly between samples (Table 4.2). Only 8 of 12 samples expressed 

high levels of CD133+, with high levels of CD24+/CD44+ co-expression being rare 

and 8 out of 12 expressed CD44+, CD24+ individually. It was not possible to 

observe any ALDH high activity in many samples using FACS analyser for sorting, 

possibly due to poor sample integrity as ALDH high activity can only be detected 

in live cells and all the samples were frozen and stored prior to analysis in 

batches. In order to try and establish whether ALDH was expressed in these 

samples, immunohistochemistry was used as an alternative method. After 

staining all samples were analysed and strong staining for ALDH-1 was detected 

in 5 out of 9 patient samples (Table 4.2, Figure 4.10). P060 contained only 0.4% 

stained epithelial cells because it was not a cancer sample. However, it might 

contain a lot of other cell types or necrotic cells thus it was analysed to observe 

whether it could be a potential precursor of pancreatic cancer that contains 

premalignant stem cells. Overall from patient samples after staining for stem cell 

markers, it was possible to conclude that tumours had CD24+ and CD24+/CD44+ 

expression, further investigations are required to define these cancer stem cell 

markers in pancreatic cancers. FACS data reveal that 8/12 patient samples had 
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CD133+ expression (Table 4.2), which ranged from 1 to 43% of the EpCAM+ 

population. 

 

4.10 Representative images of patient samples stained for ALDH-1 expression and 

assessed by immunohistochemistry. (A) Negative staining (PBS control), (C) Positive staining 

for ALDH-1 in a similar area of the same section of patient sample P059 (B) Negative staining 

(PBS control). (D) Positive staining for ALDH-1 in a similar area of the same section of patient 

sample P060. Pictures were taken by light microscopy (LeitZ V2.8.8) with an X10 objective lens. 
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Table 4.2 Pancreatic cancer samples from patients analysed for potential CSC markers 

using FACS and immunohistochemistry. Expression levels for CD24+, CD44+, 

(CD24+/CD44+) and CD133+ are shown as percentage of the total EpCAM population, 

which were correlated to the position of the tumours in pancreas. ALDH expression was 

assessed by immunohistochemistry and a score has been given (+, ++, +++), to illustrate 

the strength of expression compared to the background level of staining in normal, non-

cancer tissue. Note: x = patient was not analysed.  6 patients were scored for the IHC. 

 

Patient 

Number 

Diagnosis EpCAM EpCAM

/CD24 

EpCAM

/CD44 

EpCAM

/24/44 

EpCAM

/CD133 

ALDH-1/ 

immuno 

P003 Adenocarcinoma 8.8 1.4 24 1.2 0 x 

P010 Ductal 

adenocarcinoma 

86.3 53.4 1.3 0.9 32.8 x 

P047 Ampullary 

carcinoma 

52.6 0.2 31.7 0.4 0 + 

P051 Cancer Pancreas 83.3 34.7 1.1 0.4 43.7 +++ 

 

P059 Adenocarcinoma 13.9 5 3.5 3.5 2 +++ 

P060 Mucinous cyst or 

inflammatory 

0.4 0 0 0 0 x 

P090 Pseudopapillary 

pancreatic tumour 

3.8 1.7 79.3 6.1 0 +++ 

 

P099 Adenocarcinoma in 

head of pancreas 

68.5 0 0 8.5 0.2 x 

P123 Carcinoma 

Pancreas 

18.8 19 29 7.5 3 +++ 

P124 Ductal 

adenocarcinoma 

21.4 2.4 29.5 1.1 2 +++ 

P151 Ampullary 

carcinoma 

81.9 x x 11.6 0.7 x 

P170 Ampullary 

carcinoma 

77 x x 1.7 0.1 x 
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4.8. Discussion 

 

According to the CSC hypothesis, CSCs have generally been shown to constitute 

only a small fraction of the cells within a tumour but provide the driving force 

behind malignancy (87-89, 91). It is now accepted that the majority of tumours 

have a small subpopulation of cells with stem cell characteristics. Tumours that 

contain a higher burden of CSC are associated with higher rates of metastasis, 

poor patient prognosis and increased resistance to chemoradiotherapeutic 

agents (92, 95, 103, 109, 212) which makes it possible that this small population 

of cells is also behind the re-occurrence of tumours. The CSC model is expanding 

from its original definition of a small and distinct subpopulation, and it has been 

hypothesised that the CSCs may encompass more common and heterogeneous 

cells. Additionally, CSCs are now thought to be dynamic and reversible entities 

in cancer, governed by the tumour microenvironment (92, 107, 295).The potential 

role of pancreatic cancer stem cells in the initiation, progression and recurrence 

of pancreatic cancer has been explored  (91, 113) and identified by surface 

marker expression profiles of CD44+CD24+ESA+ and CD133+CXCR4+. Lately, 

additional surface markers were suggested, such as ALDH-1High and 

CD24+/CD44+
  populations (107, 298) and CD44+ c-Met+ populations were also 

deemed highly metastatic (106, 108, 109, 118). Still there is no consensus on 

which population actually represents the PCSC population. Therefore, in this 

project the decision was made to investigate three different populations 

CD24+/CD44+ and CD133+ using surface markers and ALDH-1High as a marker 

of internal cellular activity, in the cell lines of interest. In addition to these markers, 

the functional activity of PCSCs was assessed in terms of their ability to form 

spheres; a sphere formation assay was used to further identify a sub-population 

of cells within pancreatic cancer cells that have characteristics of stem cells (114, 

115, 118). The expression level of the embryonic transcription factor Nanog was 

also considered, since its overexpression can correlate with transformation from 

pre-malignant to malignant conditions, poorly differentiated tumours, recurrence, 

metastasis, and poor prognosis in various cancers as well as pancreatic cancer 

(119, 120, 128). It has previously been reported that in cell lines, the side 

population contains cells that are triple positive for Sox2, Nanog and Oct4, and 
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these markers correlate with aggressiveness, invasive ability, migratory ability 

and high resistance to drugs (119-121, 126, 128). There is currently no certain 

hierarchical structure for PCSCs to develop into mature tumours. A model has 

been suggested which could be summarized under four headings:  the first one 

would be a linear organization of CSCs, in which a single specific CSC is capable 

of generating various CSC populations, systematically leading to heterogeneity 

within a tumour. The second model could mathematically be called a ‘one-to-one 

function’, whereby each CSC has its own characteristics, and gives rise to only 

one mature tumour cell. The third functional model would represent the ‘onto’ 

function, where plasticity among different stem cell populations exists and gives 

rise to mature tumour cells. Another model could be termed a ‘one-to-many’ 

relationship, in which one CSC population gives rise to different progeny and 

each progeny will result in a mature tumour (295). Another layer of complexity is 

added with the suggestion that some populations of CSCs play a role in initiation 

while others promote maintenance and chemoresistance. Alternatively, a single 

population could be responsible for all three functions. Due to the apparent 

heterogeneity, even within the small CSC subset in pancreatic cancer, an ideal 

approach would be to target all populations rather than single population within 

PCSC populations (103, 299). 

 

It is essential to consider all aspects of tumour heterogeneity in order to assess 

better therapies for pancreatic cancer, and thus far, targeting PCSCs is lagging 

behind in drug development for pancreatic cancer. 

