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Abstract 

The search for effective treatments against glioblastoma, the most common and aggressive 

type of primary brain tumour, has been met with limited success over the last decade. The 

blood-brain barrier (BBB) continues to be a major challenge in this process by limiting the 

distribution of drugs to the brain. Omega-3 fatty acids have the capacity to penetrate the BBB 

and are essential for normal brain development and function. These fatty acids have also 

demonstrated anti-tumour effects against a range of experimental cancer models. These 

findings have led to the development of novel epoxy omega-3 fatty acid analogues that may 

distribute to the brain and be effective against brain tumours. 

A range of epoxy omega-3 fatty acid analogues reduced the cell viability of the GL261-luc2 glioma 

cell line in vitro. In animal studies, the daily dosing of 16-{3-[4-chloro-3-

(trifluoromethyl)phenyl]ureido}hexadecanoic acid (C29) at 50 mg/kg intraperitoneally (i.p), 

significantly delayed growth of subcutaneous (s.c) tumours, and demonstrated a trend towards a 

prolonged survival. C29 treatment decreased intracranial (i.c) tumour bioluminescence (BLI), 

however, no survival benefit was observed. Ethyl 16-{[(4 

methylphenyl)carbamoyl]amino}hexadecanoate (CUT-EE) at 50 mg/kg i.p daily, did not 

demonstrate activity against either s.c or i.c tumour models.  

A rapid and sensitive LC-MS/MS method was developed and validated for measuring epoxy 

omega-3 fatty acid analogues in mouse plasma, brain, s.c tumour and liver tissues. C29 exposure 

following a 50 mg/kg i.p dose was significantly lower in brain versus plasma and s.c tumour 

tissues, with a brain to plasma exposure ratio of 0.09. Accumulation of C29 in the brain was 

observed after a repeated dose, whereas brain accumulation with CUT-EE was seen after a single 

dose. CUT-EE brain concentrations increased over 24 h following administration, and surpassed 

plasma concentrations to demonstrate a brain to plasma exposure ratio of 124. 

In conclusion, preclinical results of two epoxy omega-3 fatty acid analogues herein demonstrated 

C29’s anti-tumour effects of against a s.c murine glioma model, and CUT-EE’s capacity to 

distribute and accumulate in the brain. The findings reported in this thesis support the prospect 
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of designing further epoxy omega-3 fatty acid analogues that combine both anti-tumour and brain 

penetrating characteristics, and offer a promising outlook for treating brain tumours. 

  



iii 

Acknowledgements 

Firstly, I would like to thank my primary supervisor Assoc Prof Lai-Ming Ching for her wisdom 

and assertiveness, which has guided me throughout the years. Your door has always been 

open for my questions and I am grateful for the scientific and personal advice you have offered. 

I would also like to thank Prof Mark McKeage for his time and input into this thesis and also to 

our collaborators, Prof Michael Murray and Dr Tristan Rawling, for sharing their knowledge and 

providing the fatty acid analogues for this work.  

To the Stromal Targeting Agent Group, it has been a pleasure being a part of such a great lab. 

The lab meeting, road trips, conferences and other fond memories will be remembered for a 

long time. Sofian, your calming presence, particularly during those stressful times in the lab, has 

been comforting. Kimi, Petr and Simon, I would like to thank you all for your enthusiasm, 

innovative thinking, and passion. Our debates and discussions have enlightened me in many 

ways. I would also like to thank the past, present and future STAGs, Vahid, Cameron, Matt dL, 

Katie W and Michael K for their support in and outside of my studies. 

I want to acknowledge Sree, Frederick, Jagdish, Matt B, Jp, and Malcolm for their assistance 

and advice on the bioanalytical work. Thank you to Siouxsie and Fiona for their support with the 

IVIS. I would also like to thank the many individuals from the Auckland Cancer Society 

Research Centre, particularly Alex, Shevan, and Susan for their friendly advice, interesting 

conversations and baked goods.  

I am grateful for the doctoral training scholarship that I have received from the Cancer Society 

of New Zealand, Auckland and Northland division over the past 3 years, which has allowed me 

to concentrate on my studies. 

Thank you to my dear friends from the “Friday Fatsos”, which includes Benedict, Sandy, Katie, 

Jez, Elaine, Jp, Mike G, Taryn, Jerusha, Janitha, and Billy. Our friendships have continued on 

for many years despite being separated into different departments. I thank you for all the moral 

support, the great meals we’ve shared, and the banter with the “old man”. I am also grateful to 

my high school friends, Dion, Nicky, Mike, Margy, Richard, Shailen, Alisa, Peter and Robyn. 



iv 

You support and intriguing stories of the world outside of science have helped me escape some 

of the stresses of university life.  

This thesis would not have been possible without my beloved mum and dad who have 

continued to support my decision to study and have helped me develop into the man I am 

today. Thank you to my sister who has been taking care of Nancy over in Sydney while I have 

been finishing off my studies. Last but not least, I want to thank Nancy for her encouragement 

and enthusiasm that never ceases to brighten my day. I am truly grateful for her love and 

support that has been instrumental to this journey. 

  



v 

Table of contents 

Abstract ........................................................................................................................................ i	

Acknowledgements ................................................................................................................... iii	

Table of contents ........................................................................................................................ v	

List of figures ............................................................................................................................. ix	

List of tables .............................................................................................................................. xi	

List of abbreviations ................................................................................................................ xii	

Chapter 1.	 General introduction ......................................................................................... 1	

1.1	 Brain cancer ................................................................................................................... 1	

1.1.1	 Epidemiology and classification of brain tumours ................................................... 1	

1.2	 Treatments for glioma .................................................................................................... 3	

1.2.1	 Surgical resection ................................................................................................... 3	

1.2.2	 Radiotherapy .......................................................................................................... 5	

1.2.3	 Chemotherapy ........................................................................................................ 7	

1.2.4	 Challenges in treating gliomas with chemotherapeutics ....................................... 10	

1.3	 The blood-brain barrier ................................................................................................ 11	

1.3.1	 Structural/physical barrier of the blood-brain barrier ............................................. 11	

1.3.2	 Efflux transporters and enzymatic function of the blood-brain barrier .................. 14	

1.3.3	 The blood-brain barrier in glioma .......................................................................... 16	

1.4	 Overcoming the blood-brain barrier for drug delivery .................................................. 18	

1.4.1	 Localised drug delivery ......................................................................................... 19	

1.4.2	 Transient blood-brain barrier disruption ................................................................ 22	

1.4.3	 Exploiting the natural uptake mechanisms of the brain ........................................ 25	

1.5	 Brain uptake of fatty acids ............................................................................................ 28	



vi 

1.6	 Fatty acids and cancer ................................................................................................. 32	

1.6.1	 Cellular energy requirements ................................................................................ 33	

1.6.2	 Fatty acid component in cellular membrane ......................................................... 34	

1.6.3	 Effects on cancer incidence .................................................................................. 36	

1.6.4	 Anti-tumour effects of omega-3 fatty acids ........................................................... 41	

1.6.5	 Omega-6 versus omega-3 fatty acids in cancer ................................................... 42	

1.6.6	 Bioactive lipid mediators and cancer .................................................................... 44	

1.6.7	 Epoxy fatty acid metabolites ................................................................................. 48	

1.7	 Summary and aims of thesis ........................................................................................ 54	

Chapter 2.	 In vivo effects of epoxy omega-3 fatty acid analogues in a syngeneic 

glioma mouse model ................................................................................................................ 56	

2.1	 Introduction .................................................................................................................. 56	

2.2	 Aims ............................................................................................................................. 61	

2.3	 Materials and methods ................................................................................................. 62	

2.3.1	 Animals ................................................................................................................. 62	

2.3.2	 GL261-luc2 glioma cell line ................................................................................... 62	

2.3.3	 In vitro cell viability assay ..................................................................................... 63	

2.3.4	 Tumour implantation ............................................................................................. 64	

2.3.5	 Bioluminescence imaging ..................................................................................... 64	

2.3.6	 Animal monitoring ................................................................................................. 65	

2.3.7	 Drug preparations and administration ................................................................... 66	

2.3.8	 Statistical analysis ................................................................................................ 67	

2.4	 Results ......................................................................................................................... 67	

2.4.1	 Effects of epoxy omega-3 fatty acid analogues on GL261-luc2 cell viability ........ 67	

2.4.2	 Effects of C29 against s.c GL261-luc2 tumours in mice ....................................... 71	

2.4.3	 Effects of CUT-EE against s.c GL261-luc2 tumours in mice ................................ 73	

2.4.4	 Effects of CUT against s.c GL261-luc2 tumours in mice ...................................... 73	

2.4.5	 In vitro BLI in association to GL261-luc2 cell number ........................................... 73	

2.4.6	 Effects of C29 against i.c GL261-luc2 tumours in mice ........................................ 77	



vii 

2.4.7	 Effects of CUT-EE against i.c GL261-luc2 tumours in mice ................................. 77	

2.5	 Discussion .................................................................................................................... 83	

Chapter 3.	 Development and validation of a bioanalytical method for epoxy omega-3 

fatty acid analogues in mouse tissues ................................................................................... 93	

3.1	 Introduction .................................................................................................................. 93	

3.2	 Aims: ............................................................................................................................ 94	

3.3	 Materials and methods ................................................................................................. 94	

3.3.1	 Instrumentation and conditions ............................................................................. 95	

3.3.2	 Animals and tumour cell maintenance and implantations ..................................... 96	

3.3.3	 Preparation of mouse plasma and tissue homogenate ........................................ 96	

3.3.4	 Stock solutions, calibrants, and quality controls ................................................... 96	

3.3.5	 Sample preparation .............................................................................................. 97	

3.3.6	 Validation procedures ........................................................................................... 97	

3.4	 Results ......................................................................................................................... 98	

3.4.1	 Method development ............................................................................................ 98	

3.4.2	 Validation of the assay .......................................................................................... 98	

3.5	 Discussion .................................................................................................................. 109	

Chapter 4.	 Tissue distribution and pharmacokinetics of epoxy omega-3 fatty acid 

analogues in mice .................................................................................................................. 111	

4.1	 Introduction ................................................................................................................ 111	

4.2	 Aims ........................................................................................................................... 114	

4.3	 Materials and methods ............................................................................................... 115	

4.3.1	 Chemical and reagents ....................................................................................... 115	

4.3.2	 Animals and tumour implantation ....................................................................... 115	

4.3.3	 Formulation and dosing ...................................................................................... 115	

4.3.4	 Sample collection and preparation for analysis .................................................. 115	

4.3.5	 Instrumentation and Conditions .......................................................................... 116	



viii 

4.3.6	 Pharmacokinetic methodology and data analysis ............................................... 116	

4.3.7	 Statistical analysis .............................................................................................. 116	

4.4	 Results ....................................................................................................................... 117	

4.4.1	 Tissue distribution and pharmacokinetics of C29 ............................................... 117	

4.4.2	 Tissue distribution and pharmacokinetics of CUT-EE ........................................ 117	

4.4.3	 C29 tissue distribution with different formulations .............................................. 127	

4.5	 Discussion .................................................................................................................. 127	

Chapter 5.	 Concluding discussion ................................................................................. 138	

5.1	 Future direction .......................................................................................................... 143	

5.2	 Conclusion ................................................................................................................. 146	

Appendix ................................................................................................................................. 147	

Chapter 6.	 List of references .......................................................................................... 148	

 

 

  



ix 

List of figures 

Figure 1.1 Whole body autoradiogram of an adult mouse after intravenous injection of 

radiolabeled  histamine, a small molecule that readily enters all organs of the body, except 

for the brain and spinal cord ................................................................................................ 13 

Figure 1.2 Strategies to overcome the BBB in drug delivery for brain tumours ......................... 20 

Figure 1.3 Chemical structures of omega-6 fatty acid, AA, and omega-3 fatty acids, EPA and 

DHA. .................................................................................................................................... 27 

Figure 1.4 Chemical structure of the epoxy omega-6 fatty acid, 14,15-EET; epoxy omega-3 fatty 

acid, 17,18-ETE; and urea isostere,16-{([ethyl)carbamoyl]amino}hexadecanoic acid (CUE).

 ............................................................................................................................................ 53 

Figure 2.1 Chemical structure of synthetic epoxy omega-3 fatty acid analogues, CUT-EE and 

C29. ..................................................................................................................................... 59 

Figure 2.2 In vivo experimental manipulation/treatment timeline. .............................................. 68 

Figure 2.3 Optimisation of in vitro MTT-reduction assay with GL261-luc2 cells. ........................ 69 

Figure 2.4 In vitro activity of epoxy omega-3 fatty acid analogues against GL261-luc2 cells. ... 70 

Figure 2.5 Effects of C29 on tumour growth, survival and weight of mice with s.c GL261-luc2 

tumours. .............................................................................................................................. 72 

Figure 2.6 Effects of CUT-EE on tumour growth, survival and weight of mice with s.c GL261-

luc2 tumours. ....................................................................................................................... 74 

Figure 2.7 Effects of CUT tumour growth, survival and weight of mice with s.c GL261-luc2 

tumours. .............................................................................................................................. 75 

Figure 2.8 Bioluminescence of GL261-luc2 in vitro. ................................................................... 76 

Figure 2.9 Effects of C29 on tumour growth as measured by bioluminescence in mice with i.c 

GL261-luc2 tumours. ........................................................................................................... 78 

Figure 2.10 Effects of C29 on survival and weight of mice with i.c GL261-luc2 tumours. .......... 79 

Figure 2.11 Ex vivo images of mouse brains with i.c GL261-luc2 tumours after C29 treatment 

and respective tumour volumes at humane ethical endpoint. ............................................. 80 

Figure 2.12 Effects of CUT-EE on tumour growth as measured by bioluminescence in mice with 

i.c GL261-luc2 tumours. ...................................................................................................... 81 



x 

Figure 2.13 Effects of CUT-EE on survival and weight of mice with i.c GL261-luc2 tumours. ... 82 

Figure 2.14 Ex vivo images of mouse brains with i.c GL261-luc2 tumours after CUT-EE 

treatment and respective tumour volumes at humane ethical endpoint. ............................. 84 

Figure 3.1 Direct infusion of 1µM CUT to MS/MS for analytical method development. ............. 99 

Figure 3.2 Mass spectra for the epoxy omega-3 fatty acid analogues CUE, CUT, C29, CUT-EE, 

iPUE, and iPUT. ................................................................................................................ 101 

Figure 3.3 MRM chromatographs of epoxy omega-3 fatty acid analogues CUE, CUT, C29, CUT-

EE, iPUE, and iPUT. Blank traces (left column) and samples with analogues (right column).

 .......................................................................................................................................... 103 

Figure 4.1 Concentration-time profiles of C29 in mouse plasma, brain, s.c tumour, and liver 

tissues. .............................................................................................................................. 118 

Figure 4.2 Concentration-time profile of C29 in mouse plasma, brain, s.c tumour and liver 

tissues after repeated doses. ............................................................................................ 120 

Figure 4.3 Concentration-time profile of CUT-EE in mouse plasma after a single dose. ......... 122 

Figure 4.4 Concentration-time profile of CUT-EE in mouse brain tissue after a single dose. .. 124 

Figure 4.5 Concentration-time profile of CUT-EE in mouse plasma and brain tissue after 

repeated dose. .................................................................................................................. 125 

Figure 4.6 Concentration-time profile of CUT in mouse plasma tissue after a repeated dose of 

CUT-EE. ............................................................................................................................ 126 

Figure 4.7 Concentration-time profile of CUT-EE and CUT in mouse s.c tumour tissue after 

repeated dose of CUT-EE. ................................................................................................ 128 

Figure 4.8 Concentration of CUT-EE from mouse s.c tumours versus their respective tumour 

mass (n = 78). ................................................................................................................... 129 

Figure 4.9 Concentration-time profile of CUT-EE and CUT in mouse liver tissue after a repeated 

dose of CUT-EE. ............................................................................................................... 130 

Figure 4.10 Concentration-time profile (0 - 3 h) of C29 in mice administered in an emulsion or 

corn oil formulation. ........................................................................................................... 131 

 



xi 

List of tables 

Table 3.1 Epoxy omega-3 fatty acid analogue fragmentation conditions, transition and molecular 

structures........................................................................................................................... 100 

Table 3.2 Slope, intercept and correlation coefficient for CUT-EE calibration curves prepared in 

mouse plasma and brain, s.c tumour, and liver tissue homogenates. .............................. 104 

Table 3.3 Accuracy and precision of CUT-EE calibrants prepared in mouse plasma, brain, s.c 

tumour, and liver tissue homogenates. ............................................................................. 105 

Table 3.4 Intra- and inter-assay accuracy and precision at low, medium, and high concentration 

of CUT-EE in mouse plasma brain, s.c tumour, and liver tissue homogenates. ............... 106 

Table 3.5 Stability of CUT-EE in mouse plasma and brain homogenate ................................. 108 

Table 4.1 Pharmacokinetic parameters of C29 after 50 mg/kg i.p administration in C57BL/6 

mice using non-compartmental analysis ........................................................................... 119 

Table 4.2 Pharmacokinetic parameters of CUT-EE after 50 m/kg i.p administration in C57BL/6 

mice using non-compartmental analysis. .......................................................................... 123	

 

  



xii 

List of abbreviations 

17-ODYA 17- octadecynoic acid 

5-ALA  5-aminolevulinic acid 

AA  Arachidonic acid 

Acyl-CoA Acyl-Coenzyme A 

Akt  Protein kinase B 

ANOVA  Analysis of variance 

ATP  Adenosine triphosphate 

AUC  Area under the curve 

AUC0-inf  Area under the concentration-time curve extrapolated to infinity 

AUCfirst  Area under the concentration-time curve of first dose 

AUClast   Area under the concentration-time curve of last dose 

BBB  Blood-brain barrier 

BCRP  Breast cancer resistant proteins 

BLI  Bioluminescence 

C29  16-{3-(4-chloro-3-(trifluoromethyl)phenyl)ureido}hexadecanoic acid 

CE  Collision energy 

CED  Convection enhanced delivery 

CL  Clearance 

Cmax  Maximum concentration 

CNS  Central nervous system 



xiii 

COX  Cyclooxygnease 

CRC  Colorectal cancer 

CSF  Cerebrospinal fluid 

CT  Computed tomography 

Ct  Concentration at the final time point  

CUE  16-{([ethyl)carbamoyl]amino}hexadecanoic acid 

CUT  16-{[(4-methylphenyl)carbamoyl]amino}hexadecanoic acid 

CUT-EE Ethyl 16-{[(4 methylphenyl)carbamoyl]amino}hexadecanoate 

CYP  Cytochrome P450 

DHA  Docosahexaenoic acid 

DMSO  Dimethyl sulfoxide 

DPA  Docosapentaenoic acid 

EDP  Epoxydocasapentaenoic acid  

EDTA  Ethylenediaminetetraacetic acid 

EET  Epoxyeicosatrienoic acid 

EPA  Eicosapentaenoic acid  

ESI  Electron spray ionisation 

ETE  Epoxyeicosatetraenoic acid 

eV  Electron volts 

FABP  Fatty acid binding protein 

FASN  Fatty acid synthase  



xiv 

FATP  Fatty acid transport proteins 

FDA  United States of America Food and Drug Administration 

Frag  Fragmentor voltage 

GLUT  Glucose transporter 

GS-MS  Gas chromatography-mass spectrometry 

Gy  Gray 

HER  Human Epidermal Growth Factor Receptor 

HPLC  High performance liquid chromatography 

Hz  Hertz 

i.c  Intracranial 

IC50  Concentrations required to inhibit 50% of the control cell viability 

i.p  Intraperitoneal 

i.v  Intravenous 

iMRI  Intraoperative magnetic resonance imaging 

iPUE  Isopropyl 16-{[(ethyl)carbamoyl]amino}hexadecanoate 

iPUT  Isopropyl 16-{[(4 methylphenyl)carbamoyl]amino}hexadecanoate 

LA  Linoleic acid 

LC-MS/MS Liquid chromatography-tandem mass spectrometry 

LDL  low density lipoproteins 

LLC  Lewis lung carcinoma 

LLOQ  Lower limit of quantification 



xv 

LNA  Alpha linolenic acid 

LOX  Lipoxygenase 

LPC  Lysophosphitidylcholine 

m/z  Mass to charge ratio 

MAN  p-Aminophenyl-α-D-mannopyranoside 

MEM  Minimal essential medium 

MF  Matrix factor 

MRI  Magnetic resonance imaging 

MRM  Multiple reaction monitoring 

MRP  Multi-drug resistant proteins 

MTT  3-(4,5-Dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide 

MW  Molecular weight 

NCA  Non-compartmental analysis 

p.o  Oral administration 

PA  Palmitic acid 

PBS  Phosphate buffered saline 

P-gp  P-glycoproteins 

PI3K  Phosphatidylinositol 3-kinase 

QC  Quality control 

RAUC  Accumulation ratio 

RSD  Relative standard deviation 



xvi 

s.c  Subcutaneous 

SD  Standard deviation 

sEH  Soluble epoxide hydrolase 

SEM  Standard error of mean 

t1/2   Elimination half-life 

Tmax  Time to maximum concentration 

TMZ  Temozolomide 

Vd  Apparent volume of distribution based on terminal phase 

VEGF  Vascular endothelial growth factor 

WHO  World Health Organisation 

λz  Terminal elimination rate constant 





1 

Chapter 1.  General introduction 

1.1 Brain cancer 
Malignant brain tumours are one of the most feared types of cancers, with glioblastoma being 

the most common type in adults. Patients with glioblastoma continue to be associated with a 

very poor prognosis despite the subtle advancements made in this last decade for treating brain 

tumours (Stupp et al., 2005). The current standard of care involves maximum surgical resection 

where possible, radiotherapy, and concomitant and adjuvant chemotherapy. The locality of the 

lesion often results in difficulties with social function, motor function, communication, headaches 

and seizures, which can have a significant impact on a patient’s quality of life (Liu et al., 2009).  