 

Over the past several years, an incredible amount of effort has been directed to 

the development of new drugs and therapeutic strategies that specifically target 

CSCs, with many agents now under evaluation in preclinical and clinical studies 

(95). Curcumin and resveratrol have already been reported to show significant 

effects on CSC populations in various cancers (see Table 1.9 and Section 1.10.2) 

in preclinical models; however, to my knowledge, the combination of these two 

potential chemopreventive/therapeutic agents has not yet been investigated in 

PCSC populations. The results described in this chapter demonstrate that both 

curcumin and resveratrol with their plethora of effects individually and in 

combination, are able to differentially affect the stem like cell populations in 
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different pancreatic cancer cell lines. The PCSC heterogeneity was also 

observed when analysis was undertaken of primary tissue samples from 

pancreatic cancer patients. The three cell lines were shown to have different 

sphere forming abilities, decreasing in the rank order Capan1≥Panc-1≥AsPC-1 

(Table 4.1). Investigations were conducted to examine the effect of curcumin and 

resveratrol on the cell lines in terms of effects on sphere number and size 

reduction. Sphere formation by Capan-1 cells was very sensitive to curcumin and 

moderately sensitive to resveratrol, whereas Panc-1 cells showed slightly 

resistance to resveratrol exposure but were sensitive to curcumin (Section 4.1). 

It has been reported (256) that resveratrol causes sphere reduction in breast 

cancer cell lines but the concentration required for activity was 10-times higher 

(50 µM) than the maximum concentration employed in the present study (5 µM). 

Additionally, resveratrol has previously been found to inhibit the self-renewal 

ability of PCSCs (identified by the markers CD133+ ,CD44+, CD24+ ESA+) 

obtained from human primary tumours and KrasG12D mice in vitro, with 

significant activity first becoming evident at a concentration of 10 µM (254). In 

that study resveratrol decreased the formation of primary and secondary spheres 

from PCSCs obtained from KrasG12D mice. The expression of ABCG2, a 

multidrug resistance gene which had been shown to be overexpressed in PCSCs, 

was also inhibited by resveratrol. Nanog and other transcription factors involved 

in the maintenance of pluripotency, including Sox2 and Oct4, were down-

regulated by resveratrol in KrasG12D Transgenic Mice (254, 300). 

 

The different CSC populations in Panc-1 cells had very different responses to 

curcumin and resveratrol, when exposed to each compound individually. The 

population identified as being double positive for CD24+/CD44+
 decreased 

significantly when incubated with 5 µM curcumin, but resveratrol had no 

significant effect, at any concentration, even though cells were treated for 6 days 

on a daily basis. However, resveratrol significantly reduced the fraction of cells 

with ALDH-1High activity while, curcumin did not have a clear effect. This 

observation provides a good indication that using a single compound will not 

eliminate all sources of tumourigenic populations, as the literature suggests that 

both CD24+/CD44+
 and ALDH-1High populations are highly tumourigenic. 

Therefore, it was considered rational to assess the activity of combinations of the 
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two compounds on these two populations and their effects on sphere formation 

for the three cell lines.  

 

When Capan-1 cells were exposed to the combination treatments, there was an 

increase in in CD24+/CD44+ population and concurrent decrease in ALDH-1 

activity. This might suggest that enrichment of the CD24+/CD44+ population is a 

direct result of targeting the ALDHHigh population. The effect on the ALDHHigh 

population was observed when curcumin and resveratrol were combined at 

clinically achievable concentrations. 

 

In contrast to the Capan-1 cells, in Panc-1 the combination treatments did not 

significantly affect the CD24+/CD44+
 population. However, the ALDH activity was 

significantly reduced by the combination treatments at a clinically achievable 

dose. In AsPC-1 cells, the low levels of CD24+/CD44+
 and ALDH-1High populations 

precluded any significant observation being made following the combination 

treatments. Sphere forming capacity of Panc-1 cells was reduced significantly 

after combination treatment at clinically achievable concentrations of resveratrol 

and curcumin. 

 

In Panc-1 cells; the first one at minimum combination brought about a good result 

which was clinically achievable for the first time and the second one was when 

the lower concentration of curcumin added for resveratrol. Capan-1 cells formed 

the most well defined spheres and had the highest formation capability. These 

spheres were the most sensitive to both the single and combination treatments.  

AsPC-1 did not form a true spheres hence no real effect of treatments were 

observed in term of sphere number and sizes. 

 

To investigate how curcumin might be targeting PCSCs, the most sensitive cell 

line (Capan-1) was exposed to curcumin and the ALDH-1High population isolated. 

Western blot analysis revealed that curcumin caused a significant reduction of 

Nanog expression in this stem cell population, which was consistent with Shankar 

(254) except our result was clinically achievable. Unpublished work conducted in 

this laboratory by Dr A. Karmokar, has found similar results in colorectal cancer 

stem cell models, whereby clinically achievable concentrations of curcumin (~0.1 
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µM) selectively targets the ALDH-1High population and activity correlates with 

significant down regulation of Nanog expression, specifically in these cells. 

 

To sum up, various PCSC populations have been identified based on cell surface 

markers, intracellular enzyme activity and sphere formation in vitro, but still, a 

single CSC population cannot be defined. Therefore, targeting multiple CSC 

populations within pancreatic cancer using compounds such as curcumin and 

resveratrol is a sensible and plausible strategy for cancer prevention or as a 

combined adjuvant in the treatment setting. The results of this chapter have 

demonstrated that different cell lines have different stem cell populations and 

varying sensitivities to both compounds individually. The use of combinations was 

shown in some cases to be capable of targeting PCSCs at the lower, more 

clinically achievable concentrations. In addition, current drug therapies such as 

gemcitabine spare these CSC populations, which may then theoretically be 

eliminated by combinations of curcumin plus resveratrol. These combinations 

warrant further assessment in pre-clinical models, to determine whether the in 

vitro activity observed translates to in vivo models and primary human cultures 

and to investigate the mechanisms of action, with Nanog as an initial target of 

interest.  
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Chapter Five: In vitro activity of curcumin 

metabolites, their cellular uptake and metabolism 
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5.1. Introduction 

 

Curcumin has been shown to have a plethora of beneficial effects on 

physiopathological processes, not only in cancer but a variety of other diseases 

(174, 177-186, 197, 198). It has been the focus of extensive in vitro, in vivo and 

pre-clinical/clinical trial investigation over the last 10 years regarding its potential 

as a cancer chemopreventive agent. Curcumin has poor bioavailability and 

undergoes rapid metabolism (217). After an oral dose the majority of curcumin 

ingested is excreted unchanged, and the remaining is biotransformed to produce 

predominantly glucuronide and sulfate metabolites (198, 223, 301). In a study 

carried out by Ireson et al. (222) humans received 3.6g of curcumin daily for 4 

months and curcumin glucuronide and sulfate conjugates were detected in the 

plasma. Similarly, in two studies carried out in humans when curcumin was given 

at 2.35 g and 8 g  daily dose, curcumin glucuronides and sulfates were the main 

species detected in taken biopsies and plasma, respectively (197, 225). This 

suggests that the metabolites may be responsible for some of the 

chemopreventive effects attributed to curcumin. While there are studies indicating 

that the metabolites are less active than curcumin (179, 222, 225, 266, 302), there 

are also studies which come to the opposite conclusion (226, 303, 304), 

particularly, in regard to tetrahydrocurcumin (THC). Curcumin metabolites could 

themselves have useful chemopreventive characteristics which need to be 

explored, particularly in pancreatic cancer cell lines.  

 

In this chapter, the focus was firstly to investigate the growth inhibitory effects of 

curcumin mono-sulfate in Capan-1 and Panc-1 cell lines, under adherent and 

sphere forming culture conditions. Secondly, cellular uptake and metabolism of 

curcumin and its conjugates were investigated in these cells.  
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5.2. Effect of curcumin mono-sulfate on cell 

proliferation 

 

5.2.1. Effects of low concentrations 

 

Repeated daily exposure of Panc-1 cells to curcumin mono-sulfate for up to 6 

days failed to cause any significant growth inhibition at concentrations ranging 

from 0.01-5 µM (Figure 5.1A). Significant growth inhibition was only observed in 

the Capan-1 cells following 6 days exposure to curcumin mono-sulfate at the 

highest concentration of 5 µM, which caused a small (10.5±4%) reduction in cell 

numbers (Figure 5.1B).   

 

 

Figure 5.1 Effect of curcumin mono-sulfate (low concentrations) on the proliferation of Panc-1 and 

Capan-1 cells over 6 days, with repeated daily exposure. (A) Panc-1 and (B) Capan-1 cells were 

exposed to 0, 0.01, 0.1, 1 and 5 µM of curcumin mono-sulfate for 6 days with daily dosing. Data are 

expressed relative to the DMSO solvent control, which is set at 100% and represent the average +SEM of 

three independent experiments, each performed in triplicate. Significant differences compared to the 

control were determined using a student’s T-test and are indicated, where * = p≤0.05. 
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5.2.2. Effects of high concentrations 

 

As the low concentrations were largely ineffective, the cell lines were exposed to 

higher concentrations to determine whether they exhibited any sensitivity to the 

curcumin mono-sulfate. Significant growth inhibition of 27±6% was observed in 

the Panc-1 cells at day 2 with 100 μM, and the percentage inhibition increased to 

54±3% by day 6 (Figure 5.2A). In contrast, the lower concentration had no effect 

in this cell line. Significant growth inhibition was also observed in Capan-1 cells 

from day 2 for both concentrations; maximum inhibition occurred at day 6, with a 

reduction of 76±4% at 100 μM (Figure 5.2B).  
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Figure 5.2 Effect of curcumin mono-sulfate (high concentration) on the proliferation of Panc-1 and 

Capan-1 cells over 6 days. (A) Panc-1 and (B) Capan-1 cells were treated with 20 and 100 µM curcumin 

mono-sulfate for 6 days with repeated daily dosing. Data are expressed relative to the DMSO solvent 

control, which is set at 100% and represent the average +SEM of three independent experiments, each 

performed in triplicate, Significant differences compared to the control were determined using a student’s 

T-test and are indicated, where * = p≤0.05.  
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exposure. Additionally, neither treatment had a significant effect on sphere size 

(Figure 5.3A, B & E). Capan-1 sphere number and size was significantly reduced 

at both concentrations (Figure 5.3). At 20 µM, sphere number and size was 

reduced by 45±15% and 37±12%, respectively. No spheres were observed 

following 100 µM exposure (Figure 5.3C-E). 

 

 

 
 

Figure 5.3. Effects of curcumin mono-sulfate on Panc-1 (A&B) and Capan-1 (C&D) sphere 

growth. Cells were treated with 20 or 100 µM curcumin mono-sulfate for two weeks, with fresh addition 

of the compound every three days. Data are expressed relative to the DMSO solvent control, which is 

set at 100% and represent the average +SEM of three independent experiments, each performed in 

triplicate. Significant differences compared to the control were determined using a student’s T-test and 

are shown, where * = p≤0.05 and **= p≤0.0001 (E) Shows representative images obtained by 

microscopy of Capan-1  and Panc-1 cells exposed to 100 µM curcumin sulfate for 2 weeks (20X 

objective). Scale bar= 100 µm.  
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Unfortunately, it was not possible to test the activity of curcumin mono-

glucuronide in these cell lines. This is because it is not commercially available, 

and is difficult to synthesize in high yields to generate the relatively large 

quantities required for cell treatments. It has been reported by Pal et al. (266) that 

curcumin mono-glucuronide as well as the di-glucuronide do not suppress the 

proliferation in these cell lines: U266 (multiple myeloma), A549 (lung 

adenocarcinoma), and Jurkat (human T cell leukemia). 

 

5.3. Cellular uptake and metabolism of curcumin by 

pancreatic cancer cell lines 

 

After establishing that there was a difference in sensitivity to the curcumin sulfate 

metabolite, it was important to determine why this differential may exist between 

the cell lines. To this end, the uptake and metabolism of curcuminoids in both the 

Panc-1 and Capan-1 cell lines was investigated. 

 

5.3.1. Determination of retention times, limit of detection and 

limit of quantitation for curcumin and curcumin metabolites 

 

Figure 5.4 shows chromatograms generated by analysis of a mixture of 

increasing concentrations of curcumin, curcumin mono-sulfate and curcumin 

mono-glucuronide synthetic standards. Retention times were 15.77 min for 

curcumin mono-glucuronide, 20.1 min for the mono-sulfate and 23.53 min for 

curcumin, which is consistent with the greater hydropholicity of the conjugates 

compared to the parent. Standard curves were produced for each curcumin 

conjugate and the parent, and used to calculate the Limit of Detection (LOD).  

The LOD was approximately 5 ng for all three compounds (mono-glucuronide, 

mono-sulfate and curcuminoids) (Figure 5.4). The Limit of Quantification (LOQ) 

was approximately 20 ng for all three compounds (Figure 5.4) based on a 

signal/noise ratio of 3 to 1. Linearity was calculated for the mono-glucuronide, 

mono-sulfate and curcumin using calibration curves (R² = 0.9948, R² = 0.9986 
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and R² = 0.9999, respectively) (Appendix 7.10). The percentage recovery for 

mono-glucuronide, mono-sulfate and curcumin was 59%, 70% and 77%, 

respectively. 

 

  

Figure 5.4 Representative HPLC-UV chromatograms for increasing concentrations of a mixture of curcumin mono-

glucuronide, mono-sulfate and curcumin. To an aliquot of 100 µL of cell homogenate 1 µL of curcumin mono-glucuronide, 

mono-sulfate and curcumin stock solution was added to give concentration ranging from 10 ng - 1000 ng/100 µL of cell 

homogenate. After extraction and drying the samples were re-suspended in 100 µL of mobile phase and 50 µL of this solution 

was injected onto column giving calibration curve ranging from 5 ng -500 ng on column. Injection of DMSO solvent alone 

was used as a control. The two peaks at 11 min and 32.5 min were also present in control extracts without any addition of 

curcuminoids (Appendix 7.11).  Data are from three experiments with single injections performed for each (+SD). 
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5.3.2. Stability of curcumin and its metabolites in Capan-1 and 

Panc-1 medium 

 

In order to accurately assess the cellular uptake and metabolism of curcumin, its 

mono-glucuronide and mono-sulfate, it was first necessary to determine whether 

these three compounds were stable in the different media types required by the 

cell lines. Curcumin was very stable in the medium used for Capan-1 cells at 0, 

15 and 30 min, as quantified by HPLC, with concentrations of 1529, 1578 and 

1557 ng/mL, respectively (Figure 5.5A). A gradual decrease was then observed, 

with levels reaching 799 ng/mL at 48 h, which equates to a 50% reduction. 