1.1.1 Epidemiology and classification of brain tumours 
In 2012 the incidence of brain tumours in New Zealand was almost 6 in 100,000 people, with 

the mortality rate increasing between 2008 and 2012, from 3.6 to 4.5 per 100,000 people 

(Ministry of Health, 2015). The incidence of brain cancers is higher in males and have a 

mortality rate that is two times higher than the rates recorded for females in 2012 (Ministry of 

Health, 2015). It is anticipated that the total numbers may increase as the general population 

lives longer and treatments for systemic tumours improve, increasing the chances for metastatic 

brain tumours to occur. The advances in diagnostic imaging modalities and better access to 

brain specialists may also led to a higher number of diagnoses for both primary and metastatic 

brain tumours (Kim, Ioannides, & Elwood, 2015b). Interestingly, brain cancers are the most 

common cause of cancer death in males aged 44 years and under, and the third most common 

cancer after lung and colorectum/anus cancers between the ages of 45-64 in men (Ministry of 

Health, 2015). Primary tumours located outside of the brain, such as breast, lung or skin, can 

spread to the brain and give rise to metastatic brain tumours. These metastases are more 

common than primary intracranial (i.c) tumours, with approximately 15% of all cancer patients 

go on to develop brain metastases (Bashour et al., 2015). Brain metastases can occur more 

frequently with certain types of cancer, including melanoma, lung and breast cancers, which 
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have been documented to be up to 75, 40, and 20% of patients with these cancer types, 

respectively (Bafaloukos & Gogas, 2004; Lin, Bellon, & Winer, 2004; Schuette, 2004). 

Gliomas, which include glioblastoma, are the most common brain cancer in adults and accounts 

for 80% of all malignant brain tumours (Dolecek, Propp, Stroup, & Kruchko, 2012). Gliomas 

refer to primary central nervous system (CNS) tumours that have arisen from glial cells, such as 

astrocytes, oligodendrocytes, or ependymal cells. This disease is found most frequent in the 

sixth to eighth decade of life (Dolecek et al., 2012). The cause of gliomas is unknown, although 

exposure to ionising radiation is a known risk factor (Fisher, Schwartzbaum, Wrensch, & 

Wiemels, 2007). The association between radiofrequency electromagnetic waves from mobile 

phones and brain tumours remains inconsistent (Kim et al., 2015b), although more recently, 

Chapman and colleagues (2016) reported there has been a stable incidence of brain cancer in 

Australia between 1982 and 2012 for all groups under the age of 70 years. This period goes 

back far enough before the introduction of mobile phone usage and therefore the authors 

suggested that mobile phone use is not associated with brain cancer incidence. Rare familial 

tumour syndromes are well known to predispose groups of people to glioma, however this is 

rare and make up less than 10% of glioma cases (Goodenberger & Jenkins, 2012). 

There are several different types of brain tumours that have been grouped according to their 

features. The World Health Organisation (WHO) classification system has categorised gliomas 

into 4 grades (I – IV) based on their histological characteristics. They include the degree of 

undifferentiation, anaplasia, and aggressiveness and usually correlate to patient prognosis and 

survival (Louis et al., 2007). Glioblastoma is a WHO grade IV glioma, the most malignant grade, 

and can occur with no history of pre-existing lower grade tumour. The high WHO grade given to 

glioblastomas reflects its histological characteristics of being highly cellular with considerable 

mitotic activity, vascular proliferation, and necrosis (Louis et al., 2007). Tumour cells from 

glioblastoma vary in size and shape and were therefore termed as glioblastoma multiforme, 

although this term is less commonly used. These characteristics of glioblastoma make it an 

incredibly difficult tumour to treat. Despite the large international efforts to improve the outcome 

for patients with glioblastoma, more effective treatments are needed. 
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1.2 Treatments for glioma 
The aggressive nature of glioblastoma has an equally aggressive standard of care, which 

involves surgical resection, radiotherapy, and concomitant and adjuvant chemotherapy. The 

fragile and delicate nature of brain tissue makes it difficult to accurately resect malignant brain 

tissue or target tumours using radiotherapy without damaging vital tissue. Extensive efforts have 

been made to improve surgical techniques, radiotherapy, and chemotherapy but have yet to 

significantly improve patient outcome. Moreover, tumour recurrence invariably occurs following 

numerous different approaches. Novel therapies, such as anti-angiogenic agents, have also 

been examined as new strategies to target these highly vascularised tumours but have yet to 

provide significant survival benefits for patients with glioblastoma (Assimakopoulou, 

Sotiropoulou-Bonikou, Maraziotis, Papadakis, & Varakis, 1997).  

1.2.1 Surgical resection 
Surgically removing the bulk of the tumour may alleviate many of the symptoms associated with 

malignant gliomas, decrease dependence on supportive medications, and improve quality of 

life. Surgery has been demonstrated to improve survival, where median survival for patients 

who underwent surgery has been reported to be 17 months compared to 5 months for patients 

without debulking surgery (Stupp et al., 2002). Although this can be seen as a significant 

improvement in survival duration, tumour recurrence for malignant astrocytomas such as 

glioblastoma invariably occurs, predominately progressing within 2 cm of the initial tumour site 

(Burger et al., 1983; Gaspar et al., 1992; Sneed et al., 1994; Wen & Kesari, 2008). Incomplete 

surgical resection, in part, could explain the high rates of recurrence. An increased extent of 

resection has been reported to improve patient survival (Lacroix et al., 2001; McGirt et al., 

2009), however considerable amount of care is required by surgeons and others involved. From 

these findings, there is increasing interest to develop new methods using recent technological 

neurosurgical advancements to achieve higher rates of safe maximal surgical resections 

(Marbacher et al., 2014; Stummer et al., 2006). 

Novel technologies for neurological resections include intraoperative fluorescence-guided 

surgery and intraoperative MRI (iMRI). The identification of neoplastic tissue during surgery can 
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be enhanced by the preoperative oral administration (p.o) of 5-aminolevulinic acid (5-ALA). 

Multiple studies have described 5-ALA to be safe and assist in the optimisation for more 

extensive resection (Marbacher et al., 2014; Stummer et al., 2011; Stummer et al., 2006). In a 

recent retrospective analysis, 5-ALA demonstrated clinical usefulness by positively displaying 5-

ALA fluorescence in 88.4% of patients with WHO grades III-IV primary brain tumours 

(Marbacher et al., 2014). Multiple reports have suggested that the use of 5-ALA in neurosurgery 

can have a positive influence on the extent of tumour resection, resulting in improved 

progressive-free survival times for brain tumour patients (Pichlmeier, Bink, Schackert, & 

Stummer, 2008; Stummer et al., 2011; Valdes et al., 2011). 5-ALA is a hydrophilic agent that is 

enzymatically converted to the photosensitive protoporphyrin IX (Conte et al., 2015). The 

mechanism of how it selectively accumulates in the tumours remains unclear; however it is 

thought that the distribution outflow of protoporphyrin IX in tumours is disturbed, trapping it 

within the tumour and enhancing fluorescence. Another hypothesis of its accumulation in brain 

tumour sites is the altered metabolism of these malignant cells (Collaud, Juzeniene, Moan, & 

Lange, 2004; Krieg, Messmann, Rauch, Seeger, & Knuechel, 2002; Peng, Berg, Moan, 

Kongshaug, & Nesland, 1997). Given the hydrophilic nature of 5-ALA, a disrupted BBB seems 

to be necessary for increased uptake into the brain. Reports have demonstrated a positive 

correlation between quantitative measurements of protoporphyrin IX and the magnetic 

resonance imaging (MRI) contrast agent, gadolinium (Valdes et al., 2012), which enhances 

areas of BBB degradation (Larsson et al., 1990). 5-ALA seems to be a promising tool for 

enhancing tumour tissue identification for surgeons to more confidently resect brain tumours. 

The recent method of fluorescence-guided surgery is generally accepted as a standard of care 

around many part of the world and has allowed neurosurgeons to resect radically (Moiyadi, 

Syed, & Srivastava, 2014), however there are limitations. This includes the lack of fluorescent 

tracers distributing to the infiltrating edges of the tumour due to, in part, the tracer’s charged and 

hydrophilic nature (Ennis et al., 2003; Stummer et al., 2000; Terr & Weiner, 1983). As a result 

the infiltrating edges of brain tumours may not been fluorescently detected and will therefore 

may evade surgical resection. 

Another strategy to improve the degree of tumour removal is the use of real time iMRI (Knauth 

et al., 1999; Wirtz et al., 2000). Multiple reports, including a randomised control trial, have 
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shown iMRI significantly increased the rate of complete tumour removal compared to situations 

where the neurosurgeon would have terminated the operation without iMRI guidance (Knauth et 

al., 1999; Schneider et al., 2005; Senft et al., 2011). These increased rates of complete tumour 

removal have been documented to improved patient outcomes, where Senft et al (2011) 

observed a benefit in progression-free survival for patients undergoing complete resection with 

iMRI guidance. Emerging trends and technologies have been used to achieve safer and more 

extensive surgical resection of brain tumours. However, improving tumour resection will only 

prolong life and not provide a cure from the disease (Senft et al., 2011). Therefore other 

therapies, including radiotherapy, have also been employed to target infiltrative tumour cells that 

may have evaded resection, and also utilised in situations where the tumours are inoperable. 

1.2.2 Radiotherapy 
For over sixty years, radiotherapy has played a large part in the improved survival of patients 

with malignant brain tumours (Carleton & Bouchard, 1950). The evolution of radiotherapy with 

recent advancements continues to be a part of the postoperative treatment for brain tumours 

and many other tumour types. In the late 1970’s and early 1980’s, postoperative radiotherapy 

improved the median survival of patients with malignant glioma compared with those who 

receive only supportive care after surgery (10.8 months vs. 5.2 months, respectively) 

(Kristiansen et al., 1981). Walker, Strike and Sheline (1979) demonstrated a direct dose-effect 

relationship by comparing 420 patients with newly diagnosed glioblastoma in different treatment 

groups receiving ≤ 45, 50, 55, and 60 Gray (Gy). In their observations, patients that did not 

receive radiotherapy had a median survival of 18.0 weeks. In comparison, radiotherapy with a 

dose of 60 Gy increased median life span by 2.3 times (42.0 weeks); while 55 Gy doubled 

median life span (36.0 weeks), and the employment of 50 Gy increased life expectancy by 1.6 

times (28.0 weeks). Patients who received ≤45 Gy of radiotherapy began with a poor 

performance status, with many failing to complete their full course of radiotherapy and therefore 

were not compared in the study (Walker et al., 1979). As patients within this study were not 

randomised it is likely that patients with unfavourable characteristics (poorer prognosis, less 

tolerable to radiotherapy) were chosen to receive lower doses of radiotherapy and may have 

confounded the dose-effect relationship results. Further studies by Bleehen and Stenning 
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(1991) demonstrated similar results in a randomised study, where they recruited 474 patients 

with grade 3 or 4 astrocytoma and were randomised to receive 60 Gy (30 fractions in 6 weeks) 

or with 45 Gy (20 fractions over 4 weeks). The median survival time was 12 months in the group 

receiving 60 Gy and this was significantly longer than the 9 month median survival reported 

from the 45 Gy treated group (Bleehen & Stenning, 1991). For brain metastases, whole brain 

radiation is generally utilised, however, complication rates of up to 49% of patients have been 

observed for those receiving two large fractions (7.5 Gy) and 15.2% for patients receiving the 

lower but more frequent 15 fractions of 2 Gy (Young, Posner, Chu, & Nisce, 1974). Despite a 

clear relationship between the radiation dosage and patients survival, increasing dosage is 

limited by normal tissue tolerance (Barnett et al., 2009). Technological advancements have 

enabled radiotherapy to be delivered more precisely to the tumour target, reducing the exposure 

of radiotherapy to normal healthy tissue. Such technologies include Three Dimensional 

Conformal Radiotherapy and more recently Intensity Modulated Radiation Therapy, Volume 

Modulated Arc Therapy and Image-Guided Radiotherapy are among the new technologies used 

to treat brain tumours (Fuller et al., 2007; Jaffray, 2012; Lorentini et al., 2013, Navarria et al. 

2016). Narayana et al. (2006) reported that although treatment with conventional doses and 

volume definition using Intensity Modulated Radiation Therapy is unlikely to exhibited improved 

control of high-grade gliomas, a reduction in acute and late toxicities associated with 

radiotherapy could result due of improved conformality. Therefore, higher doses of radiation 

have been trialled and escalated up to 81 Gy total dose by Tsien et al. (2012). The study 

demonstrated a median survival of 20.1 months for patients with newly diagnosed grade IV 

gliomas, including glioblastoma and gliosarcomas and was the first to confirm the safety and 

tolerability of employing higher radiotherapy doses with concurrent chemotherapy. They 

concluded that a total dose of 75 Gy in 30 fractions was the maximum dose received with 

concurrent chemotherapy without substantial radiation-induced necrosis (Tsien et al., 2012). 

Radiotherapy continues to have a major role in the treatment of brain tumours. While new ways 

of delivering radiation are improving the safety and extending the survival of patients, these 

benefits have been further improved with chemotherapy. 
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1.2.3 Chemotherapy 
Initial treatments for most gliomas focus on surgical resection, where possible, and irradiation. 

Historically, the use of chemotherapy in treating high-grade gliomas, particularly alkylating 

agents, has shown little, if any benefit. Consequently their use has been strongly questioned in 

the medical community as they are accompanied with side effects. However, in the last two 

decades, chemotherapies such as nitrosoureas and temozolomide (TMZ) have had positive 

impact and play a significant part in the current management of brain tumours. The highly 

infiltrative nature of glioblastoma, allows tumour cells to reside in critical areas of the brain, 

making it almost impossible to remove surgically or eradicated with radiotherapy without 

harming normal healthy brain tissue. Therefore the use of chemotherapy may have some 

benefit in distributing to these critical areas to eliminate the infiltrative tumour cells. 

Temozolomide  

TMZ is an imidazotetrazine derivative that is chemically transformed in the body to its active 

species, 3-methyl-(triazen-1-yl)imidazole-4-carboxamide (MTIC). This active species can 

subsequently give rise to a methyl carbonium ion that can trigger DNA methylation result in a 

DNA mismatch that ultimately causes cell death (Griffin, Branch, Xu, & Karran, 1994; Stevens et 

al., 1987). TMZ displays a broad spectrum of activity against a wide range of rodent tumours 

(Stevens et al., 1987), and has a good tissue distribution profile including penetration into 

tumour tissue and the central nervous system (Brindley, Antoniw, & Newlands, 1986). An early 

phase I clinical trial examining the safety of TMZ found improvements in two patients with 

recurrent high-grade glioma who previously received radiotherapy (Newlands et al., 1992). 

Further studies on patients with primary brain tumours (e.g. recurrent astrocytoma and newly 

diagnosed astrocytoma) demonstrated major improvements in computed tomography (CT) 

scans, and in all cases, these improvements were accompanied by complete or near complete 

resolution of clinical signs and symptoms (O'Reilly et al., 1993). With TMZ’s promising effects 

against recurrent gliomas, Stupp et al. (2002) conducted a pilot study in patients with newly 

diagnosed and histologically proven glioblastoma to investigate the effects of concomitant 

radiotherapy plus TMZ therapy followed by adjuvant TMZ therapy. In this study, the treatment 

regimen was offered to all patients treated with radiotherapy, and a median survival of 15.8 
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months was reported. This was considered a clear clinical benefit compared with most other 

reported regimens, which used agents such as topotecan, tirapazamine, cisplatin and 

carmustine, which demonstrated a range of median survival time between 9.7 – 12.8 months 

(Del Rowe et al., 2000; Fisher, Scott, Macdonald, Coughlin, & Curran, 2001; Kleinberg, 

Grossman, Piantadosi, Zeltzman, & Wharam, 1999). Stupp and colleagues (2005) took this 

further and conducted a randomised, multicentre, phase 3 clinical trial comparing patients with 

newly diagnosed glioblastoma with either the regimen used in the pilot study (mentioned above) 

or radiotherapy alone. Five hundred and seventy two patients were randomly assigned to one of 

the two treatment arms. At a median follow-up of 28 months, 84% patients of the patients had 

died. A median survival benefit of 2.5 months was calculated where the median survival for 

patients treated with radiotherapy plus TMZ was 14.6 months and with radiotherapy alone was 

12.1 months. The use of concomitant TMZ with radiotherapy and adjuvant TMZ was associated 

with significant improvements in median overall survival (Stupp et al., 2005). Interestingly, a 

decade after this landmark study, the standard of care for patients with newly diagnosed 

glioblastoma has not progressed and the search for more effective therapies has led to the 

development of novel agents to improve the outcome of patient with this difficult to treat 

disease. 

Anti-angiogenic agents 

The highly vascularised and angiogenic features of glioblastoma has been targeted by a 

number of novel agents including cilengitide, an agent that selectively binds and inhibits 

extracellular matrix adhesion molecules important for angiogenesis (Yamada et al., 2006). 

Preclinical studies using orthotopic brain tumour mouse models demonstrated impressive 

results, prolonging the survival of mice treated with cilengitide (> 24 weeks) compared to 

controls (< 6 weeks) (MacDonald et al., 2001). Phase I and II clinical trials demonstrated an 

excellent safety profile with cilengitide, showing little toxicity (Reardon et al., 2008; Stupp et al., 

2010). Additionally, a modest anti-tumour activity was observed, having a 6-months progression 

free survival rate of 69%, which is approximately a 15% improvement over the current standard 

of care (Reardon et al., 2008; Stupp et al., 2010; Stupp et al., 2005). However, a phase III 

clinical trial consisting of over 500 patients with newly diagnosed glioblastoma reported that the 
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addition of cilengitide to the standard of care had no improvement to overall survival compared 

to controls (Stupp et al., 2014). 