Curcumin mono-glucuronide in Capan-1 medium was less stable than curcumin 

over a 48 h incubation, with concentrations falling from 5108 ng/mL to 1553 

ng/mL at 48 h, representing a decrease of 70% (Figure 5.5B). No change in 

curcumin mono-sulfate levels was observed for the first 6 h in Capan-1 medium, 

but it then dropped from 2718 ng/mL to 956 ng/mL at 48 h, which is a decrease 

of 65% (Figure 5.5C).  

 

Curcumin was very stable in Panc-1 medium for up to 30 min, with levels 

corresponding to 1717, 1540 and 1513 ng/mL, at 0, 15 and 30 min, respectively. 

A gradual decrease was then observed, with a final concentration of 934 ng/mL 

detected after 48 h, which is a reduction of 46% (Figure 5.5D). Overall, curcumin 

was slightly more stable in Panc-1 medium than Capan-1 medium, based on the 

proportion remaining after 2 days. Curcumin mono-glucuronide had a similar 

stability in Panc-1 medium to Capan-1 medium over the course of 48 h, with an 

initial concentration of 3120 ng/mL falling to 920 ng/mL, which represents a 

decrease of 71% (Figure 5.5E). Curcumin mono-sulfate was very stable in Panc-

1 medium for the first 24 h but decreased by 33% to 8028 ng/mL at 48 h (Figure 

5.5F). 
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Figure 5.5 Stability of curcumin and its metabolite in Capan-1 and Panc-1 medium over 48 

h. Media was spiked with 5 µM curcumin or its mono-glucuronide/sulfate metabolites and 

concentrations were monitored over 2 days at the following time points: 0, 0.25, 0.5, 1, 6, 24 and 

48 h (37°C, 5% CO2). Stability of curcumin and its conjugates in Capan-1 medium (A-C) and 

Panc-1 medium (D-F). Liquid phase extraction was performed and curcumin/metabolites 

quantified by HPLC analysis with UV detection at 428nm. Data are from one experiment. 
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5.3.3. Analysis of media in the presence of cells, following 

incubation with curcumin 

 

After establishing the stability of curcumin and its metabolites in media alone, 

cells were incubated with each of the compounds and levels analysed in the 

media over time.  

 

5.3.3.1. Analysis of media following incubation of Capan-1 cells with 

curcumin 

 

Following incubation of Capan-1 cells with curcumin, levels of curcumin in the 

media dropped from 1450±41 ng/mL to 555±66 ng/mL, a decrease of 72 % over 

48 h (Figure 5.6). Curcumin glucuronide was detected as a metabolic product 

from 15 min onwards. The maximum concentration of curcumin detected in the 

media was 1450±41 ng/mL at 30 min, whilst peak levels of curcumin mono-

glucuronide were evident at 6 h (1559±34 ng/mL). No curcumin sulfate was 

observed at any time point (Figure 5.6B). 
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Figure 5.6 Concentration of curcumin and its metabolites in media, following treatment of 

Capan-1 cells with curcumin. (A) Demonstrates changes in media concentration of curcumin 

and curcumin glucuronide over time following exposure of cells  to 5µM curcumin for 0, 0.25, 0.5, 

1, 6, 24 and 48 h. (B) Shows representative chromatograms for each time point. Data are the 

average (+SD) of three experiments with a single injection performed for each. 
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any time point examined, meaning it was either not formed, or was present at or 

below the LOD. 

 

5.3.3.3. Analysis of media following incubation of Capan-1 cells with 

curcumin mono-sulfate 

 

When Capan-1 cells were incubated with curcumin mono-sulfate it was detected 

in the media from 0 h (2853±46 ng/mL), and the levels only decreased slightly 

over 48 h by ~17% to 2392±36 ng/mL (Figure 5.7B). The magnitude of reduction 

is very much smaller than that found for curcumin mono-sulfate in media alone, 

without cells (67%). Curcumin was not detected at any time point, indicating that 

if formed, the levels are at or below the LOD. 

 

Figure 5.7 Concentration of curcumin mono-glucuronide and mono-sulfate in media, 

following exposure of Capan-1 cells to the individual metabolites (5 µM). Concentration of 

curcumin mono-glucuronide (A) and mono-sulfate (B) in media determined by HPLC-UV analysis. 

Data are the average of three experiments with single injection performed (+SD). 
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5.3.3.4. Analysis of media following incubation of Panc-1 cells with 

curcumin  

 

When Panc-1 cells were incubated with curcumin the maximum concentrations 

were detected at 0 min (1521±66 ng/mL) then it gradually disappeared from the 

media over time and was undetectable by 48 h (Figure 5.8A), being below the 

assay LOD. Curcumin conjugates were not detected at any time point, indicating 

that if formed they are at or below the LOD. 

 

5.3.3.5. Analysis of media following incubation of Panc-1 cells with 

curcumin mono-glucuronide 

 

Following incubation of Panc-1 cells with curcumin mono-glucuronide, levels in 

the media dropped from 3320±163 ng/mL to 1383±94 ng/mL, a decrease of 59% 

over 48 h (Figure 5.8B). This degree of degradation was slightly lower than that 

observed in media from Capan-1 cells (67%). Curcumin and other curcumin 

metabolites were not detected over the course of the incubation, and so were 

considered at or below the LOD.  

 

5.3.3.6. Analysis of media following incubation of Panc-1 cells with 

curcumin mono-sulfate 

 

Following incubation of Panc-1 cells with curcumin mono-sulfate, levels in the 

media dropped from 11199±1167 ng/mL to 7890±355 ng/mL, a decrease of 30% 

over 48 h (Figure 5.8C). However, the curcumin sulfate degradation in Panc-1 

media with cells was nearly same as that degraded in Panc-1 media without cells. 

Curcumin and other curcumin metabolites were not detected, indicating that if 

formed they must be at or below the LOD. 
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Figure 5.8 Concentration of curcumin and its metabolites in media over 48 h following 

exposure of Panc-1 cells to (A) curcumin, (B) curcumin mono-glucuronide and (C) 

curcumin mono-sulfate. Data are the average of three independent experiments, with single 

injections performed (+SD). 
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5.4. Cellular uptake and intracellular metabolism of 

curcumin and its conjugates 

 

After analysis of the media from incubations of Capan-1 and Panc-1 cells with 

curcumin and it metabolites, the next stage was to determine the intracellular 

uptake and metabolism of these compounds in the different cell lines. 

 

5.4.1. Analysis of intracellular curcumin/metabolites in Capan-1 

cells following incubation with curcumin 

 

Analysis of Capan-1 cellular extracts revealed that curcumin was taken up 

gradually by Capan-1 cells and rapidly metabolised into curcumin mono-

glucuronide within 15 min (Figure 5.9). It was only possible to accurately quantify 

intracellular levels of curcumin from the cell pellets obtained up to 6 h after 

exposure, also there were peaks for 24 h and 48 h but were below the LOQ and 

just above LOD. Curcumin mono-glucuronide was first detectable at 15 min, but 

curcumin mono-sulfate was not detected at any time point. The maximum 

intracellular concentrations of curcumin and its mono-glucuronide were both 

generated after 1 h and reached 0.33±0.07 ng/mg and 1±0.3 ng/mg, respectively. 

When Capan-1 cells were treated with 5 µM of curcumin mono-sulfate or mono-

glucuronide, no metabolites or parent curcumin were detected at any time point, 

suggesting they are not taken up by the cells (Figure 7.12 and 13 in appendix). 
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Figure 5.9 Cellular uptake and metabolism of curcumin by Capan-1 cells. (A) Graph demonstrates 

intracellular concentrations of curcumin and its mono-glucuronide over 48 h when Capan-1 cells were 

exposed to 5 µM curcumin. (B) Shows representative HPLC-UV chromatograms at each time point. (C) 

Magnified peaks for mono-glucuronide and curcumin at 16 and 23.5 min where Capan-1 cells were 

incubated for 0, 15 and 30 min with 5 µM of curcumin. (D) Higher magnification is included to show 

peaks for curcumin. Data are the average (+SD) of three experiments with a single injection performed 

for each. 
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mono-sulfate could be detected at any time point. Consistent with the results 

obtained for Capan-1 cells, when Panc-1 cells were incubated with the mono-

conjugates no intracellular curcuminoids were detected at any time point (Figure 

7.13 in appendix). A data summary for the metabolism studies can be found in 

appendix (Figure 7.14-16). 

 

 

Figure 5.10 Cellular uptake and metabolism of curcumin by Panc-1 cells. (A) Demonstrates 

levels of intracellular curcumin over 48 h, following treatment of Panc-1 cells with 5 µM curcumin. 

(B) Shows representative HPLC-UV chromatograms of cellular extracts, with detection at 428nm. 

The retention time of curcumin is ~23.5 min. Data are the average (+SD) of three experiments 

with a single injection performed for each. 
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5.5. Discussion: 

 

It has been suggested that curcumin and resveratrol metabolites may have anti-

cancer efficacy, and therefore contribute to the overall effects of these 

compounds in vivo (173, 198, 222, 223, 289). The work described in this chapter 

focused on the potential role of two major curcumin metabolites and their uptake 

by pancreatic cancer cell lines. The anti-tumour effects of curcumin mono-sulfate 

and -glucuronide conjugates were explored using a proliferation assay and 

sphere formation assay to specifically investigate the effects on stem-like cells. 

To this end, the cytotoxicity and growth inhibitory properties of curcumin mono-

sulfate was assessed in the Capan-1 and Panc-1 cell lines by measuring changes 

in cell number over six days and  sphere number/size over two weeks. At the time 

of this experiment, curcumin glucuronide metabolites were not available in 

sufficient quantities due to difficulties in the synthesis, meaning it was not possible 

to assess the activity of curcumin mono-glucuronide. The concentrations chosen 

for curcumin mono-sulfate were initially dictated by their reported ability to inhibit 

COX-2 expression in colorectal cancer cell lines (222). Differential sensitivity was 

observed with the mono-sulfate, with the Capan-1 cells exhibiting greater growth 

inhibition than the Panc-1 cell line. Enhanced sensitivity to the mono-sulfate was 

also observed in Capan-1 cells under sphere forming conditions; generally 

Capan-1 cells were more sensitive. In addition, the results indicated that curcumin 

mono-sulfate was less potent than parent curcumin in terms of growth inhibition 

and sphere reduction, in both cell lines. It is clearly demonstrated that curcumin 

mono-sulfate did not induce any growth inhibition in either of the cell lines at low 

concentrations but significant activity was apparent at very high concentrations. 

 

The cytotoxic potential of curcumin sulfate and glucuronide metabolites has also 

been investigated in a variety of other tumour cell lines and they reported that no 

inhibition of cell proliferation (266). To understand why these two cell lines 

responded differently to curcumin and its metabolites, the uptake of these 

compounds by Capan-1 and Panc-1 cells was investigated using HPLC. To my 

knowledge, the cellular uptake of curcumin and its metabolites in pancreatic 

cancer cell lines has not previously been carried out. The results showed that 
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curcumin can be taken up by both cell lines but only Capan-1 cells generate 

detectable levels of metabolites in the form of curcumin mono-glucuronide. At the 

concentrations used in the uptake studies the mono-sulfate and mono-

glucuronide conjugates were not internalised by either cell line, which would 

explain why they did not have any effect at low clinically achievable 

concentrations. The antiproliferative activity of curcumin mono-sulfate at higher 

concentrations could indicate that a proportion is able to cross the cell membrane 

when present in higher amounts; alternatively it may hydrolyse in the media and 

the resulting curcumin may be taken up by the cells. Another possibility is that 

curcumin mono-sulfate is able to mediate activity via interaction with proteins on 

the cell surface. Further experiments investigating its interaction with membrane 

component of these two cell lines could be performed by sub-cellular fractionation 

to begin to address this possibility.  

 

The mono-sulfate and mono-glucuronide metabolites are less lipophilic than 

parent curcumin and are unlikely to be capable of crossing cellular membranes 

by passive diffusion. The more hydrophilic/lipophobic sulfate group is polar or 

charged, which increases the interaction with water making it more difficult to 

enter cells by diffusion. Therefore, the conjugated curcumin metabolites are likely 

to need active transport mechanisms that require energy for transmembrane 

passage as they are anionic conjugates. This explains the lack of detectable 

uptake for these metabolites compared to curcumin itself. It has been suggested 

that (305) ABCG2 preferentially transports sulfate conjugates. The organic anion 

transporter SLC22A9 and the organic anion–transporting polypeptides (OATPs) 

SLCO1B1 and SLCO1B3 also play a role in the uptake of sulfated and 

glucuronidated compounds; the basal expression of these proteins could be 

examined in the two cell lines to ascertain whether they are present, as the results 

indicate they may be absent or present at low levels.  

 

Other points for consideration are the enzymes responsible for curcumin 

glucuronidation and sulfation (uridine diphosphate glucuronosyl transferases 

(UGTs) and sulfotransferases (SULTs), respectively); differences in the 

expression of the particular isoforms involved may explain only Capan-1 cells 

were able to generate detectable metabolites. There does not appear to be any 
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information available in the literature comparing expression levels for these 

enzymes in the two cell lines, therefore this would have to be investigated in 

future experiments. It has been shown that UGT is active  in  microsomes from 

human liver and intestine and is responsible for the glucuronidation of various 

curcuminoids (306). Five major sulfotransferases have been reported in human 

tissues with varying expression in different tissues (307).  

 

Interestingly, Panc-1 cells had ~10-fold higher peak intracellular concentrations 

of curcumin compared to Capan-1 cells, however this was due to a rapid sharp 

uptake within the first 30 min followed by a quick reduction in levels, possibly due 

to efficient efflux. Consequently, curcumin concentrations were similar in both cell 

lines after 6 h. Further investigations are required to identify the efflux 

transporters responsible in both cell lines; this could be done through the basal 

gene expression profiles for efflux transporters. 

 

Even though cytotoxicity studies in diverse cell lines have shown that the 

antiproliferative effects of curcumin improve with higher cellular uptake (308)  the 

results obtained here do not support this conclusion. This raises the question of 

whether curcumin cellular uptake is not an appropriate predictor of effectiveness 

in the particular cell lines used (308) but that efficacy may correlate with the ability 

of cells to actually metabolise curcumin, suggesting the metabolites may have 

intrinsic activity.  