In May 2009, the United States Food and Drug Administration (FDA) granted accelerated 

approval of bevacizumab for patients with progressive malignant glioblastoma following prior 

therapy. Bevacizumab is a humanised monoclonal antibody for the vascular endothelial growth 

factor (VEGF) A, and inhibit angiogenesis by specifically blocking this ligand from interacting 

with the VEGF receptor (VEGFR) (Stupp, Hegi, Gilbert, & Chakravarti, 2007). Malignant gliomas 

have been demonstrated to over-express VEGF, and its expression levels has been correlated 

with tumour vascularity and grade (Chaudhry, O'Donovan, Brenchley, Reid, & Roberts, 2001). 

In malignant gliomas, interrupting angiogenesis with bevacizumab was thought to have a direct 

impact on glioma growth and recurrence. At the time, bevacizumab was approved for other 

types of cancers that are highly vascularised, including metastatic colorectal, non-small cell lung 

and breast cancers. Therefore, there was a good rationale behind the use of bevacizumab  

against gliomas in the clinic (Kabbinavar et al., 2005; Miller et al., 2007; Sandler et al., 2006). 

Multiple clinical studies examining bevacizumab have been conducted in patients with newly 

diagnosed and recurrent glioblastoma (Chinot et al., 2014; Friedman et al., 2009; Gilbert et al., 

2014; Kreisl et al., 2009; Taal et al., 2014). Many of which documented profound reductions in 

the enhancement on MRI scans, which are used as an indicator for tumour mass, and to assess 

response and progression (Taal et al., 2014). Some of these responses were rapid, some being 

observed within 24h after first dose (Taal et al., 2014). Although the treatment with 

bevacizumab resulted in a higher response rate and improved progression-free survival in 

patients with malignant glioblastoma, two randomised clinical trials designed to assess the 

effects of bevacizumab in combination with standard chemoradiation therapies found no 

significant difference in overall survival (Chinot et al., 2014; Gilbert et al., 2014). The 

radiographically assessed durable objective response rates in both an independent study (Kreisl 

et al., 2009) and a separate industry-sponsored multicentre trial (Friedman et al., 2009), was the 

basis for the approval of bevacizumab for patients with malignant glioblastoma by the FDA. 

These positive responses to bevacizumab treatment together with a lack of overall survival 

benefit, have led to questions and controversy surrounding the method for assessing brain 

tumour response and progression. This doubt has continued to cloud the genuine anti-tumour 
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effects of bevacizumab against these tumours (Taal et al., 2014). VEGF inhibition has been 

shown to stabilise the microvascular endothelial cells of the brain, decrease extravasation of 

gadolinium and intravascular fluid into the surrounding brain parenchyma and reduce 

enhancement of MRI scans (Kreisl et al., 2009). The MRI response criteria used in other 

settings may account for the high initial radiographic response rates that have led to its 

approval. Despite the controversy, there are benefits associated with bevacizumab treatment in 

patients with brain malignancies, including decreased cerebral oedema, improvement of 

neurological symptoms and a decreased patient requirement for corticosteroids (Friedman et 

al., 2009; Kreisl et al., 2009). In the recent comprehensive systematic review of the efficacy of 

anti-angiogenic therapy in patients with high-grade gliomas found insufficient evidence to 

support their use in patients with newly diagnosed glioblastoma on the basis of effects on 

survival (Khasraw et al., 2014). 

1.2.4 Challenges in treating gliomas with chemotherapeutics 
Despite the decades of research focused on improving surgical, radio- and chemo-therapeutic 

interventions, the prognosis for patients with brain tumours continues to be poor and more 

effective therapies for malignant brain tumours is of great need. One of the challenges of 

treating high-grade gliomas is their invasiveness that allows tumour cells to intermingle with 

normal, fragile brain tissue, limiting complete surgical resection. Another challenge is delivering 

therapeutic concentrations of an agent to the target site to elicit a response. An agent’s effect 

tends to be a result of it binding to its receptor target, exerting chemical influence on one or 

more cellular constituents and/or intermediates to ultimately result in a pharmacological effect 

(Rang, 2006). This has been phrased the “receptor theory” whereby biological effects are 

produced through the binding of the agent to its target. Although there are exceptions to this 

theory, for example osmotic diuretics that can act indirectly to cause an effect, the principle is 

true for the vast majority of agents. In the development of an agent, a diverse range of studies 

(e.g. in vitro and in vivo) are carried out to determine drug efficacy (pharmacodynamics) and 

toxicity. The pharmacokinetics which considers drug absorption, distribution, metabolism, and 

elimination, can significantly influence the ability of the drug to reach and interact with its target 

and ultimately the pharmacodynamics within the system. In the brain, a highly developed and 
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regulated interface, called the BBB, separates the brain from the systemic circulation. This 

barrier is known to restrict a numerous substances from penetrating into the brain and includes 

a wide range of anti-cancer agents such as paclitaxel, imatinib, tamoxifen, bortezomib, 

trastuzumab, and gefitinib that are not effective against tumours specifically located in the brain 

(Lesser, Grossman, Eller, & Rowinsky, 1995; Neville et al., 2004; Odia, Kreisl, Aregawi, Innis, & 

Fine, 2015; Pestalozzi & Brignoli, 2000; Zhao et al., 2013). The BBB has a number of 

mechanisms to govern this regulation and are described in the next section. 

1.3 The blood-brain barrier 
The central nervous system is the body’s control centre, and is comprised of the brain and 

spinal cord. For it to perform reliable neural integration and signalling, the regulation of its 

microenvironment is crucial. Regulating the delivery of essential nutrients, removing waste 

products and restricting the entry of potentially toxic agents or pathogens are achieved by the 

cellular barriers that form the boundary between the central nervous system and systemic 

circulation. The BBB is one of these important barriers and appears in all extant vertebrates 

(Cserr & Bundgaard, 1984). It utilises a number of biological mechanisms to carry out this 

function including structural, efflux and enzymatic barriers. The BBB can restrict toxicants and 

therapeutics alike, and as a result, can present itself as a major obstacle when treating disease 

or disorders of the brain. Typically agents are administered p.o or intravenously (i.v) for ease, 

convenience or for favourable pharmacological purposes. These routes of administration 

require the systemic circulation to distribute the agent around the body and therefore must cross 

the BBB to reach the brain parenchyma and/or tumour. In certain diseases, the BBB can be 

partially compromised and may be exploited for drug delivery. However, this may not always be 

the case and strategies to overcome the BBB have been employed to increase drug distribution 

to the brain. 

1.3.1 Structural/physical barrier of the blood-brain barrier 
The idea of the barrier was first described by Paul Ehrlich in 1885 when acidic dyes injected into 

the blood would stain almost all tissues in the body except those of the brain  
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(Pardridge & Oldendorf, 1975) (Figure 1.1). Goldman subsequently confirmed these results by 

injecting dyes into the cerebrospinal fluid which stained the brain without staining other bodily 

tissues (Pardridge & Oldendorf, 1975). Despite the lack of knowledge about its location and 

composition, the name BBB was given, but was accompanied with serious debate. It was not 

until Reese, Karnovsky and Brightman discovered that cerebral capillary endothelial cells had 

unique tight junctions that were distinct to other capillary beds, to thereby constitute the 

structural basis that would quell the controversy (Brightman & Reese, 1969; Reese & 

Karnovsky, 1967). Intercellular tight junctions found between endothelial cells of the BBB, 

create a continuous layer to form a ‘physical barrier’ and close off paracellular diffusion. In 

contrast, the majority of peripheral vascular endothelial cells are without tight-junctions, 

connected loosely, and allow many compounds to freely diffuse from blood to tissue. Passive 

diffusion is the most common route of passage for small molecules across the BBB (Mikitsh & 

Chacko, 2014). The Lipinski’s “rule of five” uses parameters such as molecular weight (MW), 

lipophilicity, polar surface area, hydrogen bonding, and charge to estimate solubility, 

permeability and the “drug-likeness” of an agent in drug discovery and development setting 

(Lipinski, Lombardo, Dominy, & Feeney, 2001). The “rule of five” suggests that poor absorption 

and permeation are more likely when: the MW is over 500, the calculated Log P is over 5, there 

are more than 5 hydrogen-bond donors and 10 hydrogen-bond acceptors (Lipinski et al., 2001). 

Log P is a measure of lipophilicity and describes the partitioning-coefficient of a molecule 

between two immiscible phases, usually octanol and water. A molecular mass under 500 Da 

would be likely to freely diffuse through the BBB (Levin, Patlak, & Landahl, 1980). Within the 

phospholipid, fatty acids that are unsaturated (containing double bonds within carbon chain) can 

form small kinks in the phospholipid bilayer to create spaces for small molecules to fill and pass 

through (Seelig & Seelig, 1974). This space-filling model considers molecular volume rather 

than MW in the free diffusion of molecules across phospholipid membrane (Seelig & Seelig, 

1974; Trauble, 1971). Lipophilicity can also be an indicator of BBB permeability. A classic 

example of increasing BBB permeability by increasing log P can be observed with morphine, 

codeine, and heroin. Increasing the Log P of morphine (Log P: 0.99) by converting the 3-

hydroxy moiety to a methoxy gives codeine (Log P: 1.2). Acetylation of the 3- and 6- hydroxyl  
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Figure 1.1 Whole body autoradiogram of an adult mouse after intravenous injection of 

radiolabeled histamine, a small molecule that readily enters all organs of the body, except for 

the brain and spinal cord (Pardridge, 2005) © 2005, The American Society for Experimental 

NeuroTherapeutics, Inc, With permission of Springer).  
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groups of morphine results in heroin with a Log P of 2.3. The higher lipophilicity (>100-fold) of 

heroin over morphine corresponds to a greater (100 times) brain uptake of heroin compared 

with morphine in rats (Oldendorf, Hyman, Braun, & Oldendorf, 1972). In the case where the 

molecule is polar and water-soluble, active transport mechanisms are required to allow the 

movement through the hydrophobic phospholipid bilayer of cells. Due to the restrictive nature of 

the BBB, cellular machinery that allows the delivery of marcomolecules to the brain must be in 

place. This includes transcytosis, which is complex process that packages large molecules into 

vesicles and are transported through the endothelial cell of the BBB (Preston, Joan Abbott, & 

Begley, 2014). Molecules that are to be taken up are recognised by their respective receptors 

located at the membrane level and undergo receptor-mediated transcytosis. Multiple receptors 

for specific ligands have been discovered, including the low-density lipoprotein (LDL) receptor 

related protein-1 and -2 that assist in the movement of lipoproteins to the brain (Dehouck et al., 

1997; Meresse, Delbart, Fruchart, & Cecchelli, 1989). The ability to diffuse across the apical 

membrane of the BBB may not necessarily grant access to the brain tissue. An agent that may 

have passively diffused across the membrane may be efficiently effluxed back into the blood 

lumen by several membrane spanning transport proteins. 

1.3.2 Efflux transporters and enzymatic function of the blood-
brain barrier 

Efflux transporters located within the membrane of the BBB can expel a range of xenobiotics 

from the brain or the brain microvascular endothelial cells to the systemic circulation. These 

transporters have been intensively studied in cancer for their role in chemotherapy resistance, 

but their involvement in drug absorption, distribution and excretion is also seen in many healthy 

tissues including the brain, intestine, kidney and liver (Schinkel & Jonker, 2003). The most 

studied BBB efflux transporter is the P-glycoprotein (P-gp). This transporter is promiscuous and 

can efflux a wide range of substrates including many chemotherapeutics such as doxorubicin, 

paclitaxel, etoposide, and topotecan (Alvarez et al., 1995; de Vries et al., 2007; Lee et al., 

1994). The efflux of these agents from the brain has resulted in a lack of efficacy and poor 

clinical outcomes (Fromm, 2004; Schinkel & Jonker, 2003). To further understand the extent to 

which P-gp can affect the brain uptake of chemotherapeutics, numerous studies with P-gp 
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knockouts or pharmacologically inhibiting P-gp have been carried out, with many using the anti-

cancer agent, paclitaxel (Cisternino, Rousselle, Dagenais, & Scherrmann, 2001; Kemper, 

Boogerd, Thuis, Beijnen, & van Tellingen, 2004). Alone, this cytostatic agent is of limited clinical 

use against tumours in the brain (Fine et al., 2006; Glantz et al., 1995). However, systemic 

administration of paclitaxel in P-gp knockout mice bearing i.c melanoma resulted in significantly 

elevated drug concentrations in the brain and brain tumour compared to wild-type controls with 

the same tumour (Gallo, Li, Guo, Reed, & Ma, 2003). In mice with human glioblastoma tumours 

implanted in the brain, the pharmacological inhibition of P-gp using valspodar significantly 

increased paclitaxel brain concentrations and dramatically decreased tumour volume by 90% 

compared to animals without valspodar treatment (Fellner et al., 2002). A large body of work 

has examined the manipulation of P-gp in the clinic to improve brain uptake of anti-cancer 

agents such as paclitaxel (Dale et al., 1998; Dantzig et al., 1996; Hyafil, Vergely, Du Vignaud, & 

Grand-Perret, 1993). However, as this efflux transporter has a number of substrates including 

other toxicants, the inhibition of P-gp has seen some limitations including unwanted 

immunosuppression and cardiovascular effects (Ford, 1995; Lampidis, Krishan, Planas, & 

Tapiero, 1986; Tiberghien, Wenandy, & Loor, 2000). In spite of this, experimental studies have 

confirmed proof-of-principle. Newer generation of agents that possess acceptable toxicity 

profiles have been developed, however, their success in combination with anti-cancer agents 

have yet to be determined in the clinical setting (Gruber et al., 2003; Kelly et al., 2011). 

In addition to P-gp, an array of multi-drug resistant proteins (MRPs) and organic cation and 

anion transporters have also been identified in the BBB that mediate efflux of drugs and 

metabolites. Specifically, the ABCG2 mRNA, which codes for the breast cancer resistance 

protein (BCRP), is found to be highly expressed along with ABCB1, which codes for P-gp 

(Dauchy et al., 2008). BCRP is found constitutively expressed in human brain microvessel 

endothelial cells (Aronica et al., 2005) and is also responsible for the efflux of various agents 

including mitoxantrone, topotecan, doxorubicin in vitro (Doyle & Ross, 2003; Lage & Dietel, 

2000). The brain uptake of sorafenib, a multikinase inhibitor approved for patients advanced 

renal cell carcinoma and unresectable hepatocellular carcinoma (Wilhelm et al., 2008), was 

significantly increased in mice with the knockout of Abcg2 compared to wild-type mice. These 

mice experienced a 4.3-fold increase in brain accumulation of sorafenib and this was increased 
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to 9.3-fold in the double knockout of Abcg2 and Abcb1, which encodes for murine BCRP and P-

gp, respectively (Lagas et al., 2010). An emerging theme from this study and others is that 

multiple transporters grant protection from a particular xenobiotic, particularly with their 

promiscuity, and offer redundancy to maintain protection or barrier function should any one 

particular transporter fail (de Vries et al., 2007; Lagas et al., 2010). The BBB efflux transporter 

system may function in concert with enzymes expressed at the BBB. These enzymes can give 

additional protection to the brain by further modifying drugs to become substrates for efflux 

transporters and/or deactivate the xenobiotics (Begley, Greenwood, & Segal, 2013; Mikitsh & 

Chacko, 2014; Miksys & Tyndale, 2013). These enzymes include phase-I (e.g. cytochrome 

P450), and phase-II (e.g. glutathione S-transferase and epoxide hydrolase/UDP-glucuronosyl-

transferase metabolising enzymes (Bauer et al., 2008; Ghersi-Egea, Minn, & Siest, 1988; 

Ghosh et al., 2010). 

Numerous efflux transporters and enzymes have been identified in the BBB which can, in part, 

explain why compounds that are expected to readily diffuse across the BBB have a lower 

permeability than predicted. BBB efflux transporters and enzymes are of clinical importance 

when striving to improve the brain delivery of certain anti-brain cancer agents particularly to 

ones which may be substrates. 

1.3.3 The blood-brain barrier in glioma 
The BBB is a highly organised system that can be compromised in certain disease states 

(Davies & Morris, 1993). This is no different with high-grade gliomas. One of the hallmarks of 

glioblastoma is their increased vasculature and angiogenesis (Assimakopoulou et al., 1997). 

Due to their rapid growth and the imbalance between supply and demand of oxygen and 

nutrients, hypoxic regions are formed (Rademakers et al., 2008) and can lead to the release of 

abnormally large amounts of angiogenic factors, such as VEGF (Chaudhry et al., 2001). 

Subsequently, the development and recruitment of additional blood vessels occurs but are 

highly unorganised and deformed compared to those of normal tissue (Baillie, Winslet, & 

Bradley, 1995; Konerding, Miodonski, & Lametschwandtner, 1995; Siemann, 2011). This 

pathophysiological process can result in a breakdown of the BBB in regions of the tumour and 

can be used to partially discriminate between tumour regions and normal healthy tissue using 



17 

various imaging techniques. CT and MRI can be used to qualitatively measure BBB disruption 

occurring in malignant gliomas and other diseases (Essig et al., 2006). These imaging 

techniques can provide a quick assessment and characterisation of the lesion’s location and 

size but cannot be used for diagnostic purposes as histological examination of tumour biopsies 

provide more information about the histology of the tumour (Essig et al., 2006; Louis et al., 

2007). Typically, contrasting agents used in CT and MRI cannot gain access into the brain 

extracellular fluid because of the BBB. However, they can access areas where the BBB is 

disrupted and have increased permeability to these agents. These agents can help highlight or 

differentiate regions of high permeability (enhanced) from low permeability (non-enhanced) 

regions of the brain (McKnight et al., 2002).  

The partially compromised BBB in many high-grade gliomas can, and has been taken 

advantage of to enhance drug delivery into the brain. Not surprising, multiple studies have 

demonstrated high concentrations of chemotherapeutic agents in tumour resected areas, 

particularly when one considers the abnormal microvessel development in tumours that typically 

have enhanced permeability for CT and MRI contrasting agents (Blakeley et al., 2009; 

Hashizume et al., 2000; Hofer & Frei, 2007; Stewart et al., 1982; Zucchetti et al., 1991). 

Although the BBB is partially disrupted in gliomas (Groothuis, Fischer, Vick, & Bigner, 1981), the 

magnitude of permeability can differ between different regions within a tumour and the role in 

which the BBB has on limiting drug delivery to the brain, has been questioned. For example, the 

tumour core is highly vascularised due to the demand for oxygen and nutrients, and therefore 

has the greatest permeability (Agarwal, Sane, Oberoi, Ohlfest, & Elmquist, 2011). In contrast, 

the proliferating tumour edge adjacent to brain has a relatively intact BBB, is highly vascularised 

and less permeability to contrasting agents (McKnight et al., 2002). These differences in 

permeability have been observed to influence chemotherapeutic concentrations. Donelli and 

colleagues (1992) summarised multiple studies that involved a range of clinically used anti-

tumour agents and their concentrations in tumour and brain tissues. They found that drug 

concentrations in the peritumoural (around the tumour) or normal brain tissue are generally 

lower than those found in the tumour. Blakeley and colleagues (2009) found that cerebral 

penetration of methotrexate in patients with high-grade glioma was considerably greater in 

contrast-enhancing regions compared to non-enhancing regions, which is consistent with 
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results found in rats (de Lange et al., 1995). Agents, such as paclitaxel and TMZ have also 

been described to distribute at lower concentrations at the tumour periphery compared to the 

core (Fine et al., 2006; Heimans et al., 1994; Portnow et al., 2009; Rosso et al., 2009), where 

the concentrations of paclitaxel in normal brain surrounding the tumour was 10-fold lower than 

concentrations in resected brain tumour cores (Fine et al., 2006). These regional differences in 

permeability and concentrations can create confusion in the clinical assessment of drug delivery 

for brain cancer. For example, some have suggested that the BBB may not influence drug 

delivery to gliomas after discovering high concentrations of drug from tumour resections of the 

tumour core (Hofer & Frei, 2007; Vick, Khandekar, & Bigner, 1977). Tumour cells from high-

grade gliomas can migrate centimetres away from the original tumour site (Burger et al., 1983; 

Gaspar et al., 1992; Sneed et al., 1994; Wen & Kesari, 2008). As well as escaping surgical 

resection, infiltrating tumour cells may be protected behind an intact BBB, evading systemically 

delivered chemotherapies that may have reached the tumour core but fail to reach effective 

concentrations in the periphery. The surviving fraction of infiltrative tumour cells could be one of 

the reasons why tumour recurrence invariably occurs at or near the site of resection (Silbergeld 

& Chicoine, 1997; Sneed et al., 1994). The realisation that the BBB can significantly impede 

drug delivery to brain tumours has ignited interest among researchers to further understand the 

mechanisms that limit drug distribution and to develop strategies to overcome these 

mechanisms to deliver drugs more effectively to the tumour target. 

1.4 Overcoming the blood-brain barrier for drug 
delivery 
There is considerable evidence that the majority of therapeutics which are administered via 

conventional routes, such as p.o or i.v, inefficiently cross the BBB to reach the brain tumour 

target. In the hope of improving treatment for diseases in the brain, an active area of research is 

the examination of various strategies to deliver therapeutics more effectively to the brain. Some 

of these strategies include local drug delivery systems, temporarily disrupting the BBB, various 

pharmacological transport inhibitors (previously mentioned in section 1.3.2), and exploiting 

uptake mechanisms to overcome the BBB.  
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1.4.1 Localised drug delivery 

Biodegradable polymer wafers 

The only localised drug delivery system that has been clinically useful against gliomas, to date, 

is the implantation of carmustine wafers (Gliadel) into the resected tumour cavity (Figure 1.2). 

Gliadel are biodegradable controlled-release wafers that are implanted at the time of surgery 

and slowly release the nitrosourea agent in the vicinity of the excised tumour with minimal 

systemic exposure. Findings from clinical trials have shown patients with malignant gliomas 

implanted with carmustine wafers demonstrated responses and survival benefits (Valtonen et 

al., 1997; Westphal et al., 2003). Westphal and colleagues (2003) conducted a multicentre, 

randomised placebo-controlled, double-blind, prospective phase 3 trial examining the efficacy of 

Gliadel wafers in patients with malignant gliomas at the time of primary diagnosis and surgery 

(Westphal et al., 2003). As well as a survival benefit (median survival time of 13.9 months and 

11.6 months for Gliadel wafer and placebo wafer, respectively), Gliadel wafers produced a 

clinical benefit in time-to-decline in neuroperformance measures and Karnofsky performance 

status (an attempted measure of patient well-being and activities in daily life). Aoki and 

colleagues (2013) also performed a study examining Gliadel wafers in a Japanese cohort and 

observed comparable results to previous findings. The use of these wafers has been deemed 

safe and effective for newly diagnosed and recurrent malignant brain tumours (Aoki et al., 2013; 

Brem et al., 1995; Valtonen et al., 1997; Westphal et al., 2003). However, carmustine’s limited 

diffusion and inefficient drug distribution to surrounding tissue means that large concentrations 

(increased number of wafers) are used which may lead to toxicities (De Bonis et al., 2012; 

Fleming & Saltzman, 2002), and recurrence of tumours may occur immediately adjacent to the 

resected cavity (Giese et al., 2004). The use of this type of delivery has also seen variable 

results with the wafers releasing or degrading. Prager et al. (2000) found that wafers were 

difficult to observe 2 months after implantation using CT scans. In contrast, De Bonis and 

colleagues (2012) found wafers still visible in patients 3 months post implantation from CT 

scans. The majority of these patients with remaining wafers previously had repeated surgeries 

conducted before wafer implantation. These surgeries prior to implantation were due to 

recurrent tumours and may have cause brain scaring, which can result in a mechanical barrier 

that limits penetration of the drug (De Bonis et al., 2012). Newer approaches to improve drug   
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Figure 1.2 Strategies to overcome the BBB in drug delivery for brain tumours. Modified from 

(Parrish, Sarkaria, & Elmquist, 2015) © 2015 American Society for Clinical Pharmacology and 

Therapeutics). 
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distribution over a larger volume of the brain have been developed to overcome some of these 

issues found with low diffusing biodegradable wafers. 

Convection enhanced delivery 

Convection enhanced delivery (CED) is a technique used to administer therapeutics directly to 

the brain using intracerebrally implanted catheters (Figure 1.2). Unlike carmustine wafers, the 

agent is delivered under a continuous, low-positive-pressure bulk flow. Direct infusion of agents 

to local regions of the tumour bed can circumvent the blood-brain barrier, effectively delivering 

therapeutics to the brain, and avoiding potential systemic toxicity. A large number of 

investigations in preclinical and clinical settings have demonstrated the usefulness of CED. 

Trastuzumab is an effective monoclonal antibody against HER2-overexpressing extracerebral 

breast neoplasms. When given intraperitoneally (i.p) to rats with i.c human breast MCF-7/HER2-

18 tumours, a median survival of 26.5 days was observed. However, intracerebral microinfusion 

of trastuzumab extended the median survival time to 52 days (Grossi et al., 2003). Large MW 

therapeutic agents, like trastuzumab, may be good candidates for the CED as their entry into 

the brain can be restricted by the BBB when given systemically. To date, immunotoxins have 

been investigated extensively using CED. Tf-CRM107 is a diphtheria toxin fused to Tranferrin-C 

and potently and specifically kills cells, including glioblastoma tumour cells that express the 

transferrin receptors (Recht, Torres, Smith, Raso, & Griffin, 1990). This was trialled in a small 

phase I and II study and demonstrated a good safety profile. It also demonstrated partial or 

complete responses in 9 of the 15 patients with recurrent glioblastoma (Laske, Youle, & 

Oldfield, 1997). Tf-CRM107 is a also high MW protein (diphtheria toxin itself is 70,000 Da 

(Pappenheimer, Lundgren, & Williams, 1940) and clinical efficacy would be limited by barriers 

such as the BBB. Unfortunately the results from those studies were not reproduced in a phase II 

trial and subsequent phase III trials were aborted (Weaver & Laske, 2003). More recently, 

investigations with CED and the topoisomerase I inhibitor, topotecan have been reported in the 

clinic. Topotecan demonstrated in vitro cytotoxicity against a number of glioma cell lines 

(Schmidt, Rieger, Wischhusen, Naumann, & Weller, 2001), however i.v topotecan infusion was 

found to be inactive in high-grade gliomas (Blaney et al., 1996). Topotecan was later identified 

as a substrate for the BBB efflux transporters, P-gp and BCRP (de Vries et al., 2007). 

Preclinical work using orthotopic rat brain tumour model demonstrated a significant survival 
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advantage in animals receiving topotecan via CED (Lopez et al., 2011). These promising results 

led to a phase I clinical trial involving patients with recurrent glioblastoma and showed 

significant anti-tumour activity at concentrations that were safe to normal brain (Bruce et al., 

2011). Currently, a phase II trial is active for recurrent brain tumours (NCT00308165), whereas 

pilot trials (phase 0) studies are active for topotecan treatment against high-grade gliomas using 

CED (NCT02278510, NCT02500459). Other chemotherapeutics such as paclitaxel, carboplatin, 

and a targeted recombinant immunotoxin (IL13-PE38QQR) have also been investigated using 

CED as they inefficiently penetrate into the brain tissue via conventional routes of administration 

(Kunwar et al., 2010; Lidar et al., 2004; White et al., 2012). The study by Lidar et al. (2004) 

demonstrated high anti-tumour response with paclitaxel but an incidence of treatment-

associated complications was also observed and included chemical meningitis, pulmonary 

embolism and death. Technical issues with this type of delivery may lead to efflux of the 

infusate outside of the cranium. This efflux can cause subtherapeutic concentrations at the 

target region as well as unwanted effects, including severe skin reactions, which should be 

avoided as it may have an important impact on CED (Lidar et al., 2004; Mayer et al., 2009; 

Tanner, Holtmannspotter, Tonn, & Goldbrunner, 2007). Subsequently, much attention has been 

placed on optimal catheter design and placement (Sampson et al., 2008) and monitoring the 

infusate by incorporating a gadolinium loaded liposomes, allowing real-time MR imaging to 

visualise and guide positioning of CED (Varenika et al., 2008).  

The numerous investigations using localised drug delivery systems to treat malignant gliomas 

have been largely attributed to its ability to bypass the BBB, enhancing local therapeutic 

delivery and distribution and reducing risk of systemic toxicity of the therapeutic. The 

development of new strategies to improve agent distribution has led to CED-based therapies, 

which has shown promise in the clinic, but remains an experimental strategy until further 

validation and optimisation of agent distribution is done. 

1.4.2 Transient blood-brain barrier disruption 

Osmotic blood-brain barrier disruption 

Temporarily opening the BBB has been used clinically in osmotherapy to relieve acutely raised 

i.c pressure in many situations including after severe head trauma, brain tumours and CNS 
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infections. This technique has also been exploited to increase the permeability of various 

compounds into the brain including chemotherapeutics. This is achieved by injecting a 

substance such as mannitol, i.v, at high molarity and subsequently the chemotherapeutic 

(Shenkin, Goluboff, & Haft, 1962; Wise & Chater, 1962). A sufficient molarity difference between 

the lumen and surrounding brain microvessel endothelial cells drives water out of the cells and 

causes brain shrinkage and BBB opening (Nau, 2000) (Figure 1.2). The duration of this opening 

has been explored in several preclinical studies demonstrated an maximum opening window 

ranged between 10 to 24 min (Kessler et al., 1984; Rapoport, Fredericks, Ohno, & Pettigrew, 

1980; Zunkeler et al., 1996). This opening was seen to last up to 40 minutes after osmotic BBB 

disruption in humans when recorded using PET imaging, and followed with a rapid decline in 

permeability and restoration to baseline barrier integrity between 6 and 8 hours (Neuwelt et al., 

1991; Siegal et al., 2000). Understanding the timing is critical as this technique is used in 

combination with chemotherapeutics that would not typically cross the BBB and prolonged 

opening may leave the brain susceptible to circulating elements that may cause immune-

mediated pathologies such as demyelinative disorders and even multiple sclerosis (Adler, 

Martinez, Williams, & Verbalis, 2000). More commonly, complications observed with osmotic 

BBB disruption include seizures. Neuwelt et al (1991) found that 47% of patients within 30 days 

of BBB disruption and 7% suffered from seizures during the actual procedure. In a recent study, 

Angelov and colleagues (2009) demonstrated that periprocedural seizures were the most 

common BBB disruption related complication, observed in 33.6% of patients. Although 

complications were found, many of these were manageable, and demonstrated improved 

therapeutic response (Angelov et al., 2009; Neuwelt et al., 1991). Similarly, other clinical trials 

have also observed promising results with this type of strategy (Fortin, Desjardins, Benko, 

Niyonsega, & Boudrias, 2005; Kraemer, Fortin, Doolittle, & Neuwelt, 2001; Neuwelt et al., 

1986). Despite encouraging results, there continues to be some debate regarding the 

effectiveness of this BBB disruption due to conflicting findings on the permeability. Animal and 

clinical studies have demonstrated the lack of selectivity for tumour specific BBB disruption, 

while others have shown inconsistent BBB disruption with mannitol (Groothuis, Warkne, Molnar, 

Lapin, & Mikhael, 1990; Joshi et al., 2011; Nakagawa, Groothuis, & Blasberg, 1984; Zunkeler et 

al., 1996). Non-specific opening may be detrimental as a result of greater chemotherapeutic 
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delivery and exposure of normal healthy brain tissue (Kemper et al., 2004). A more locally 

specific technique for altering the integrity of the BBB is the use of focused ultrasound and is 

becoming more popular as the technology is improving. Nevertheless, recent studies report the 

safety and efficacy of osmotic BBB distruption procedures in humans (Boockvar et al., 2011; 

Chakraborty et al., 2016; Doolittle et al., 2000), and further investigations are underway 

(NCT02571530). 

Focus ultrasound-mediated blood-brain barrier disruption 

The advancements in acoustic technology have made it possible to apply ultrasound as a 

modality in the therapeutic and diagnostic setting. The current technology allows us to direct 

acoustic energy at a concentrated position deep within the body with minimal consequence to 

the near-field tissue (Vykhodtseva, McDannold, & Hynynen, 2008). The use of focused 

ultrasound together with ultrasound microbubbles contrast agent can achieve a local and non-

invasive disruption of the BBB with spatial selectivity (McDannold, Arvanitis, Vykhodtseva, & 

Livingstone, 2012). Upon administration, the contrasting agent can distribute around the body 

and driven to oscillate by ultrasound in spatially specific areas of the brain. Subsequently, this 

oscillation can generate a mechanical force that can temporarily increase BBB permeability. 

This force widens tight junctions allowing transcellular movement of small and large 

biomolecules, including chemotherapeutics and proteins, through the BBB (Figure 1.2) 

(Kinoshita, McDannold, Jolesz, & Hynynen, 2006; McDannold et al., 2012; Park, Zhang, 

Vykhodtseva, Jolesz, & McDannold, 2012; Wei et al., 2013). Initially, focused ultrasound-

mediated BBB disruption was associated with some risks ranging from local tissue necrosis to 

gross haemorrhage resulting in the death of animals (Ballantine, Bell, & Manlapaz, 1960; 

McDannold, Vykhodtseva, Jolesz, & Hynynen, 2004; Vykhodtseva, Hynynen, & Damianou, 

1995). However, Hynynen and colleagues (2001) found that with optimised parameters and the 

infusion of microbubble contrast agent, consistent opening of the BBB without lesions or 

apparent neuronal damage could be achieved. Moreover, Downs and colleagues (2015) 

recently reported safe and effective procedures carried out in alert (unanaesthetised) non-

human primates with an 86% success rate for opening of the BBB at targeted regions. A study 

with the orthotopic 9L glioma rat model found that cerebral spinal fluid (CSF) to plasma 

concentration ratios of TMZ increased with the focused ultrasound treatment with microbubbles 
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and significantly suppressed i.c tumour growth and prolonged animal survival compared to ones 

without FUS treatment (Wei et al., 2013). These findings support the use of this approach to 

improve future therapeutic outcome for patients with brain tumour and, very recently, has led 

onto investigating the safety of this strategy in the first-in-human study (Radovini, 2015) 

(NCT02343991). 

1.4.3 Exploiting the natural uptake mechanisms of the brain 
An alternative strategy to enhance drug brain penetration without disrupting the integrity of the 

BBB is to employ mechanisms that already exist for the uptake of nutrients. Transport proteins 

could be ‘hijacked’ to deliver molecules that would not normally be taken up by the brain. Such 

transporters include the large family of solute carrier proteins located on the surface of 

endothelial cells of the BBB. These proteins specifically transport charged and polar 

substances, such as amino acids, glucose, and vitamins, across the BBB, which are essential 

for normal brain function (Dick, Harik, Klip, & Walker, 1984; Oldendorf, 1971; Sotiriou et al., 

2002). The conjugation of the sugar, p-Aminophenyl-α-D-mannopyranoside (MAN), to the 

docetaxel loaded nanoparticle was formulated to deliver this otherwise brain impenetrable 

cytotoxic agent across the BBB (Singh, Swami, Jeengar, Khan, & Sistla, 2015). The sugar 

component is modified onto the surface of the nanoparticle and enhances the targeting 

efficiency of this delivery system by selectively binding to the GLUT1 transporter, which 

naturally transports glucose and mannose, to deliver high concentrations of docetaxel 

nanoparticles to the brain compared to nanoparticles that were not conjugated to MAN and also 

to the marketed formulation of docetaxel, Taxotere® (Singh et al., 2015). It is also of interest to 

note the wide expression of human GLUT1 in human cancers including gliomas which may 

further enhance tumour selectivity (Di Chiro et al., 1982; Younes, Lechago, Somoano, 

Mosharaf, & Lechago, 1996). 

Another strategy is to exploit the receptor-mediated transcytosis mechanism which can be used 

to move LDL into the brain (Dehouck et al., 1997; Meresse et al., 1989). Angiopep-2 is a 

peptide that exhibits high transcytosis capacity across the BBB under the LDL receptor related 

protein-1-mediated mechanism (Demeule et al., 2008). The experimental chemotherapy agent, 

ANG1005 (previously referred to as GRN1005), consists of the Angiopep-2 peptide conjugated 



26 

to paclitaxel. The recent first-in-human phase I study demonstrated that AGN1005 delivered 

paclitaxel across the BBB at therapeutic concentrations in tumour tissues of patients with 

recurrent glioma (Drappatz et al., 2013). ANG1005 had a toxicity profile that was qualitatively 

similar to paclitaxel, exhibited no CNS neurotoxicity based on neurocognitive testing and 

showed no evidence of immunogenicity. Limited efficacy was observed despite exhibiting 

accumulation of paclitaxel in tumours, which exceeded reported in vitro cytotoxicity 

concentrations (Fellner et al., 2002). The authors suggested that investigation of ANG1005 

activity in a less heavily pretreated population is warranted. Phase II trials in patients with high-

grade glioma (NCT01967810, NCT02755987) as well as brain metastases from breast 

(NCT02048059) and non-small cell lung cancer (NCT01497665) are underway. 

Essential polyunsaturated fatty acids such as eicosapentaenoic acid (EPA), docosahexaenoic 

acid (DHA) (Figure 1.3) and linoleic acid (LA) are reported to penetrate across the BBB and 

exhibit the potential for transporting chemotherapeutic agents through the BBB (Fa et al., 2005; 

Ouellet et al., 2009). The conjugation of essential polyunsaturated fatty acids to 

chemotherapeutic agents, such as paclitaxel, camptothecin, doxorubicin, chlorambucil, 

mitomycin C, and methotrexate have been explored against various cancers, including gliomas 

have shown significantly greater anti-tumour activity in vitro and in vivo compared to 

unconjugated controls (Anel et al., 1990; Bedikian et al., 2011; Ke et al., 2010; Li et al., 2012; 

Shikano et al., 1998; Wang, Li, Jiang, & Larrick, 2005; Wang, Li, Jiang, Yang, & Zhang, 2006; 

Zerouga, Stillwell, & Jenski, 2002). One attractive feature about conjugating fatty acids to 

paclitaxel is that it can become less toxic than the free drug and therefore a higher molar dose 

can be delivered without increasing toxicities to normal tissues (Bradley et al., 2001). Paclitaxel 

conjugated to DHA (DHA-paclitaxel) exhibited a tumour area under the curve (AUC) that was 6-

fold higher than those from unconjugated paclitaxel when given i.v at equimolar doses (Bradley 

et al., 2001). Moreover, the study demonstrated that DHA-paclitaxel was rapidly taken up by 

subcutaneous (s.c) implanted tumours, and compared to animals receiving unconjugated DHA, 

concentrations of paclitaxel was higher and were sustained longer in tumour tissue (Bradley et 

al., 2001). Another key feature is the improved delivery of chemotherapeutics to the brain. Ke et 

al (2010) synthesised a conjugated LA-paclitaxel conjugate which could distribute in brain 

tissue, unlike unconjugated paclitaxel, and retain higher concentrations. Compared to paclitaxel  
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Figure 1.3 Chemical structures of omega-6 fatty acid, AA, and omega-3 fatty acids, EPA and 

DHA. 
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alone, the conjugate increased in vitro cytotoxicity and cellular uptake for C6 glioma cells 

compared to paclitaxel alone, and significantly improved growth inhibitory effects against i.c C6 

gliomas in rats (Ke et al., 2010). These findings demonstrate that the conjugation of fatty acids 

with chemotherapeutics may be an attractive concept for cancer therapy and may translate into 

a significant clinical advantage against brain tumours. 