 

Furthermore, cellular growth inhibition (Chapter 3), targeting stem cell markers 

and sphere inhibition (Chapter 4) by curcumin in the Capan-1 cells were more 

obvious than in the Panc-1 cells. It would be a worth mentioning that curcumin 

metabolites, particularly the glucuronide, inhibit the assembly of microtubule 

proteins under cell-free conditions, indicating intrinsic activity of the glucuronides 

(304) and it has been suggested any physiological efficacy elicited by curcumin 

in distant organ rather than intestinal tract are potentially due to curcumin 

metabolites (309). There is another possibility which needs to be investigated, 

that metabolites are converted back to the parent intracellularly as has been 

shown for resveratrol (289).  
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To sum up the results obtained in this chapter the lower exposures of curcumin 

mono-sulfate, up to 5 µM, did not have any significant effect on Panc-1 cells but 

there was a small reduction in the number of Capan-1 cells at 5 µM.  When 

exposed to higher concentrations (20, 100 µM), similar results were seen which 

means the sensitivity of both cell lines directly depends on curcumin sulfate 

concentrations in ultra-low attachment plates under non-adherent as well as 

adherent conditions.  The stability of curcumin and it metabolites in media without 

cells showed that overall curcumin was more stable in Panc-1 medium than 

Capan-1 medium. Curcumin mono-glucuronide had a similar stability in Panc-1 

and Capan-1 medium over the course of the 48 h incubation, whilst the mono-

sulfate was more stable in the Panc-1 medium. In addition, when the cells were 

exposed to curcumin and its metabolites, both cell lines were able to internalize 

curcumin but only Capan-1 cells were capable of metabolising it to the mono-

glucuronide. When the cells were incubated with the metabolites neither 

curcumin mono-sulfate or curcumin mono-glucuronide could be detected 

intracellularly, which means both cell lines were unable to internalize them or the 

levels entering were below the level of detection. As Capan-1 cells are the most 

sensitive to curcumin, yet are more resistant to gemcitabine than Panc-1 cells 

(114), it may be that combination treatment of capan-1 with gemcitabine + 

curcumin would enhance the efficacy of gemcitabine. Many studies have used 

combination treatment successfully; including combination of curcumin with 

gemcitabine or other drugs (215, 217, 277, 310). 
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6.1 Chapter Six: Conclusion 
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6.1 Combination of dietary agents for pancreatic cancer 

 

Amongst all types of cancers, pancreatic cancer is known as a particularly silent 

and significant killer, due to the fact that it is amongst the most aggressive of the 

solid malignancies with an extremely high mortality rate (31-36). This is primarily 

due to late diagnosis and metastatic spread, and the occurrence of chemo-radio 

resistance. It is likely that the initiation, maintenance and recurrence of pancreatic 

cancer is mediated by a specific subset of cells known as Cancer Stem Cells. 

Therefore, a rational approach towards both cancer prevention and the 

development of better treatments is to focus on targeting this cellular population. 

Current chemotherapy regimens for pancreatic cancer do not target CSCs, and, 

despite significant toxicities, response rates and overall survival have changed 

little over the past 4 decades. The use of diet-derived agents in both the 

prevention and therapeutic setting has gained impetus, with increasing numbers 

of small phase I/II clinical studies suggesting that there may be potential for 

benefit in some patients (197, 214, 220, 251). Both curcumin and resveratrol have 

been used individually in cellular/animal models of pancreatic cancer and have 

been shown to have chemopreventive/therapeutic potential and do not seem to 

be associated with significant side effect burdens (175, 216, 218, 251). However, 

these two compounds have yet to be used in combination to assess whether this 

may prove to be more efficacious in the pancreatic cancer setting, compared to 

either agent alone. In other models of malignancy, curcumin and resveratrol in 

combination inhibit colon cancer cell growth by causing a reduction in cell 

proliferation and the induction of apoptosis (260). A combination of liposomally 

encapsulated curcumin and resveratrol has been used in the prostate-specific 

PTEN knockout mouse model (264). 

 

There is increasing evidence for both curcumin and resveratrol as agents that are 

able to target CSCs, but only a few studies have been published to date in 

pancreatic cancer. The effect of curcumin on CSCs has been assessed both in 

vivo and in vitro by utilizing several different markers indicative of CSC properties 

including, side populations, tumour-sphere formation, cell-surface marker assays 

and enzyme activity (187, 231, 233). Furthermore, resveratrol has been shown 
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to inhibit the self-renewal ability of PCSCs obtained from human primary tumours 

and KrasG12D mice in vitro (254). Nanog and other transcription factors involved 

in maintenance of pluripotency, including Sox2 and Oct4a, were also 

downregulated by resveratrol (254, 257). 

 

In addition to the pancreatic epithelial lines, pancreatic stellate cells (PSCs), can 

contribute up to 90% of the pancreatic tumour mass. These cells play a very 

important role in pancreatic cancer, such as production of dense desmoplasia to 

form barriers preventing chemotherapeutic drugs from getting to the cancer cells. 

In a study by Masamune et al. (2006), curcumin blocked pancreatic stellate cell 

activation (140, 282) but there is no report in the literature on the effects of 

resveratrol or a combination of resveratrol and curcumin on this cell type.  

 

The overall goal of this project was to investigate the activities, and evaluate the 

potential efficacy, of two dietary agents, resveratrol and curcumin, both alone and 

in combination. These could be used with current approved chemotherapeutic 

drugs (gemcitabine) for pancreatic cancer, as potential new anticancer agents 

targeting CSCs as well as stromal cells. Anti-proliferative and stem-cell targeting 

abilities of curcumin and resveratrol have been shown in different cancers, but 

the combined efficacy of these agents has not been assessed in pancreatic 

cancer and stellate cell lines, prior to initiation of this project. Furthermore, there 

is little information regarding the potential for efficacy of curcumin or resveratrol 

metabolites in pancreatic cancer. 

 

This research sought to identify whether low, clinically-achievable concentrations 

of these agents may have potential utility for the prevention or treatment of 

pancreatic cancer, either alone or in combination, and to examine their effects on 

key drivers of the carcinogenic process such as the PCSC. 
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6.2 Anti-proliferative activity of curcumin and 

resveratrol and molecular mechanisms of growth 

inhibition 

 

Values for the IC50 were calculated only for cell lines where 50% cell reduction 

was observed.  Capan-1 and RLT-PSC cell lines were the most sensitive to 

curcumin, with IC50 concentrations of 1.7 and 2.25 µM, respectively. Following 

combined exposure after 6 days of daily dosing, enhanced anti-proliferative 

effects were observed for the first time in pancreatic cancer cell lines. The main 

outcome observed was that across all cell lines, the addition of very low curcumin 

concentrations (0.1 µM) to 5 µM resveratrol, resulted in an enhancement of the 

anti-proliferative activity of resveratrol at this concentration. The growth inhibition 

data also indicated that a combination of both resveratrol and curcumin at 

clinically achievable concentrations of 0.1 µM induced significant growth inhibition 

in 2 out of 4 cell lines. The processes underlying the cell growth inhibition were 

determined; Capan-1 cells underwent apoptosis whilst in the Panc-1 and AsPC-

1 cells, cell cycle arrest occurred. Whilst this is in keeping with proposed endpoint 

mechanisms observed in other studies (284), this is the first study to suggest that 

curcumin may support induction of apoptosis/cell cycle arrest in pancreatic cell 

lines at such a low concentration. This exposure is within a similar order of 

magnitude to the low systemic concentrations observed in clinical trials following 

oral curcumin administration (186, 218). 

 

6.3 Curcumin and resveratrol for targeting PCSCs in 

pancreatic cancer cell lines 

 

Various CSC populations have been isolated from both clinical pancreatic cancer 

tissues and from a variety of pancreatic cancer cell lines. However, as with many 

other malignancies, there is still no consensus as to which population represents 

the most important, with regards to CSC hierarchy and contribution to pancreatic 
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cancer progression. Out of the prospective markers for investigation, there are 

several which are gaining favour within the literature which may provide 

representation of cellular subsets linked with prognosis and treatment response 

(187, 231, 257). Therefore, in this project the decision was made to investigate 

two different populations, namely CD24+/CD44+ using cell surface markers and 

ALDH-1High as a marker of internal cellular aldehyde dehydrogenase activity (114, 

115, 118). The expression level of the embryonic transcription factor Nanog was 

also considered, since its overexpression can correlate with transformation from 

pre-malignant to malignant conditions (119, 120, 128). The different CSC 

populations in Panc-1 cells had very different responses to curcumin and 

resveratrol, when exposed to each compound individually. The population 

identified as being double positive for CD24+/CD44+
 decreased significantly when 

incubated with 5 µM curcumin, but resveratrol had no significant effect. However, 

resveratrol significantly reduced the fraction of cells with ALDH-1High activity, 

whilst curcumin did not have a clear effect at the highest concentration. This 

observation provides a good indication that using a single compound will not 

eliminate all sources of tumourigenic populations or all cellular progenies. 

Additionally, use of the sphere formation assay in Capan-1 cells produced 

spheres that were the most sensitive to both the single and combination 

treatments. Here, addition of 0.1 µM curcumin to 5 µM resveratrol brought about 

a significant reduction in spheroid number that was greater than either compound 

alone. Other evidence for a combined treatment approach for elimination of 

PCSCs has indicated that it is possible in in vivo models, to enhance stem cell 

targeting efficacy by a greater extent than for either agent alone (109, 138). With 

the combination of resveratrol and curcumin, there is the added advantage that 

both of these agents have a favourable toxicity profile, and that more studies are 

now utilising the single agents in clinical combination with chemotherapy agents. 

 

Next, I investigated how curcumin might be targeting PCSCs. Here, the ALDH-

1High population was isolated from Capan-1 cells which had been exposed to 

curcumin. Following Western blot analysis, it could be determined that curcumin 

caused a significant reduction of Nanog expression in this stem cell population. 

Unpublished work conducted in this laboratory by Dr A. Karmokar has found 
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similar results in colorectal cancer stem cell models, whereby a clinically 

achievable concentration of curcumin (~0.1 µM) selectively targets the ALDH-

1High population, with this decreased activity correlating with significant down-

regulation of Nanog expression. Here it has also been established that in these 

cells, specific binding sites for curcumin exist within the Nanog protein. I did not 

explore the effect of resveratrol as Dr A. Karmokar did not show any correlation 

between resveratrol treatment and Nanog protein levels. The results of this 

chapter have demonstrated that different cell lines have different stem cell 

populations and varying sensitivities to both compounds individually. The PCSC 

heterogeneity in patient samples with pancreatic cancer was also observed when 

analysis was undertaken for 12 primary tissue samples (Chapter four 4.7). 

 

The use of combinations was shown in some cases to be capable of targeting 

PCSCs at the lower, more clinically achievable concentrations. Therefore, 

targeting multiple CSC populations within pancreatic cancer using compounds 

such as curcumin and resveratrol is a sensible and plausible strategy for cancer 

prevention or as a combined adjuvant in the treatment setting.  

 

6.4 Potential for efficacy of curcumin metabolites, and 

their cellular uptake and metabolism 

 

It is clearly demonstrated that curcumin sulfate did not exhibit anti-proliferative 

activity at clinically achievable concentrations (0.1-5 µM). Previous data has 

similarly suggested that it is the parent compound, rather than curcumin 

metabolites which may be responsible for the majority of its anti-cancer efficacy 

(222, 266, 311). However, neither the sulfate nor glucuronide could be 

internalised by either cell line and only the Capan-1 cells were capable of 

metabolising the parent compound. Overall the results indicate that curcumin 

metabolites are less active than the parent compound but could contribute 

additional effects to the parent when present intracellularly. 
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6.6 Future Objectives 

 

It is important to determine which PCSC populations represent the best 

therapeutic target. However, most CSC populations are extremely labile and may 

differ between patients and also following intervention strategies. Furthermore, 

trying to recapitulate PCSC expression in in vitro models will prove difficult due 

to the occurrence of phenotypic switching, which is very dependent on 

environmental stimuli (94, 112, 118, 293). In order to overcome this issue which 

leads to an extremely heterogenous PCSC population, it may be that single 

targeted agents do not provide the most efficacious way forward. Rather, it is the 

combination of agents that are capable of targeting different sub-populations 

which may provide the better PCSC targeting strategy. 

 

Interestingly, it is the lower concentrations of curcumin that engender significant 

interest for preventive/therapeutic potential, with a hormesis-like effect observed, 

particularly within the PCSC population (Unpublished data by Dr A. Karmokar). 

Further studies are required in order to translate this from cell lines into in vivo 

pre-clinical models and ultimately into the clinic. Due to the nature of late 

presentation and diagnosis of pancreatic cancer, administration of combinations 

involving curcumin and resveratrol is most likely to be undertaken in conjunction 

with first line chemotherapy. Clinical studies administering curcumin in 

combination with gemcitabine have been undertaken (215), proving this 

combination to be safe and tolerable. However, for the first time in decades, 

standard of care may be changing. Other intervention options for those with good 

performance status include FOLFIRINOX and nab-paclitaxel, neither of which 

have been investigated in combination with diet-derived agents. Presumably it 

would therefore be worth investigating curcumin and resveratrol in combination 

with these new regimens in future studies. 
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Appendices 

7.1 IC50 Calculation via linear regression method for 

Curcumin in Capan-1 

 

7.2 IC50 Calculation via linear regression method for 

Curcumin in Panc-1 
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7.3 IC50 calculation via linear regression for curcumin 

sulfate in Capan-1, IC50=126 µM. 

 

 

 

7.4 IC50 calculation via linear regression method for 

curcumin sulfate in Panc-1, IC50=135 µM. 
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7.5 IC50 for curcumin and resveratrol in pancreatic 

cancer cell lines 

Pancreatic 

Cell line 

IC50 

Curcumin 

Reference IC50 

resveratrol 

Reference 

Capan-1 

(Pancreas) 

5.4 µM (Li et al., 2004)   

Panc-

1(Pancreas) 

25 µM, 

16.50 

μg/ml, 19.6 

μM, 26 μM, 

25 μM 

(Parasramka and 

Gupta, 2012), 

(Ramachandran et 

al., 2010), (Sutaria 

et al., 2012), 

(LEV-ARI et al., 

2006) 

70 ± 10 

μmol/L, 78.3 

± 9.6 μmol/L 

Kotha et al., 

2006, Cui et 

al., 2010 

AsPC-1 

(Pancreas) 

11 µM (Li et al., 2004) 

 

123.1 ± 

6.5 μmol/L 

 

Cui et al., 

2010 

BxPC-3 

(Pancreas) 