1.5 Brain uptake of fatty acids 
Approximately half of the brain’s dry weight is made up of lipids consisting of phospholipids, 

triglycerides, cholesterol, and also free fatty acids (O'Brien & Sampson, 1965; Rouser, Galli, & 

Kritchevsky, 1965). These lipids play an important part in the development and function of the 

brain (Ahmad, Moriguchi, & Salem, 2002; McCann & Ames, 2005). However, the brain has a 

limited ability to synthesise essential polyunsaturated fatty acids (Demar, Ma, Chang, Bell, & 

Rapoport, 2005; Rapoport, Rao, & Igarashi, 2007; Scott & Bazan, 1989). Therefore, to maintain 

optimal brain concentrations of fatty acids, such as EPA and DHA, they must be obtain from the 

plasma and transported across the BBB (Burdge, Jones, & Wootton, 2002; Emken, Adlof, & 

Gulley, 1994; Williams & Burdge, 2006). Alterations to the dietary uptake of polyunsaturated 

fatty acid may have severe consequences to brain development and function. For example, 

severely restricting dietary omega-3 fatty acids in rodent studies has resulted in significant 

deficits in learning and behavioural performance tests compared to controls diets (Catalan et al., 

2002; Hafandi et al., 2014; Moriguchi & Salem, 2003). Interestingly, many of these deficits can 

be reversed by restoring omega-3 fatty acid to their diets (Chung, Chen, & Su, 2008; Connor, 

Neuringer, & Lin, 1990). In a clinical study involving patients with Alzheimer’s disease, a 

significant increase in the concentrations of EPA and DHA in CSF was observed with a 6 month 

supplementation period with omega-3 fatty acid capsules compared to placebo controls (Freund 

Levi et al., 2014). This study found a good correlation between the increased levels of EPA and 

total omega-3 fatty acid in plasma and CSF during the supplementation duration (Freund Levi et 

al., 2014). The plasma levels of these fatty acids can also be influenced by their synthesis from 

its metabolic precursors, alpha linolenic acid (LNA), and subsequent secretion by the liver 

(Rapoport et al., 2007; Scott & Bazan, 1989). Due to their hydrophobic nature, it is recognised 

that fatty acids circulating around the body are bound to albumin or esterified in lipoproteins. 
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Before crossing the BBB, they are dissociated and move across the barrier in an unbound 

unesterified state (Spector, 2001). This occurs through a rapid rate of dissociation from albumin 

or by the release of fatty acid from lipoproteins via hydrolysis (Brecher & Kuan, 1979; Purdon, 

Arai, & Rapoport, 1997; Spector, 2001; Svenson, Holmer, & Andersson, 1974). Lipoproteins are 

considered as large molecules that would not diffuse through the BBB (Bradbury, 1985; Lipinski 

et al., 2001). Some studies have suggested fatty acids are packaged within lipoproteins for 

brain uptake, rather than unbound fatty acids (Meresse et al., 1989; Urien et al., 1987). These 

studies have identified lipoproteins receptors located on the cerebrovascular endothelium that 

mediate brain uptake of lipoproteins via transcytosis (Dehouck et al., 1997; Meresse et al., 

1989). However, this mechanism of uptake is thought to be negligible compared to unesterified 

(unbound) fatty acid uptake (Hamilton & Brunaldi, 2007; Rapoport, Chang, & Spector, 2001). 

The majority of studies examining their uptake into the brain have utilised radiolabelled fatty 

acids, which can also determine the metabolic fate of these fatty acids in the brain. For 

example, the infusion with the radiolabelled arachidonic acid (AA), EPA and palmitic acid (PA) 

in rats not only demonstrated unesterified fatty acids uptake, but also detected radioactivity in 

phospholipid and neutral lipid fractions of brain tissue (Chen, Liu, & Bazinet, 2011; Washizaki, 

Smith, Rapoport, & Purdon, 1994), suggesting the metabolism and arrangement of these 

radiolabelled fatty acids into these lipid components. Lipid metabolism is thought to play an 

important part in the regulation of fatty acid brain uptake with some studies suggesting that 

brain lipid metabolism could be a direct measure of brain fatty acid incorporation (Mashek & 

Coleman, 2006; Rapoport, 2001). Metabolism of fatty acids, for example forming acyl-

Coenzyme A (CoA) with the enzyme acyl-CoA synthetase (Boylan & Hamilton, 1992), as well as 

the sequestration of free fatty acids in the cytosol, typically through the binding to fatty acid 

binding proteins (FABP), can restrict free fatty acids from diffusing out of the cell. This can result 

in a shift in the concentration gradient to favour cellular uptake (Marszalek, Kitidis, Dararutana, 

& Lodish, 2004; Pan et al., 2015; Stremmel, Pohl, Ring, & Herrmann, 2001). This has been 

shown with FABP5, which is thought to bind to several saturated and unsaturated fatty acids 

and involved in in vitro transport of PA, LA and oleic acid (Mitchell, On, Del Bigio, Miller, & 

Hatch, 2011). More recently, FABP5 was shown facilitate the in vitro transport of DHA across 



30 

human brain microvascular endothelial cells using genetic interference techniques and also the 

brain uptake of DHA in situ with knockout FABP5 -/- mice (Pan et al., 2015).  

There is much evidence suggesting the uptake of plasma fatty acids to the brain, with multiple 

animals and human studies demonstrating this process (Esposito et al., 2008; Freund Levi et 

al., 2014; Giovacchini et al., 2002; Moriguchi, Loewke, Garrison, Catalan, & Salem, 2001; 

Ouellet et al., 2009; Pardridge & Mietus, 1980; Washizaki et al., 1994). However, there is still 

controversy between the mechanisms of how fatty acids are taken up into the brain. There is 

continuing debate on whether non-energy-dependent diffusion or protein catalysis (energy-

dependent or non-energy-dependent) is involved in the translocation of fatty acid from the 

extracellular to intracellular leaflet of the membrane. Much of the work demonstrated by 

Hamilton and colleagues have proposed a non-energy dependent diffusion of fatty acid across 

the plasma membrane. They utilised a simplistic system where phopholipid spherical bilayer 

vesicles were made and contained fluorescent pH probes to detect pH changes after the inward 

flux of non-ionised fatty acids (Hamilton, Johnson, Corkey, & Kamp, 2001). Summarised by 

Zhang et al (1996), they found that all fatty acid assayed, including saturated fatty acid (8 – 26 

carbons long), and fatty acids with varying degrees of unsaturation, demonstrated binding and 

translocation (Zhang et al., 1996). From those and other results, it was proposed that fatty acid 

translocate across the bilayer through a flip-flop mechanisms with non-ionised fatty acids 

(Hamilton & Brunaldi, 2007; Hamilton et al., 2001; Kamp et al., 2003; Zhang et al., 1996). The 

flip-flop represents the process by which free fatty acids insert the acyl tail into the hydrocarbon 

region of the lipid bilayer, with its carboxyl head group at the extracellular lipid-water interface. 

Once on the outer hemileaflet of the bilayer, it translocates (flips) across to the other 

hemileaflet, where the carboxyl head group is facing the intracellular lipid-water interface. These 

events were explained by the internal changes in pH caused by flip-flop and metabolism 

measured by trapping fluorescent pH indicators in the cell and vesicles (Hamilton, Civelek, 

Kamp, Tornheim, & Corkey, 1994; Hamilton et al., 2001; Kamp et al., 2003), and suggested to 

occur passively without the assistance of proteins. The uptake of radiolabelled DHA using an in 

situ brain perfusion method found that brain uptake was not saturable in their experiments, even 

up to 100 µM DHA, which was thought to be in excess of its physiological range in rodents and 

humans (Ouellet et al., 2009). Their observations did not support a significant role of a saturable 
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transport process within the tested conditions and suggested a simple diffusion of fatty acid 

being responsible for uptake.  

In contrast to the diffusion theory for fatty acid, there is the protein-facilitated movement theory 

across the cell membrane and the BBB. So far there are three protein families that have been 

suggested to facilitate this and include the membrane-associated fatty acid transport proteins 

(FATPs), fatty acid translocase/CD36, and the previously mentioned, FABP (Schaffer, 2002; 

Schaffer & Lodish, 1994). Again, using numerous chain length and unsaturated radiolablled 

fatty acids, Mitchell and colleagues (2009; 2011) were able to significantly decrease the in vitro 

permeability of fatty acid across human brain microvascular endothelial cell monolayers using 

genetic ablation of individual FATPs and CD36, indicating that these proteins are involved in the 

movement of these fatty acids across the employed barrier system. Based on human and 

mouse expression studies, it was also found that FATP-1 and FATP-4 are predominately 

expressed in the BBB (Fitscher, Riedel, Young, & Stremmel, 1998; Mitchell et al., 2011). As the 

name suggests, the FATP’s proposed function is mediating the movement of fatty acid across 

the plasma membrane, but Milger and colleagues (2006) showed that FATP4 is localised to the 

endoplasmic reticulum and not at the plasma membrane. In addition, FATP4 and other FATPs 

are comprised of an acyl-CoA synthetase activity (Hall, Smith, & Bernlohr, 2003; Hall, Wiczer, 

Herrmann, Stremmel, & Bernlohr, 2005), which has led some to speculate whether they 

facilitate the transport across the membrane directly or contribute to fatty acid uptake indirectly 

through intracellular sequestration/trapping of fatty acids by esterification with CoA (Kalant & 

Cianflone, 2004; Pei et al., 2004). Apart from FATPs, a more recent study identified a member 

of the major facilitator superfamily, Mfsd2a, involved in the transport of DHA entering the brain. 

Mfsd2a was previously known as an orphan transporter whose substrate had not been 

identified. The brain microvessels are highly enriched with Mfsd2a and is exclusively found in 

endothelial cells making up the BBB. Interestingly, it transports DHA in the form of 

lysophosphitidylcholine (LPC) and not unesterified fatty acid, in a sodium-dependent manner 

and was selective for transporting LPCs esterified with long-chain fatty acids such as LPC oleic 

acid and LPC PA, but not LPCs containing fatty acid with less than 14 carbon acyl chain 

(Nguyen et al., 2014). It was later proposed to be renamed as sodium-dependent 

lysophosphotidylcholine symporter 1 (NLS1). Mfsd2a-knockout mice demonstrated markedly 
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reduced levels of DHA in brain that leads to cognitive deficits and microcephaly (abnormally 

small brain) (Nguyen et al., 2014). In the developmental stages, the genetic ablation of the 

Mfsd2a gene in mice results in a leaky BBB throughout all stages of life but maintains normal 

vascular patterning (Ben-Zvi et al., 2014). In humans, homozygous mutations of MFSD2A gene 

were found in families that had members affected with severe intellectual and motor disabilities 

and died within the first years of life (Guemez-Gamboa et al., 2015). These individuals had a 

profound degree of microcephaly, including flattened cerebral cortex that was markedly reduced 

in size (30 – 50%) (Guemez-Gamboa et al., 2015). Functional analysis of mutant MFSD2A 

protein in cultured cells displayed normal expression and localisation at the plasma membrane. 

However, almost a complete loss of the transport function was observed for LPC carrying DHA 

and other fatty acids (Guemez-Gamboa et al., 2015). Microcephaly, to a milder degree, was 

also observed within a Pakistani pedigree where mutations in MFSD2A were discovered in 

affected individuals and in vitro functional analysis of the mutant protein was partially 

dysfunctional, where some of the LPC- long chain fatty acid transport function retained 

(Alakbarzade et al., 2015). These studies emphasises the critical function of a single 

transmembrane protein involved in lipid transport cross the BBB and importance in brain growth 

and function. 

The brain requires fatty acids and other lipids as building blocks for cellular membranes and 

other extremely abundant components such as myelin sheaths that surround axons. The 

maintenance of this high lipid content necessary for brain development and function has baffled 

researchers. In the situation in which the brain requires certain lipids but cannot synthesise 

them, specific mechanisms must exist for lipid transport across the BBB, and it would appear 

that such a mechanism must have substantial capacity for the amount of lipids required by the 

brain. The mechanisms at which lipids travel across the BBB is still controversial but there is 

consensus that lipids are taken up by the brain and therefore could be exploited to delivery anti-

cancer agents, more efficiently, into brain tumours. 

1.6 Fatty acids and cancer 
Fatty acids have a variety of different functions in the body such as being an energy source for 

cells, and a structural component in cellular membranes (Innis, 2007). In cancers, some of 
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these functions are altered to provide tumour cells the means to progress. More recently, fatty 

acids, particularly the essential omega-3 and omega-6 fatty acids, have been found to be 

biologically active, functioning as transcription factors and ligands, which can regulate protein 

synthesis, and be involved in signal transduction pathways of inflammation and cancer (Barden, 

Mas, Croft, Phillips, & Mori, 2014; Ishizuka et al., 2008; Lehmann, Lenhard, Oliver, Ringold, & 

Kliewer, 1997). In this section, the involvement of fatty acids in the metabolism, membrane 

component, incidence and therapeutic effects associated in cancer will be discussed. 

1.6.1 Cellular energy requirements 
Fatty acids, as well as glucose, are important sources of fuel for the body. Adipose tissue 

contains the highest fatty acid content of all organs in the body and stores them in the form of 

triacylglycerol for energy needs (Owen, Reichard, Patel, & Boden, 1979). In heart muscle, fatty 

acids serve as the primary cellular fuel, whereas in skeletal muscle, glucose is predominately 

used for active contraction (Berg, Tymoczko, & Stryer, 2002). It is well established that the brain 

uses glucose as the main oxidative fuel (Sokoloff, Fitzgerald, & Kaufman, 1977), but studies 

have shown that fatty acids can also be utilised as an energy source (Ebert, Haller, & Walton, 

2003; Marin-Valencia, Good, Ma, Malloy, & Pascual, 2013). Compared to normal non-malignant 

cells, it has been well recognised that malignant cells require higher rates of metabolism, 

particularly with glycolysis, to support their accelerated rates of proliferation (Cairns, Harris, & 

Mak, 2011; Menendez & Lupu, 2007; Rashid et al., 1997; Swinnen et al., 2000). Lipid 

metabolism is not recognised as the predominate source of energy in malignant cells (Warburg, 

1956), but can similarly support growth in situations where glycolysis cannot occur. For 

example, glioblastoma cell lines transformed to die under glucose deprived conditions because 

of a highly glycolytic phenotype, can survive in glucose deprived conditions when fatty acid 

oxidation is activated for cellular bioenergetics (Buzzai et al., 2005). In cancer cells, the excess 

glycolytic end product, pyruvate, is redirected towards de novo fatty acid synthesis, which is 

necessary to provide high proliferating cell populations with a constant supply of lipids, lipid 

precursors for membrane production and lipid-based post-translational modification of proteins 

(Costello & Franklin, 2005, 2006; Jackowski, 1994). One of the enzymes involved in this 

metabolism is the fatty acid synthase (FASN). This enzyme has been an attractive target for 
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inhibition in cancer intervention due to its over expression in many cancers including gliomas 

(Grube et al., 2014; Menendez & Lupu, 2007; Zhao et al., 2006). Several FASN inhibitors have 

been reported by academia and industry, and include Cerulenin, C75, orlistat, C93, C247, and 

GSK 837149A (Flavin, Zadra, & Loda, 2011; Tennant, Duran, & Gottlieb, 2010). These 

inhibitors demonstrate FASN as an excellent target for killing cancer or sensitising tumours to 

other therapies such as 5-fluorouracil and trastuzumab (Grube et al., 2014; Li et al., 2001; Pizer 

et al., 2000; Vazquez-Martin, Colomer, Brunet, & Menendez, 2007; Vazquez-Martin, Ropero, 

Brunet, Colomer, & Menendez, 2007).  

1.6.2 Fatty acid component in cellular membrane 
Apart from being a fuel source, fatty acids are important components of the lipid membrane that 

can function as a biological boundary to exclude certain toxins and molecules (Berg et al., 

2002). The major components of the biological membranes are phospholipids and sphingolipids 

and their biosynthesis requires fatty acids as precursors (Yamashita, Sugiura, & Waku, 1997). 

The careful regulation of membrane lipids is maintained for its optimal structure and function 

(Spector & Yorek, 1985). For example, there is accumulating evidence describing a relationship 

between the plasma membrane sphingomyelin levels and tumourigenesis, where the levels are 

reduced in an array of cancer cells compared to non-malignant cells (Cheng et al., 2007; Kohno 

et al., 2006; Ogretmen & Hannun, 2004). Modifications to the lipid composition, by restoring 

sphingomyelin back to normalised levels, have been shown to inhibit the cell cycle proliferation 

of glioma cells and induce cell death (Marcilla-Etxenike et al., 2012; Martin et al., 2013; Teres et 

al., 2012). Sphingolipids, such as sphingomyelin, and sterols are present in rich quantities in 

membrane microdomains called lipid rafts. These domains are heterogeneous in lipids and are 

highly dynamic. They alter rafts size and membrane protein composition in response to intra- or 

extracellular stimuli to favour specific protein interactions and facilitate cellular or receptor 

signalling cascades (Pike, 2006). Increasing evidence has demonstrated that lipid rafts can be 

targeted to manipulate cell signalling and function to produce a therapeutic response. 

Phosphatidylinositol 3-kinase (PI3K) and downstream target protein kinase B (Akt) are key 

signalling molecules involved in survival, cell proliferation, apoptosis and oncogenesis of cancer 

cells (Courtney, Corcoran, & Engelman, 2010; Shukla et al., 2007). Their signalling is mediated 
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by cholesterol-rich rafts (Adam et al., 2007) and can be altered using the cholesterol synthase 

inhibitor, simvastatin (Zhuang, Kim, Adam, Solomon, & Freeman, 2005). Simvastatin has shown 

to significantly decreased the lipid rafts cholesterol content, alter cell survival and signal 

transduction via the Akt serine-threonine kinase along with its downstream effectors and 

stimulated apoptosis in glioma (Wu et al., 2009), prostate (Zhuang et al., 2005), and breast 

cancer cell lines (Wang et al., 2016b). These effects appeared to be a result of membrane 

cholesterol alterations, as it was reversed with the repletion of cholesterol in cell membranes 

(Wu et al., 2009; Zhuang et al., 2005). Lipids, such as phospholipids and cholesterols are 

constructed from fatty acids together with various different backbones (e.g. sphingosine, 

glycerol) (Berg et al., 2002).  