5.4 µM, 10 

µM, 14.08 

μg/ml 

(Li et al., 2004), 

(Parasramka and 

Gupta, 2012), 

(Ramachandran et 

al., 2010) 

71.85 ± 1.55 

µM, 76.1 ± 

7.8 μmol/L 

(Azmi et al., 

2013), Cui 

et al., 2010 

Capan-2 

(Pancreas) 

46 µM (Li et al., 2004) 

 

  

HS766-T 

(Pancreas) 

7 µM (Li et al., 2004) 

 

  

MIA PaCa-2 

(Pancreas) 

19.6 μM, 

18 μM 

(Sutaria et al., 

2012) 
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7.6 IC50 for curcumin and resveratrol in different cancer 

cell lines 

Cell line  IC50 

Curcumin 

Reference IC50 

resveratrol 

Reference 

PC-14 

(Liver) 

10 µM (LEV-ARI et 

al., 2006) 

  

H1299 

(Liver) 

20 µM (LEV-ARI et 

al., 2006) 

  

HCT116 

(Colon) 

10.91 µM (Cen et al., 

2009) 

  

HT-29 

(Colon) 

13.31 µM (Cen et al., 

2009) 

72.9 ± 2.4 µM (Azmi et al., 

2013) 

SW480 

(Colon) 

10.26 µM (Cen et al., 

2009) 

  

WI-38 

(Colon) 

48.82 µM (Cen et al., 

2009) 

  

DU-145 

(prostate) 

  107.92 ± 1.57 

µM, 25 ± 11 

μmol/L 

(Azmi et al., 

2013), Kotha 

et al., 2006 
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7.7 Cell cycle arrest by curcumin. 

Table 3.1 Appendix.  

Cell lines Cell cycle arrest Curcumin 

concentration 

Reference 

MDA-MB-231 

(Breast) 

G0/G1 50 µM Kotha et al., 2006 

Panc-1,(PANC-1, 

BxPC-3 and 

AsPC-1) 

 

,(PANC-1 and 

AsPC-1) 

(Pancreas) 

G0/G1 

X 

X 

x 

 

G0/G1 

50 µM, (78.3 µM, 

76.1 µM and 123.1 

µM) 

 

(100 µM) 

Kotha et al., 2006 

(Cui J 2010) 

 

 

(Ding XZ, Adrian 

TE 2002) 

DU145  

(Prostate) 

G0/G1 50 µM Kotha et al., 2006 

MDA-MB-468 

(Breast) 

S 50 µM Kotha et al., 2006 

COLO 357 

(Pancreas) 

S 50 µM Kotha et al., 2006 

CEM-C7H 

(Blood) 

S 20 µM Bernhard et al., 

2000 

A431 (Skin) G1 50 μM Ahmad et al., 

2001 
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7.8 Shows maximum concentration for Curcumin, Cur-

Glucuronide and Cur-Sulfate exposure to Capan-1 and 

Panc-1 in media.  

Cell lines  curcumin Media Cur-Glu Media Cur-Sul Media 

Capan-1 C 1450±41 ng/ml 4873±90 ng/ml 2853±46 ng/ml 

 T 30 min 0 0 

Panc-1 C 1521±66 ng/ml 3320±163 ng/ml 11199±167 ng/ml 

 T 0 0 0 

Cell lines  curcumin Cell 

pellets 

Cur-Glu Cell 

Pellets 

Cur-Sul Cell Pellets 

Capan-1 C 0.33±0.07 

ng/mg 

At or below LOD At or below LOD 

 T 60 min 0 0 

Panc-1 C 3.22±0.18 

ng/mg 

At or below LOD At or below LOD 

 T 30 min 0 0 
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7.9 Shows concentration of metabolites for Curcumin 

exposure to Capan-1 in medium and cell pellets 

intracellularly. 

Cell 

lines 

 Curcumin Media Cur-Glu Media Cur-Sul Media 

Capan-

1 

C  155841 ng/ml At or below LOD 

 T  6 0 

Cell 

lines 

 Curcumin Cell 

pellets 

Cur-GlCell 

Pellets 

Cur-Sul Cell 

Pellets 

Capan-

1 

C  1±0.3 ng/mg At or below LOD 

 T  60 0 
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7.10 Standard curve for Mono-Glucuronide, Mono-

Sulfate  spiking into Capan-1 cell pellet and their media. 

 

7.11 Chromatography for injecting of DMSO only two 

peaks at 11 and 32.5 min.  
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7.12 Representative HPLC-UV chromatograms of Panc-

1 cell pellets following exposure with Glucuronide. It was 

not possible to quantify any intracellular amounts of Glucuronide or its parent compound as it 

was at or below the LOD. 

 

7.13 Representative HPLC-UV chromatograms of Panc-

1 cell pellets following exposure with sulfate. It was not 

possible to quantify any intracellular amounts of sulfate or its parent compound as it was at or 

below the LOD. 
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7.14 Levels of curcumin, curcumin; curcumin mono- 

glucuronide and curcumin mono-sulfate in cells and 

media. Following treatment of Capan-1 and Panc-1 cell lines with 5uM curcumin, curcumin 

glucuronide and curcumin sulfate over 48 h. N=3, ±S.D. 

  Capan-1 Panc-1 

  Maximum 

Concentration  

Time  

(h) 

Maximum 

concentration 

Time 

(h) 

[Media] 

(ng/mL) 

Curcumin 1450±41 ng/ml 0.5 1521±66 ng/ml 0 

Glucuronide 4873±90 ng/ml 0 3320±163 

ng/ml 

0 

Sulfate 2853±46 ng/ml 0 11199±167 

ng/ml 

0 

[Intracellular] 

(ng/mg) 

Curcumin 0.33±0.07 

ng/mg 

1 3.22±0.18 

ng/mg 

0.5 

Glucuronide  0   

Sulfate At or below 

LOD 

0 At or below 

LOD 

0 
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7.15 Only curcumin and it metabolites in media to study their stabilities. 

 

7.16 Curcumin and its metabolites after exposed to media with cells for 48 

h. 

 

 

7.17 Curcumin and its metabolites after exposed to cells for 48 h and 

extraction was carried out from cell pellets. 

 

7.18 Curcumin only exposed to cells for 48 h and its metabolites were 

extracted from cell pellet. 

Capan-1 Panc-1 Capan-1 Panc-1 Capan-1 Panc-1 Capan-1 Panc-1 Capan-1 Panc-1 Capan-1 Panc-1 Capan-1 Panc-1

0 0 0.25 0.25 0.5 0.5 1 1 6 6 24 24 48 48

Cur in media stability without cells 1529 1717 1578 1540 1557 1513 1408 1419 1011 1194 868 1010 799 935

Cur-Glu in media stability without cells 4636 3120 5108 3204 0 2715 4571 2803 3647 2070 2548 1132 1553 920

Cur-Sul in media stability without cells 2718 10801 2475 11371 2740 11091 2797 10512 2773 10105 1036 9431 956 8028
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Cur-Sul in media with cells 2853 11199 2829 12309 2801 8603 2857 11200 2930 9333 2553 8674 2392 7820
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Cur in cell pellets 0.2 0.3 0.3 1.8 0.3 3.2 0.3 1.2 0.2 0.5 0.2 0.0 0.0 0.0

Cur-Glu  in cell pellet 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
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7.19 curcumin only exposed to cells for 48 h and its metabolites were 

extracted from cell media. 
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