Anti-cancer agents synthesised to primarily act at the cell membrane level have recently 

received some attention. Perifosine is a synthetic heterocyclic alkylphospholipid analogue, 

which exhibit selective toxic effects against cancer cells in vitro and in vivo. These molecules 

interfere with the phospholipid metabolism, lipid raft function, and impairing cell signalling 

transduction to induce apoptosis, inhibit neovascularisation, and prevent tumour cell 

differentiation and invasion (Gajate et al., 2012; Richardson, Eng, Kolesar, Hideshima, & 

Anderson, 2012). The cellular uptake of alkylphospholipids are reliant on lipid rafts (van der Luit 

et al., 2007), and have been suggested to redistribute lipid rafts from the plasma membrane to 

the mitochondrion. This redistribution can alter mitochondrial phosphocholine content, 

membrane permeability, to subsequently induce organelle swelling and activate apoptosis in 

multiple cancer cell types including human neuroblastoma, lung cancer, and leukaemia (Elrod et 

al., 2007; Li, Tan, Liewehr, Steinberg, & Thiele, 2010; Mollinedo et al., 1997). Based on 

promising preclinical data, perifosine was, and is currently under investigation in phase I and II 

clinical trials for several different tumour types, including colorectal, multiple myeloma and 

gliomas. Patients with refractory metastatic colorectal cancer (CRC) have shown that perifosine 

in combination with capecitabine (CAP) conferred clinical benefit compared to CAP and 

placebo, where the time to tumour progression was extended by over 17 weeks (Bendell et al., 

2011; Richardson et al., 2012). These results have led to a randomised, double-blind, placebo-

controlled, two-arm trial to evaluate the efficacy of perifosine plus CAP compared to CAP alone 

in patients with refractory metastatic CRC (NCT01097018). In terms of brain tumours, perifosine 



36 

has demonstrated anti-proliferative effects in U87 malignant glioma cell, and two in vivo murine 

glioma models through the inhibition of Akt phosphorylation (Momota, Nerio, & Holland, 2005; 

Pitter et al., 2011; Rios-Marco, Rios, Jimenez-Lopez, Carrasco, & Marco, 2015). Currently a 

phase II clinical trial is in progress to examine the effectiveness of perifosine in preventing 

further tumour growth in patients with recurrent or progressive malignant glioma 

(NCT00590954). The study was designed to continue enrolling patients if 1 of the initial 12 

evaluable glioblastoma patients achieved a 6 month progression-free survival. None of the 

recruited patients with glioblastoma achieved this and therefore the study with this arm was 

halted. However, patients with anaplastic astrocytoma continue to be enrolled into this trial 

(Keryx Biopharmaceuticals, 2007). More recently, Cole and colleagues (2015) examined the 

plasma and cerebrospinal fluid pharmacokinetics of perifosine in a non-human primate model. 

Their findings suggested that CSF penetration was 0.16% of plasma concentrations and 

concluded that penetration into the CNS is poor but had prolonged exposure due to extensive 

terminal half-life with systemic administration (Cole et al., 2015). Because perifosine is orally 

administered to patients, the agent is required to be absorbed into the systemic circulation 

before it can reach the brain tumour target. The recent pharmacokinetic results from non-human 

primate suggest that a lack of perifosine reaching therapeutic concentrations in the brain tumour 

may, in part, be responsible for the lack of efficacy observed in patients with glioblastoma from 

interim clinical study with perifosine. 

1.6.3 Effects on cancer incidence 
The consumption of essential polyunsaturated omega-3 fatty acids, such as EPA and DHA, has 

been associated with various health benefits including the lower incidence of cardiovascular 

disease, certain cancers and diabetes mellitus (Bang & Dyerberg, 1972; Dyerberg & Bang, 

1978; Hirose, Takezaki, Hamajima, Miura, & Tajima, 2003; Maillard et al., 2002; Miller & 

Gaudette, 1996). The attention around omega-3 fatty acids originated from the observations 

with Greenlandic and Alaskan Inuit populations, which had low rates of coronary heart disease 

despite having a high-fat diet compared to the Western diet at the time (Bang & Dyerberg, 1972; 

Dyerberg & Bang, 1979). Their diet consists mainly of marine mammals and fish that are rich in 

omega-3 fatty acids (Parkinson et al., 1994). A lower concentration of total lipids, cholesterol, 
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and triglycerides are found in their plasma and thought to play a part to these health benefits 

(Bang & Dyerberg, 1972). These significantly lower lipid concentrations were not caused by 

genetic differences as Inuits living in Demark contained lipid levels that were equal to the 

Danish controls, but were significantly higher than their Inuit counterparts from the original 

habitat (Bang & Dyerberg, 1972). The evidence pointed researchers towards environmental 

factors as the influence for these effects. Additional clinical and experimental animal studies 

found that high doses of omega-3 fatty acids have anti-thrombotic and anti-inflammatory 

properties, which are a result of decreased platelet aggregation and diminished inflammatory 

components of atherosclerosis to lower the risk of heart disease (Leaf, 1990; Simopoulos, 1991; 

von Schacky, 1987). The optimism surrounding the potential use of omega-3 fatty acids to 

prevent heart disease was partially hampered by a number of epidemiological and experimental 

animal studies which suggested the consumption of high levels of dietary fat were associated 

with an increased incidences of breast, intestine and prostate cancer compared to subjects on a 

low-fat diet (Carroll, Braden, Bell, & Kalamegham, 1986; Tannenbaum & Silverstone, 1942).  

It was also demonstrated that fatty acids that were polyunsaturated were more effective at 

promoting the development of mammary and prostate tumours than saturated fatty acids 

(Carroll & Hopkins, 1979; Pollard & Luckert, 1985). In the mid 1980’s, the recommendation to 

reduce the total dietary fat intake was made in response to the high cancer mortality at the time, 

despite the lack of understanding around the mechanisms of action (Carroll et al., 1986). 

Surprisingly, the Inuit population consume a large amount of polyunsaturated fatty acids but had 

lower rates of skin and breast cancers when compared to populations from Connecticut (USA), 

Canada and Demark (Miller & Gaudette, 1996). Their findings also demonstrated that the lower 

rates of skin cancer in this population were not noticeably influenced by ultraviolet and ionising 

radiation from nuclear fall-out, or effects from herbicides and pesticides in the Arctic area (Miller 

& Gaudette, 1996). A multitude of studies set out to explore these conflicting associations by 

using experimental animal models. Many of which supported the promotion of carcinogenesis 

influenced by the fatty acid composition of the total dietary fat that was given (Broitman, Vitale, 

Vavrousek-Jakuba, & Gottlieb, 1977; Reddy, Burill, & Rigotty, 1991; Wargovich & Felkner, 

1982). Subsequently, the omega-6 class of polyunsaturated fatty acids, particularly LA and AA 

(Figure 1.3), were identified to increase the incidence and promoted the development of various 
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cancers (Braden & Carroll, 1986; Noguchi, Rose, Earashi, & Miyazaki, 1995; Pollard & Luckert, 

1985). Several epidemiological studies have supported this, including the prospective case-

control study by Sonestedt and colleagues (2008) that suggested dietary patterns consisting of 

high omega-6 polyunsaturated fatty acids may promote breast cancer development. The 

consumption of the omega-6 fatty acid, LA, was found to be positively associated with prostate 

cancer risk (Godley et al., 1996), and in white men, higher prostate cancer risk was correlated 

with a high dietary ratio of omega-6 to omega-3 fatty acids (Williams et al., 2011). These results 

are consistent with those found in animal experiments (Chan & Dao, 1981; Pollard & Luckert, 

1985).  

Similar to the Inuit population, the Japanese are also known to consume large amounts of 

omega-3 fatty acids, with fish being the major source (Food Consumption Statistics, 1981). 

Therefore it was hypothesised that this population may also have a lower risk of neoplasia. 

Hirose and colleagues (2003) found a protective effect against breast cancer development for 

postmenopausal women who consumed cooked or raw fish at a frequency of 5 or more times 

per week (odds ratio = 0.75) relative to women consuming fewer than 3 times per month. 

Interestingly, a migration study showed that women that migrated from countries with high 

omega-3 fatty acid intake, like Japan, to countries with low omega-3 fatty acid intake, like the 

United States, have an increased incidence of breast cancer within one generation (Ziegler et 

al., 1993), and colon cancers when compared to their counterparts in Japan (Bingham, 1998). 

Although genetics within the Japanese population may play an important part in cancer 

incidence, these associations are thought to be related to the consumption of omega-3 fatty 

acids rather than genetic factors.  

One key study investigating the chemopreventative effects of EPA in humans was completed in 

patients with familial adenomatous polyposis undergoing endoscopic surveillance (West et al., 

2010). Patients were randomised into two groups and received either EPA in the free fatty acid 

form capsule or a placebo capsule. The number and size of polyps in a specific area was 

defined before and after. The results indicated that with EPA treatment, patients had a 

significantly reduced number of polyps, polyp diameter, and global polyp burden when 

compared to placebo controls (West et al., 2010). As the polyps may transform into a malignant 

colon cancer form, the authors concluded that EPA holds promise as a CRC chemopreventative 
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agent with a favourable safety profile (West et al., 2010). Additional studies examining EPA for 

colorectal adenoma prevention are underway (Higurashi et al., 2012; Hull et al., 2013). In 

addition, the VITamin D and OmegA-3 TriaL (VITAL) to investigate the benefits and risks of 

marine omega-3 fatty acid supplementation, as well as vitamin D, in the primary prevention of 

cancer and cardiovascular disease is ongoing (Manson et al., 2012; Pradhan & Manson, 2016). 

This large randomised, double-blind, placebo-controlled, 2x2 factorial trial will involve in excess 

of 25,000 men and women over a 5 year treatment period (Manson et al., 2012; Pradhan & 

Manson, 2016). Many other epidemiological studies have demonstrated that supplementation 

with oils rich in omega-3 fatty acids is associated with a reduced incidence of various cancers 

including breast, renal cell carcinoma and prostate tumours (Fradet, Cheng, Casey, & Witte, 

2009; Parkinson et al., 1994; Tavani et al., 2003; Wolk, Larsson, Johansson, & Ekman, 2006). 

Moreover, animal studies have also associated dietary omega-3 fatty acids with a prolonged 

tumour latency period and a reduced tumour incidence in spontaneous and carcinogen-induced 

tumour models (Jurkowski & Cave, 1985; Rose & Cohen, 1988; Tannenbaum & Silverstone, 

1942). Studies using experimental animals can be a more controlled alternative to clinical 

investigations and provide a clearer understanding of a particular intervention. The prevention of 

various cancers, such as colorectal, breast, and prostate have been investigated with many 

studies feeding animals with a diet-rich in omega-3 fatty acids before being challenged with 

tumour implantation or exposure to carcinogens (Calder et al., 1998; Chen et al., 2014; 

DiNicolantonio, McCarty, Chatterjee, Lavie, & Okeefe, 2014; Rose & Cohen, 1988). In other 

examples, studies using mice that are genetically modified to spontaneously develop intestinal 

polyps had reduced number and volume of polyps when fed with a diet rich in omega-3 fatty 

acids compared to controls (Barone et al., 2014; Fini et al., 2010). In those studies, EPA 

treatment dramatically reduced the percentage of AA present in the mucosal membrane of 

mice, inhibited cell proliferation, and increased apoptosis in the small intestine and colon of 

mice (Barone et al., 2014; Fini et al., 2010). In another model, Chen and colleagues (2014) 

utilised a transgenic mouse model that endogenously converts omega-6 fatty acids to omega-3 

fatty acids by expressing the fat-1 gene. This gene encodes for the omega-3 fatty acid 

desaturase that introduces a double bond at the omega-3 position. When these transgenic mice 

were implanted with the human breast cancer, MDA-MB-231, the animals failed to grow 
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tumours, whereas the control animals had palpable tumours within 3 weeks (Chen et al., 2014). 

Their study demonstrated that endogenously produced omega-3 fatty acids prevented tumour 

development by inhibiting the activity of the Mammalian target of rapamycin (mTOR) complex 

1/2 pathways in vivo, which is upregulated in most cancers and is critically involved in 

carcinogenesis and cancer progression (Chen et al., 2014; Efeyan & Sabatini, 2010). The 

majority of these animal studies have used a mixture of EPA and DHA omega-3 fatty acids. Not 

a lot of studies have directly compared EPA to DHA (Petrik, McEntee, Chiu, & Whelan, 2000), 

or have used EPA or DHA as a single agent (Fini et al., 2010; Oshima et al., 1995; Petrik et al., 

2000). Overall, the results demonstrate the two main omega-3 fatty acids are similar in 

preventing carcinogenesis. Together, this large body of work supports the cancer preventative 

effects associated with this class of polyunsaturated fatty acids. 

Understandably, it is very difficult to attribute a single nutrient to the lower incidence of cancer 

observed within a population. More realistically, the preventative effects of omega-3 fatty acids 

are confounded by the complexities of each individual, such as genetic, lifestyle and 

environmental factors, to name a few. Hence, the association between omega-3 fatty acids and 

cancer prevention from the literature does not go without controversy (Brasky et al., 2013; 

Ibiebele, Nagle, Bain, & Webb, 2012; MacLean, Newberry, Mojica, & et al., 2006; Nabavi et al., 

2015). After analysing a large body of literature that included numerous cohorts for 11 different 

types of cancer, and involving a number of countries and various demographics, the systematic 

review conducted by MacLean and colleagues (2006) found no evidence to suggest any 

association, of a significant kind, between omega-3 fatty acids and cancer incidence. They 

concluded that supplementation with omega-3 fatty acids is unlikely to prevent cancer 

(MacLean et al., 2006). More recently, the controversial case-cohort study examining the 

association between plasma phospholipid fatty acid levels and prostate cancer risk was 

completed (Brasky et al., 2013). This study was nested within the randomised, placebo-

controlled Selenium and Vitamin E Cancer Prevention Trial (SELECT), which included subjects 

diagnosed with incident, primary prostate cancer. In this prospective trial, the authors found a 

statistically significant increase in prostate cancer risk associated with high plasma phospholipid 

concentrations of long-chain omega-3 fatty acids, which included EPA, DHA and 

docosapentaenoic acid (DPA). These results, for the authors and many others, were 
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unexpected as previous studies demonstrated no or an inverse association between omega-3 

fatty acid and prostate cancer (Chavarro et al., 2007; Park et al., 2009). Although the results did 

support two other reports that also found a positive association of high omega-3 fatty acids and 

prostate cancer risk (Brasky et al., 2011; Crowe et al., 2008), this report has been met with a 

great deal of criticism and comments from the scientific community (Brasky, Thompson, King, & 

Kristal, 2014) and highlights the inconsistency within the literature. Despite this lack of 

consensus around omega-3 fatty acid and cancer risk, the data surrounding the benefits to 

heart health is more recognised and is reinforced with the FDA’s announcement of a qualified 

health claim for dietary supplements containing EPA and DHA omega-3 fatty acid and the 

reduced risk of coronary heart disease. The FDA continues to recommend that consumers do 

not take more than a total of 3 g per day of EPA and DHA, with no more than 2 g per day of 

these fatty acids from dietary supplements (U.S FDA, 2008). Efforts that have been made to 

decipher the health benefits of omega-3 fatty acids and have led to their potential value as 

therapeutic agents against existing, established tumours. 

1.6.4 Anti-tumour effects of omega-3 fatty acids 
The cancer preventing effects of omega-3 fatty acids, suggested by epidemiological studies, 

have sparked a lot of interest around their potential as chemopreventative agents but 

simultaneously, those findings have led to their research and potential use as therapeutic 

agents against existing tumours. The major findings will be discussed further in this chapter and 

include multiple in vitro studies where EPA and DHA inhibit the growth of several human cancer 

cell lines (Abdi, Garssen, Faber, & Redegeld, 2014; Fukui, Kang, Okada, & Zhu, 2013; Schley, 

Jijon, Robinson, & Field, 2005; Vartak, Robbins, & Spector, 1997). In addition, experimental 

animal models have also demonstrated anti-tumour activity with these fatty acids (Bougnoux et 

al., 2009; Chen et al., 2014; Gleissman et al., 2011; Maehle et al., 1995; Pan et al., 2015). 

These promising effects have also translated into humans where a phase II double-blinded, 

randomised placebo-controlled trial reported that the treatment with EPA (2 g daily) for patients 

about to undergo liver resection for CRC liver metastases had a better outcome compared to 

controls (Cockbain et al., 2014). In this study, the group which received preoperative EPA 

treatment exhibited a postoperative overall survival benefit compared to controls (Cockbain et 
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al., 2014). With these encouraging results, the authors recommended that a phase III clinical 

evaluation of EPA in CRC liver metastases patients is warranted. Multiple hypotheses to 

describe their preventative and anti-tumour effects have been made and tested, which include a 

list of biological effects that alters tumour progression including proliferation, invasion, 

metastasis, apoptosis, angiogenesis and inflammation (Abdi et al., 2014; Altenburg & Siddiqui, 

2009; Barascu, Besson, Le Floch, Bougnoux, & Jourdan, 2006; Denkins, Kempf, Ferniz, 

Nileshwar, & Marchetti, 2005; Liu et al., 2001; Tsuzuki, Shibata, Kawakami, Nakagawa, & 

Miyazawa, 2007).These anti-tumour effects with omega-3 fatty acids, similarly to their cancer 

preventative effects, do not go without debate. Experimental studies where animals were fed 

with an omega-3 or omega-6 fatty acid rich diet promoted colon cancer metastasis in liver and 

was proposed to be a serious implication for its use in cancer patients (Griffini et al., 1998). 

Currently there is a need for the better understand of the mechanism/s underlying the cancer 

preventative and therapeutic effects observed in multiple epidemiological and experimental 

animal studies with omega-3 fatty acids. This better understanding could lead to the discovery 

of novel therapeutic targets for the development of more efficacious cancer treatments. 

1.6.5 Omega-6 versus omega-3 fatty acids in cancer 
Omega-6 and omega-3 fatty acids vary slightly in chemical structure. The definition of omega-3 

and omaga-6 relates to the position of the double bond nearest to the terminal methyl group. 

For example, omega-3 fatty acids have the first double bond occurring between the third and 

fourth carbons, whereas the first double bond for omega-6 fatty acids is situated between the 

sixth and seventh carbons (Figure 1.3). Both groups are known to be metabolised by the same 

enzymatic pathways (Arnold et al., 2010; Fer et al., 2008; Solomon, Zhou, Neese, & Pavel, 

1997), to produce metabolites that differ in biological activity depending on which fatty acid is 

used as the precursor. The metabolites of these two fatty acids can elicit contrasting effects on 

cancer incidence and growth. Originally it was hypothesized that the beneficial health-promoting 

effects of omega-3 fatty acids were associated to the levels of omega-3 fatty acid alone in the 

body or tissue. Although this can partly explain the associations observed, it has become 

increasingly evident that these effects lie in the relationship, or the ratio, between omega-6 and 

omega-3 levels. As mentioned previously, studies with omega-6 fatty acid supplementation   
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have been associated with an increased risk of some cancers and cardiovascular disease 

(Sonestedt et al., 2008; Williams et al., 2011), whereas omega-3 fatty acids reduced the risk for 

these diseases (Fradet et al., 2009; West et al., 2010). The study by Maillard and colleagues 

(2002) described a strong correlation between the omega-6 to omega-3 fatty acid ratio and the 

risk of breast cancer. Only a weak correlation to risk was found with LNA concentrations itself. 

Their findings supported the idea that the protective effects of omega-3 fatty acids were 

dependent on the underlying levels of omega-6 fatty acids, and suggested these protective 

effects could be due to the inhibition of omega-6 fatty acid bioactive metabolite or production of 

omega-3 fatty acid metabolites (Maillard et al., 2002). These results agree with what was found 

within the Inuit and Japanese populations, where omega-6 to omega-3 fatty acid ratio are 

between 1:1 to 4:1 (Dyerberg & Bang, 1979; Simopoulos & De Meester, 2009). Dietary sources 

of omega-6 fatty acids, which include meat, eggs, and dairy products, are common in the 

Western diet and not surprisingly, individuals with this diet have high omega-6 to omega-3 

ratios, estimated to be approximately 15:1 to 20:1 (Chajes & Bougnoux, 2003; Pilkington, 

Rhodes, Al-Aasswad, Massey, & Nicolaou, 2014; Simopoulos, 2002a). It has been 

hypothesised that many of the chronic conditions such as cardiovascular disease, diabetes, and 

cancer observed in this population are associated with a high omega-6 to omega-3 fatty acid 

ratio, with an increasing trend towards the production of omega-6 fatty acid bioactive lipid 

mediators (Simopoulos, 2002b). 

The idea of an inhibitory or competitive effect of omega-3 fatty acid on omega-6 fatty acid is not 

new, particularly in cardiovascular disease. Dyerberg and Bang (1978) suggested that the anti-

aggregatory effects seen with omega-3 fatty acid, EPA, may be due to its competitive inhibition 

of AA metabolism to thromboxane A2, a lipid mediator thought to influence fatal cardiovascular 

events. This inhibitory role of omega-3 fatty acids was supported by a study conducted by Culp 

and colleagues (1979) who demonstrated that EPA inhibited the formation of AA products using 

purified sheep vesicular gland fatty acid metabolism enzymes. Moreover, this inhibitory effect 

was observed with DHA, which reduced the production of the prostaglandin products of AA by 

inhibiting prostaglandin synthetase (Corey, Shih, & Cashman, 1983). These studies have 

concluded that the beneficial role of dietary EPA and DHA in heart health may not only lie in its 

own vasoactive and anti-aggregating bioactive products but also their inhibitory role on omega-6 
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fatty acid metabolism (Corey et al., 1983; Culp et al., 1979). The mounting knowledge of these 

bioactive lipid mediators has shaped the understanding of fatty acids and their association with 

certain pathological diseases. 

1.6.6 Bioactive lipid mediators and cancer 
Fatty acids can be precursors to a wide range of different bioactive lipid mediators, which can 

regulate a number of metabolic pathways and inflammatory processes. The biotransformation 

process begins with the release of the free fatty acid from the lipid membrane, to subsequently 

become a substrate for enzymatic metabolism pathways within the cell. So far, three metabolic 

pathways have been discovered, and include the cyclooxygenase (COX) (correctly referred to, 

but less commonly as, prostaglandin G/H synthases), lipoxygenase (LOX) and cytochrome 

P450 (CYP) pathways. As these pathways and their respective metabolites play a role in 

multiple human diseases they have become therapeutic targets and have given rise to a 

number of drugs that are currently in use (Funk, 2001). One of these includes aspirin, which 

inhibits both COX-1 and COX-2 enzyme isoforms (Meade, Smith, & DeWitt, 1993). The COX 

enzymes are involved in the catalytic biotransformation of the omega-6 fatty acid, AA, to 

prostanoids such as prostaglandin and thromboxane A2 (Hemler & Lands, 1976; Miyamoto, 

Ogino, Yamamoto, & Hayaishi, 1976). In a 20-year follow-up study that involved 5 randomised 

trials, it was demonstrated that the mortality rates from all solid cancers were 20% lower in 

those receiving the non-steroidal anti-inflammatory agent (NSAID), aspirin (Rothwell et al., 

2010). From this study, it is apparent that the COX enzyme is involved with cancer but many 

others from the literature can also support this theory. In a study examining brain tumour 

specimens from 50 patients that underwent surgical resections, COX-2-positive staining was 

found to accumulate in tumour cells and the percentage of staining was significantly higher in 

high-grade glioma specimens compared to low-grade glioma specimens (Joki et al., 2000). 

Similarly to gliomas, the increased expression of COX-2, compared to non-malignant tissues, 

has been demonstrated in a large range of other cancers including colorectal, liver, pancreas, 

lung, prostate, stomach, oesophagus, breast, and bladder cancers (de Groot, de Vries, Groen, 

& de Jong, 2007; Eberhart et al., 1994; Gupta et al., 2003). This suggests COX-2 may be 
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involved in important processes in human malignancies, and may suggest why COX enzyme 

inhibitors may have an effect on cancer mortality. 

One of the comprehensively studied bioactive products of the COX metabolic pathway is 

prostaglandin E2. This lipid mediator is found at significantly higher levels in glioma and 

meningioma brain tumours specimens when compared to control tissues (Kökoglu et al., 1998). 

These relatively higher levels can also be found in plasma samples from patients with malignant 

brain tumours and can be significantly lowered after neurological resection (Loh, Hwang, Lieu, 

Huang, & Howng, 2002). As COX-2 is found to be upregulated in various grades of glioma, it is 

not surprising that the level of their product, prostaglandin E2, would be elevated. Consistently 

among other tumours, prostaglandin E2 is also abundantly found in other various human 

malignancies, including lung and CRC. Moreover, its increased levels have demonstrated to be 

associated with poor prognosis (Hambek et al., 2007; McLemore et al., 1988; Rigas, Goldman, 

& Levine, 1993; Wang & DuBois, 2004). As well as its high abundance in various tumours, 

another reason prostaglandin E2 has received considerable attention is because it of its 

involvement surrounding cancer and inflammation. This prostanoid exerts it biological effects by 

interacting with a subfamily of G-protein coupled receptors (GPCR) referred to as EP1, EP2, 

EP3, and EP4 (Sugimoto & Narumiya, 2007). It functions in an autocrine or paracrine manner to 

itself or neighbouring cells (Dohadwala et al., 2002) to elicit downstream EP receptor signalling, 

which has been shown to promote tumour growth through the augmentation of cellular 

proliferation, promotion of angiogenesis, inhibition of apoptosis, encouraging invasion, and 

eliciting immunosuppressive responses (Alfranca et al., 2008; Kamiyama et al., 2006; 

Kawamori, Uchiya, Sugimura, & Wakabayashi, 2003; Pozzi et al., 2004; Wang & DuBois, 2004). 

In culture, medulloblastoma cells proliferated faster in the presence of exogenous prostaglandin 

E2 (Baryawno et al., 2008). Knockout mice for each of the 4 types of EP receptors has been 

examined for their relationship to cancer development and have all shown to be involved in 

either the formation of tumours, tumour growth, VEGF-induced angiogenesis, cell proliferation 

and metastasis (Majima, Amano, & Hayashi, 2003). Much of this work has defined the COX 

enzyme and its bioactive lipid metabolites to be an appealing target for cancer. In addition to 

non-steroidal anti-inflammatory agents, such as aspirin, the COX enzyme can be manipulated 

with omega-3 fatty acid supplementation, where a number of different mechanisms can be 
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described for omega-3 fatty acids effect on the COX/prostaglandin E2/EP receptor axis. Firstly, 

AA is the substrate that permits the production of prostaglandin E2. This substrate is sourced 

through the liberation of AA from the plasma membrane, catalysed by phospholipase A2 

(Fischer, Mills, & Slaga, 1982). This source of substrate (free fatty acids) can be influenced by 

the diet. For example, the increased consumption of omega-3 fatty acids has been shown to 

displace omega-6 fatty acids from plasma lipids such as triglycerides, phosphatidylcholine, and 

cholesteryl esters (Walker et al., 2015). As mentioned previously, this has been observed when 

comparing the omega-6 to omega-3 fatty acid ratios from the Inuit population to ones on a 

western diet (Dyerberg & Bang, 1979; Simopoulos, 2002b). The change in the fatty acid 

composition has been demonstrated to alter the prostaglandin levels seen in experimental 

studies. Animals fed with diets containing low omega-6 to omega-3 fatty acid ratio diet showed 

significantly lower levels of prostaglandin E2 in the small intestine, compared to animals fed with 

high omega-6 to omega-3 fatty acid diet (Petrik et al., 2000). Secondly, the dietary 

supplementation of omega-3 fatty acids can decrease COX-expression and/or activity. Patients 

with Barrett’s oesophagus, a condition that is associated with the development of oesophageal 

adenocarcinoma, were assigned to consume EPA capsules over a 6 month period. These 

patients had a significantly decreased COX-2 protein concentrations in Barrett’s tissue 

compared with control group (Mehta et al., 2008). In the findings by Lim et al (2009), DHA 

demonstrated the ability to decrease COX-2 expression in hepatocellular carcinoma cells 

through the inhibition of the COX-2 promoter activity. Thirdly, as mentioned previously, omega-3 

fatty acids can compete with omega-6 fatty acid for the COX active site to competitively inhibit 

prostaglandin E2 bioactivation.  

Interestingly, EPA and DHA can also function as a substrate for COX and form a unique series 

of prostaglandin E3 metabolites (Marszalek & Lodish, 2005). This 3-series of prostaglandin, 

compared to prostaglandin E2, has demonstrated decreased effects on tumour growth. A549 

lung cancer cell proliferation has shown to be inhibited by prostaglandin E3, whereas their 

growth was stimulated by prostaglandin E2 (Yang et al., 2004). The proliferation of number of 

other cancer cell lines was also inhibited by prostaglandin E3 (Funahashi et al., 2008; Hawcroft, 

Loadman, Belluzzi, & Hull, 2010; Xia et al., 2006). In other in vitro studies, prostaglandin E3 was 

shown to inhibit angiogenesis, one of the hallmarks of cancer (Hanahan & Weinberg, 2000). 
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Exposure to prostaglandin E3 was seen to suppress the induction of angiopoietin-2 and 

subsequently inhibited angiogenesis of human umbilical vein endothelial cells (HUVEC) 

(Szymczak, Murray, & Petrovic, 2008). Additionally, prostaglandin E3 significantly decreased 

the invasion capacity of 70W melanoma cells, which have the propensity to metastasise to the 

brain of nude mice (Denkins et al., 2005). In experimental studies, consumption of a fish oil diet 

was shown to decrease the weight of A549 lung tumours in mice, whereas no effects were seen 

against the H1299 lung cancer tumours in mice. At a closer examination, quantitative analysis 

of prostaglandin E2 and E3 suggested that these A549 tumours have significantly lower levels 

of prostaglandin E2, but increased prostaglandin E3 compared to controls. In contrast, the 

H1299 tumours did not have any significant alterations to either of the prostaglandin E2 or E3 

levels (Yang et al., 2014). These results suggested that the anti-tumour activity of the fish oil 

diet in both tumour models correlated to the prostaglandin E3 and prostaglandin E2 production 

(Yang et al., 2014), where a higher prostaglandin E3 to E2 ratio produced anti-tumour effects. 

Collectively these studies support the opposing effects of omega-6 and omega-3 fatty acids. 

Both fatty acids can compete for the same COX enzyme but are transformed to functionally 

contrasting metabolites that can influence the progression of cancer.  

The LOX pathway is another enzymatic route fatty acids can be transformed to become 

bioactive lipid mediators. The expression of 5-LOX has been reported in glioblastoma and 

meningioma (Ishii et al., 2009; Zhang et al., 2006), and its inhibition has demonstrated to 

suppress proliferation, and in some cases, induce apoptosis, in glioma, prostate, and pancreatic 

cancer cells (Bergström, Gati, & Carlsson, 1993; Ding, Iversen, Cluck, Knezetic, & Adrian, 1999; 

Ghosh & Myers, 1998; Ishii et al., 2009). The inhibition of LOX has also been observed to inhibit 

the in vivo growth of certain tumours including C6 gliomas, LoVo and HT29 colon cancers in 

rodents (Melstrom et al., 2008; Winking, Sarikaya, Rahmanian, Jodicke, & Boker, 2000). 

Compared with prostaglandins, much less is known about LOX-derived leukotrienes in cancer. 

So far, leukotriene B4 has been identified to be one of the most potent leukotrienes, along with 

leukotriene D4 (Wang & DuBois, 2010). Similarly to prostaglandins, leukotrienes can exert their 

biological effects through the interaction and activation of GPCRs. Moreover, their levels, 

particularly leukotriene B4, are elevated in certain cancers, including colon and prostate 

(Dreyling et al., 1986; Larre et al., 2008). The selective inhibition of 12- and 5-LOX enzymes 
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using esculetin was shown to inhibit the growth stimulatory effects of the omega-6 fatty acid, LA, 

using MDA-MB-231 breast cancer cells (Rose & Connolly, 1990). Buckman et al (1991) also 

reported that LOX inhibitors can also suppress the growth of LA-stimulated growth of metastatic 

4526 mouse mammary carcinoma cells. The ingestion of EPA can also impact the LOX-derived 

mediators from skin in a randomised controlled study with humans. Pilkington and colleagues 

(2014) demonstrated that a 12 week supplementation with EPA reduced the LOX-derived 

mediators of AA, whereas LOX-derived mediators of EPA increased.  

1.6.7 Epoxy fatty acid metabolites 
These studies and many others have reiterated the point that these COX- and LOX-derived lipid 

mediators can play a biological role in cancer. It is apparent that the COX and LOX pathways in 

cancer have been well investigated, however less is known about the CYP pathway and its 

involvement in tumour development and growth. Emerging literature is beginning to provide 

more insight into the omega-3 and -6 CYP-derived lipid mediators and their biological roles in 

cancer. Similarly to the COX and LOX metabolic pathways, the CYP pathway can biotransform 

fatty acids to epoxy fatty acid products that have also demonstrated a range of biological 

effects, which are again dependent on the substrate. The CYP enzyme has been extensively 

studied for its xenobiotic-metabolism capacity in the fields of toxicology and pharmacology 

(Guengerich, 2001; Rendic & Carlo, 1997). They consist of a large family of constitutive and 

inducible enzymes that have a central role in catalysing the hydroxylation of a wide range of 

endogenous or exogenous compounds including plant toxins, environmental carcinogens, and 

numerous anti-cancer agents (Gonzalez & Gelboin, 1994; Kivistö, Kroemer, & Eichelbaum, 

1995). These enzymes are located predominately in the liver, however they have been found in 

certain solid tumours. For examples, the CYP1B1 isoform was found highly expressed in high-

grade astrocytomas, whereas their expression was absent in normal brain tissues (Barnett, 

Urbauer, Murray, Fuller, & Heimberger, 2007; Murray et al., 1997). Other cancers that have 

shown the expression of CYP enzymes include breast, colon, lung, oesophagus, renal, ovarian 

and soft tissue sarcomas (Gibson et al., 2003; McFadyen, Melvin, & Murray, 2004; Murray et 

al., 1999; Murray et al., 1993; Murray et al., 1997). Another isoform of the CYP enzyme that is 

strongly and selectively detected in a large proportion of human carcinomas is the CYP2J2 
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epoxygenase, where 77% of the tissue specimens examined were positive for the enzyme 

(Jiang et al., 2005). Their study also saw a markedly accelerated proliferation when CYP2J2 

overexpression was forced in cultured carcinoma cells in vitro or when epoxyeicosatrienoic acid 

(EET) was added to the culture medium (Jiang et al., 2005). Moreover, the antisense 2J2 

transfection or the addition of the CYP epoxygenase inhibitor, 17-	octadecynoic acid (17-

ODYA), inhibited proliferation and stimulated tumour necrosis factor alpha-induced apoptosis 

(Jiang et al., 2005). The results from this study strongly suggested the role CYP enzymes play 

in the promotion of cancer cellular phenotype. This work and that of others have paved the way 

for further investigations to examine more closely the role CYP2J2 and other isoforms have in 

cancer progression.  

The metabolism of AA by the CYP epoxygenase can produce 4 regioisomeric EETs that have 

tumour promoting effects. Panigrahy and colleagues (2012) conducted a comprehensive study 

of the function of EET in tumourigenesis, particularly the 14,15-EET regioisomer, using a 

number of different experimental animal models. Firstly, their study found that genetically 

altering mice to overexpress endothelial human CYP2C8 and CYP2J2, which results in 

significantly higher endothelial EET levels, dramatic increase in the growth of B16F10 

melanoma, T241 fibrosarcoma and Lewis lung carcinoma (LLC) tumours compared to wild-type 

controls (Panigrahy et al., 2012). The administration of 14,15-EET stimulated tumour growth in, 

not only an orthotopic prostate model, but also a spontaneous prostate adenocarcinoma model, 

which suggests EETs could promote tumour growth in vivo independent of the tumour model 

(Panigrahy et al., 2012). Using a well-established resection model for lung metastases (O'Reilly, 

1994) with the same CYP overexpressing mice, a dramatic increase in lung weight and number 

of surface lung metastases was found compared with controls (Panigrahy et al., 2012). In 

another metastases model used, the administration of 14,15-EET in mice injected with B16F10 

melanoma cells via tail vein stimulated metastasis in the liver, in addition to other sites where 

metastases are not expected to form. Their results strongly support that the CYP-derived EETs 

of AA metabolism can stimulate primary tumour growth and promote multi-organ tumour 

metastasis in mice (Panigrahy et al., 2012). Following from this, the authors from the same 

study confirmed the clinical relevance of modulating EET pharmacologically. Epoxy fatty acid 

metabolites, such as EET, are hydrolysed to their less active diols by the soluble epoxide 
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hydrolase (sEH) (Fleming, 2008). By administering tAUCB, a potent sEH inhibitor, plasma EET 

levels were increased by 3-fold and accelerated primary tumour growth, increased the number 

of tumour cells expressing VEGF from LLC tumours, and stimulated lung, liver and axillary 

lymph node metastasis in the LLC and B16F10 resection models of metastases (Panigrahy et 

al., 2012). Moreover, the capacity for EETs to stimulate tumour progression in experimental 

models was also pharmacologically tested with the EET receptor antagonist, 14,15-EEZE. This 

antagonist reduced primary LLC growth, reduced the number of surface lung metastases and 

prolonged survival of these animals compared to controls (Panigrahy et al., 2012). This 

extensive study, together with others, have demonstrated that epoxy metabolites derived from 

AA can stimulate tumour growth and are associated with a more aggressive tumour behaviour 

(Cheng et al., 2010; Wei et al., 2014; Zhang et al., 2013). 

Similar to the other two lipid metabolising pathways, omega-3 fatty acid can compete with AA 

for the CYP enzyme. A study by Arnold et al. (2010) demonstrated this competition in 

recombinant CYP enzymes and also with microsomes isolated from the kidney and liver. They 

showed that recombinant CYP 2C/2J subfamilies, along with many other isoforms from the 2C, 

2E and 4A subfamilies, preferred EPA as the substrate over AA, DHA, and DPA (Arnold et al., 

2010). With human CYP2J2, there was moderate regioselectivity for the enzymatic epoxidation 

at the omega-6 double bond site of AA, resulting in 14,15-EET as the main metabolite 

observed. However, if the substrate contains an omega-3 double bond, the enzyme 

preferentially epoxidised the double bond at the omega-3 position (Arnold et al., 2010). Their 

study also examined the CYP metabolic profile after giving rats EPA/DHA supplementation. The 

3 week feeding duration with either standard chow or chow supplemented with EPA and DHA 

substantially replaced AA with EPA and DHA in plasma and the membrane phospholipid of the 

heart, kidney, liver, lung and pancreas, with a subtle change observed in brain (Arnold et al., 

2010). As EPA and DHA were metabolised to epoxyeicosatetraenoic (ETE) and 

epoxydocosapentaenoic acid (EDP), respectively, these alterations in the membrane 

phospholipid were accompanied by an altered EET/ETE/EDP ratio, from 87:0:13 to 27:18:55 in 

heart tissue (Arnold et al., 2010). This further supports that the bioactive lipid profile is, in part, 

correlated with the fatty acid composition in the membrane lipids.  



51 

In contrast to the EET lipid mediators derived from AA, the epoxy metabolites transformed from 

omega-3 fatty acids have demonstrated activity against tumour proliferation and spread. The 

study by Zhang and colleagues (2013) examined the effects of exogenously administered 

19,20-EDP on the angiogenesis, tumour growth, and metastasis in mice. Firstly, they 

demonstrated that 19,20-EDP could inhibit angiogenesis in vitro and in vivo (Zhang et al., 

2013). Matrigel, a basement membrane matrix, containing VEGF was implanted into mice for 4 

days. Typically after 4 days, mice would induce a robust angiogenic response within Matrigel. 

However, the addition of 19,20-EDP into the gel significantly inhibited VEGF-induced 

angiogenesis in a dose dependent manner (Zhang et al., 2013). The suppression of 

angiogenesis can also be induced by the CYP-derived bioactive lipid mediators of EPA and 

DHA in a age-related macular degeneration mouse model (Yanai et al., 2014). This study 

demonstrated a reduction and resolution of abnormal blood vessel formation in the eye, via the 

suppression of VEGF expression in the retina and choroid (Yanai et al., 2014). Interestingly, it 

was found that epoxy metabolites of omega-6 fatty acids required VEGF for tumour progression 

in vivo (Panigrahy et al., 2012). This anti-angiogenic effect caused by these omega-3 fatty acid 

metabolites is a suggested mechanistic link between lipid signalling and cancer. The 

pharmacological inhibition of CYP enzymes with 17-ODYA can significantly reduce tumour 

angiogenesis, tumour size, and prolonged animal survival using an i.c rat glioma model 

(Zagorac, Jakovcevic, Gebremedhin, & Harder, 2008). To achieve these results the authors 

used an intratumoural route of administration of 17-ODYA, 3 days after tumour cell implantation. 

17-ODYA is an irreversible and non-selective suicide substrate inhibitor for CYP enzymes (Zou 

et al., 1994) and although numerous in vitro and in vivo studies have been conducted with this 

agent, the effects in the clinical setting are unknown.  

Using the syngeneic Met-1 tumour, which is a highly aggressive breast cancer model, systemic 

administration of 19,20-EDP by osmotic minipumps had no effect on growth after 12 days 

(Zhang et al., 2013). The addition of tAUCB (sEH inhibitor) to the regimen stabilised and 

increased the concentrations of 19,20-EDP in plasma and tumour tissue, and as a result, 

significantly decreased tumour weight and growth (Zhang et al., 2013). The anti-tumour effects 

demonstrated in this study were cause by anti-angiogenic effects (mentioned previously) rather 

than direct anti-proliferative effects on the cancer cells themselves. Cell proliferation assays with 
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various cancer lines (Met-1, LLC, and B16F10) failed to show any activity even with tAUCB 

(Zhang et al., 2013). Additionally, 19,20-EDP in combination with tAUCB significantly inhibited 

the number of metastases in the LLC resection models of metastases and significantly reduced 

lung weight by approximately 70%, compared to controls (Zhang et al., 2013). Treatment with 

either 19,20-EDP or tAUCB alone failed to significantly reduce the number of metastases 

compared to controls (Zhang et al., 2013). Again, this highlights that the stabilisation of the 

epoxides, either through genetic disruption of sEH (Panigrahy et al., 2012) or pharmacological 

inhibition (Lazaar et al., 2015; Zhang et al., 2013)can significantly improve their concentrations 

and biological activity. It is important to consider that although sEH inhibitors are well 

documented to have anti-inflammatory and anti-hypertensive actions that have stimulated their 

development and clinical application, they are also linked to undesirable effects (Fromel et al., 

2012; Keseru et al., 2010). These include the promotion of cancer growth and metastasis in 

experimental studies (Panigrahy et al., 2012). The mix of positive and negative effects is not 

surprising given the unspecific large range of omega-6 and omega-3 fatty acid metabolites 

which sEH can metabolise (Yu et al., 2000). Therefore an alternative focus, away from 

developing sEH inhibitors, is to develop stable epoxy omega-3 fatty acid analogues that are 

guided by their desirable effects. 

The development of a range of epoxy omega-3 fatty acid analogues that a) retain the anti-

proliferative and pro-apoptotic effects of the natural 17,18-ETE (Figure 1.4), b) have a reduced 

potential to produce pro-stimulatory regioisomers, and c) possess improved stability, has been 

initiated (Dyari, Rawling, Bourget, & Murray, 2014). Previously, Cui and colleagues (2011) 

observed that the anti-proliferative effects of omega-3 derived epoxy fatty acids were specific to 

the monoepoxide formed at the omega-3 double bond position, and that other isomeric ETEs 

either stimulated proliferation or were inactive. This was also observed by Dyari et al (2014), 

where epoxides at the omega-6 and omega-9 positions were unable to decrease growth and 

viability of the MDA-MB-231 breast cancer cell line but epoxides at the omega-3 position could. 

Therefore, the epoxide at the omega-3 position was kept in the development of these analogues 

and the saturation of the alkyl chain was employed to avoid unwanted epoxidation. The alkyl 

carbon chain length has also been considered in their development as it has been 

demonstrated that a carbon chain length between 19 and 22 showed the most potent   
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Figure 1.4 Chemical structure of the epoxy omega-6 fatty acid, 14,15-EET; epoxy omega-3 

fatty acid, 17,18-ETE; and urea isostere,16-{([ethyl)carbamoyl]amino}hexadecanoic acid 

(CUE). 
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inhibition on proliferation and apoptosis (Cui et al., 2012). In terms of stability, the epoxide group 

can undergo rapid biotransformation by sEH (Chacos et al., 1983; Shen, 2010; Zhang et al., 

2013), therefore urea bioisosteres, that are sterically and electronically similar, have been 

prepared and tested (Figure 1.4). The replacement of the epoxy group with a urea group was 

derived from previous studies using omega-6 EET urea bioisosteres, which had improved 

stability and also retained pharmacological effects (Falck et al., 2009; Falck et al., 2011). The 

anti-proliferative actions of these bioisosteres were less pronounced than the epoxy analogue 

(Dyari et al., 2014) but represent a novel class of anti-tumour agents. Structural modifications 

with the aim of improving potency have been completed with improved anti-proliferative and 

pro-apoptotic effects in vitro (Rawling et al., manuscript submitted for publication). Investigation 

with these novel epoxy-omega-3 fatty  acid analogues are currently ongoing, and to date, 

studies examining these novel epoxy omega-3 fatty acid analogues against animal tumour 

models have yet to be explored or found in the literature. 

1.7 Summary and aims of thesis 
Effective therapies for brain cancers continue to be a need that is unmet. One of the biggest 

challenges in treating this devastating disease is delivering effective concentrations of agents to 

the tumour target in the brain. The blood-brain barrier tightly controls what passes from the 

circulation to the brain and can limit many potentially effective therapeutic agents reaching the 

brain tumour site. Continued efforts using various strategies have been tested to overcome this 

challenge, although they have remained experimental. One approach is to design small 

molecules that are characteristically lipophilic and non-polar, giving them a higher predicted 

chance to pass through this barrier. Lipophilic omega-3 fatty acids, found in fish oil, are known 

to be taken up into the brain from the circulation and are critical for normal brain development 

and function. Moreover, this group of fatty acids, when metabolised to their respective lipid 

mediators, are known to have cancer preventative and anti-tumour effects. Together, these 

characteristics create an attractive strategy for treating brain cancers. However, many of these 

mediators are rapidly transformed to less active entities in a biological system. Therefore the 

development of novel analogues that have improved stability has begun. To date, a number of 

these analogues have been synthesised and tested in vitro with promising results. Given this 
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background, this thesis has set out to examine a novel class of epoxy omega-3 fatty acid 

analogues as potential agents for the treatment of brain cancers as a joint collaboration formed 

between the University of Auckland and the University of Sydney, and the University of 

Technology Sydney. The overall goal was to understand the effectiveness of these novel agents 

against gliomas using ectopic and orthotopic mouse tumour models and to provide insight into 

the tissue distribution of these agents, particularly in the brain. The specific aims of the thesis 

were: 

• To evaluate a novel class of synthetic epoxy omega-3 fatty acid analogues as potential 

anti-tumour agents for brain tumours using the mouse glioma cell line, GL261, in a 

syngeneic s.c and i.c tumour mouse model. 

 

• To develop and validate a sensitive analytical method for the quantification of novel 

epoxy-omega-3 fatty acid analogues in mouse plasma and brain tissue. 

 

• To determine the tissue distribution and pharmacokinetics of a selection of novel epoxy-

omega-3 fatty acid analogues in mice 
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Chapter 2.  In vivo effects of epoxy 
omega-3 fatty acid analogues in a 
syngeneic glioma mouse model 

2.1 Introduction 
A considerable amount of interest surrounding the health-promoting effects of omega-3 fatty 

acids has also led to their potential use as therapeutic agents against cancer (Fini et al., 2010; 

Miller & Gaudette, 1996; West et al., 2010). In vitro studies have demonstrated that these 

essential fatty acids can reduce the proliferation of various cancer cell lines (Begin, Ells, Das, & 

Horrobin, 1986; Liu et al., 2001; Yao et al., 2014), and also sensitise them to growth regulators 

and cytotoxic agents (Harvey et al., 2015; Hofmanová, Vaculová, & Kozubík, 2005). These anti-

tumour effects have also translated to animal studies, where the treatment with omega-3 fatty 

acids was shown to reduce the growth of breast, colon, and endometrial tumours in vivo (Chen 

et al., 2014; Fluckiger et al., 2016; Pan et al., 2015). Fluckliger and colleagues (2016) 

documented that within the first five days of dietary DHA consumption, a significant reduction in 

the growth of s.c HCT-116 tumour xenografts in mice was seen compared to the control diet. 

Another study conducted by Pan et al (2015), revealed that a significant reduction of RL95-2 

endometrial tumour xenografts in mice was positively associated with the levels of omega-3 

fatty acid in the tissue when fed on a diet mixed with fish oil containing omega-3 fatty acids. 

However, these in vitro and in vivo results have not conclusively uncovered how omega-3 fatty 

acids achieved their anti-tumour effects. It is believed that their beneficial effects are mediated, 

in part, by their bioactive lipid mediators derived from, but not limited to, the oxygenation of 

omega-3 fatty acids. Numerous metabolic products can be formed to elicit a diverse range of 

biological processes including inflammation, vascular tone/function and angiogenesis (Node et 

al., 1999; Ulu et al., 2014; Yanai et al., 2014). The specific function of each metabolic product is 

still uncertain, however the biotransformation enzyme pathway, and the fatty acid which they 

are derived from, seem to have some significance. There are three different biotransformation 

enzymatic pathways for polyunsaturated fatty acids, and include the COX, LOX and CYP 

epoxygenase pathways. These pathways can give rise to products that have opposing effects 
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depending on whether they are derived from omega-6 or omega-3 fatty acids (Funahashi et al., 

2008; Hawcroft et al., 2012; Wada et al., 2007). For example, the metabolism of the omega-6 

fatty acid, AA, via the COX pathway can result in the production of prostaglandin E2, which has 

been demonstrated to promote tumour growth, suppress immunity and stimulate tumour-

promoting inflammation (Baryawno et al., 2008; Hoang, Allison, Murray, & Petrovic, 2015; 

Zelenay et al., 2015; Zheng, Ritzenthaler, Sun, Roman, & Han, 2009). In contrast, EPA is 

transformed to prostaglandin E3 under the same pathway, and acts as a partial antagonist, 

competing for the same receptor as prostaglandin E2 (Wada et al., 2007). Partially inhibiting 

prostaglandin E2’s tumour promoting effects, prostaglandin E3 has been shown to inhibit the 

proliferation of A549 lung cancer cells (Yang et al., 2004), and induce apoptosis of colorectal 

carcinoma cells and leukaemia stem cells (Hawcroft et al., 2010; Hegde et al., 2011). 

Of the three enzymatic biotransformation pathways, the least studied to date is the CYP 

enzyme pathway. This pathway produces epoxy fatty acid metabolites (VanRollins, Frade, & 

Carretero, 1989) and again, depending on their parent fatty acid, they have been associated 

with a wide range of effects including in vitro cancer cell aggressiveness, high blood pressure, 

vascular reactivity (Capdevila, Falck, & Harris, 2000; Lopez-Vicario et al., 2015; Wei et al., 

2014). Recently, Zhang and colleagues (2013) chemically synthesised five different 

regioisomers of EDP, including 19,20-EDP, which consists of an epoxy group at the omega-3 

position. They examined 19,20-EDP in a in vivo syngeneic Met-1 breast cancer model and 

demonstrated that when co-administrated with the sEH inhibitor, tAUCB, significant reductions 

in tumour volume and tumour weight were observed. Without sEH inhibition, 19,20-EDP failed 

to elicit significant anti-tumour effects (Zhang et al., 2013). This is because epoxy omega-3 fatty 

acids can be further metabolised to their corresponding, less active, diols by the sEH (Fleming, 

2008). Epoxides may have therapeutic benefits in various inflammatory conditions and cancer, 

hence their stabilisation by pharmacologically inhibiting sEH has been of academic and 

commercial interest with some inhibitors currently being tested in clinical trials (Imig et al., 2005; 

Lazaar et al., 2015; Watanabe & Hammock, 2001). Unfortunately, the inhibition of sEH will also 

stabilise epoxy omega-6 fatty acids, which has been shown to increase their effects to promote 

tumour growth and metastases in animal tumour models (Panigrahy et al., 2012). Together 

these findings suggested that the epoxy metabolites derived from omega-3, but not omega-6 
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fatty acids, may have beneficial effects against cancers. The presence of olefinic double bond at 

the omega-3 position of omega-3 fatty acids, in contrast to the absence in their omega-6 

counterparts, has been proposed to be of biological significance for the anti-tumour activity of 

these fatty acids (Cui et al., 2011). 

As bioactive lipid mediators are generated from free fatty acids released from phospholipids 

(Hammond & O'Donnell, 2012), dietary behaviours that influence phospholipid composition can 

subsequently shape the assortment of lipid mediators produced (Abbott, Else, Atkins, & Hulbert, 

2012; Schuchardt et al., 2014). In the Western diet, omega-6 fatty acid predominates over 

omega-3 fatty acid intake, where the omega-6 to omega-3 fatty acid ratio is approximately 16:1 

(Chajes & Bougnoux, 2003; Simopoulos, 2002a). As a result, the relative abundance of omega-

6 fatty acid favours omega-6 derived oxylipins being formed. Suggestions of a shift towards 

lower intake of omega-6 fatty acids and higher intake of omega-3 fatty acids have been 

discussed to promote human health (Murray, 2013; West et al., 2010). An alternative strategy is 

to design and develop analogues of mediators derived from omega-3 fatty acids that have 

shown favourable effects against cancer. Recently, the synthesis and investigation of a series of 

analogues based on the omega-3 fatty acid-derived metabolite, prostaglandin J3, has identified 

a lead compound that possesses high potency against numerous cancer cell lines, including the 

U251 glioblastoma cell line (Nicolaou et al., 2016). Thus far, these analogues have shown to 

selectively eradicate leukaemia stem cells in vivo, in a potent pro-apoptotic fashion and may 

represent a new class of chemotherapeutic agents (Hegde et al., 2011). 

The development of a novel class of anti-tumour agents based on epoxy omega-3 fatty acid has 

also been initiated, where substituting the omega-3 epoxide with a urea group has been utilised 

to improve stability while retaining pharmacological effect (Dyari et al., 2014; Falck et al., 2009; 

Falck et al., 2011). The urea bioisosteres have been shown to maintain anti-proliferative effects 

against the human breast cancer cell line, MD-MBA-231 (Dyari et al., 2014) and have provided 

the basis for further structural modification to enhance the potency of these agents. A number of 

urea bioisosteres of epoxy omega-3 fatty acids, similar to the one described by Dyari et al 

(2014) have also been examined in vivo. CUT-EE (Figure 2.1), is an analogue that was shown 

to exert anti-tumour activity against MD-MBA-231 breast tumours in immune-deficient  
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Figure 2.1 Chemical structure of synthetic epoxy omega-3 fatty acid analogues, CUT-EE and 

C29. 
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Balb/c nu/nu mice at a dose of 10 mg/kg i.p (Prof M. Murray, personal communication). 

Following their promising findings, experiments with the another analogue, C29 (Figure 2.1), 

was also found to decrease the size of primary tumours reduce the number of metastases in the 

MD-MBA-231 xenograft model at a daily dose of 40 mg/kg i.p (Rawling et al., manuscript 

submitted for publication, Prof M. Murray, personal communication). These effects were also 

observed in experiments using a daily dose of C29 at 20 mg/kg, but to a lesser extent when 

compared to the higher 40 mg/kg dose (Prof M. Murray, personal communication). Based on 

these encouraging findings, the work in this chapter set out to evaluate the activity of these 

novel agents, C29 and CUT-EE, against the mouse GL261 glioma model.  

Currently, there is a need for more effective therapies for patients with glioma, which is the most 

common and aggressive type of all adult brain cancers (Dolecek et al., 2012). The multi-modal 

approach, which involves surgery, radio- and chemo-therapy, offers patients with glioblastoma a 

median survival of 14.6 months and a 5-year overall survival rate of 9.8% (Stupp et al., 2009; 

Stupp et al., 2005). Despite treatment, tumours inevitably recur within close proximity to the 

initial tumour. Scientists designing and developing effective agents to treat brain tumours 

encounter the challenge of delivering the agents across the BBB. Fatty acids, particularly AA 

and DHA, are found in brain tissue, and because this organ cannot synthesise these essential 

fatty acids necessary for its normal function (Demar et al., 2005; McCann & Ames, 2005), they 

are obtained via the systemic circulation through the diet. Brain uptake of fatty acids has been 

well established through numerous studies (Freund Levi et al., 2014; Ouellet et al., 2009; 

Pardridge & Mietus, 1980; Washizaki et al., 1994). It was anticipated that the mechanisms of 

natural fatty acid brain uptake could be exploited with the intention to overcome the BBB to treat 

brain tumours.  

The GL261 tumour was originally a carcinogen-induced (methylcholanthrene) murine glioma 

model developed in immunocompetent C57BL/6 mice (Seligman, Shear, & Alexander, 1939). 

Later, the tumours were subsequently dissected, grown in culture for further use in 

transplantation studies with syngeneic mice. This method of transplantation enables 

researchers to more accurately and reproducibly grow tumours in their location of origin. Owing 

to its invasive, angiogenic and morphological characteristics that resemble human glioblastoma 

multiforme, the GL261 glioma is widely used as a model in brain cancer research (Hanihara et 
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al., 2015; Newcomb et al., 2006; Shapiro, Ausman, & Rall, 1970; Szatmari et al., 2006; 

Wainwright et al., 2014; Yung et al., 2014; Zagzag et al., 2000). In this chapter, the anti-tumour 

effects of the novel epoxy omega-3 fatty acid analogues, C29 and CUT-EE, were investigated 

using the GL261 cell line in an ectopic s.c tumour mouse model. S.c tumour models are 

extensively used in the preclinical setting of cancer research to examine the effectiveness of 

investigational agents (Ching et al., 2002; Henare et al., 2012; Yung et al., 2014). The s.c “flank” 

tumours are located in a convenient and exposed site to where researchers can access and 

measure tumour size easily, however, the tumour grown at this location are not protected by the 

BBB and therefore limits its usefulness of this model when investigating new treatments for 

tumours residing in the brain. A more favourable model that would more closely recapitulate the 

clinical setting would be to use mice with stereotactically implanted tumours in the brain when 

examining and developing specific agents against brain tumours. The i.c tumour model has 

been previously established in our laboratory and is used frequently as a model for brain tumour 

research (Hanihara et al., 2015; Newcomb et al., 2006; Yung et al., 2014), and although the i.c 

implantation of tumour cells involves an invasive and disruptive procedure where BBB integrity 

could be lost, multiple publications have concluded that the BBB is still functional at early time 

points after implantation. Considering this, the anti-tumour effects of the novel epoxy omega-3 

fatty acid analogues were also examined against an orthotopic i.c tumour mouse model. In 

many cases, the GL261 luciferase transfected cell line has been utilised to allow for non-

invasive monitoring of tumour establishment, growth and response to treatment in live animals 

(Goldhoff et al., 2008; Kindy, Yu, Zhu, Smith, & Gattoni-Celli, 2016). As brain tumours cannot be 

non-invasively visualised or confirmed without expensive and time consuming techniques such 

as magnetic resonance imaging, this experimental chapter used a GL261 cell line that has been 

transfected with the luciferase gene, named GL261-luc2.  

2.2 Aims 
The aims were: 

1. To examine the in vitro activity of epoxy omega-3 fatty acid analogues against the GL261-

luc2 cell line. 
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2. To determine the anti-tumour activity of epoxy omega-3 fatty acid analogues in the ectopic 

s.c GL261-luc2 mouse glioma model. 

 

3. To determine the anti-tumour activity of epoxy omega-3 fatty acid analogues in the 

orthotopic i.c GL261-luc2 mouse glioma model. 

2.3 Materials and methods 
Omega-3 epoxy fatty acid analogues with toluene substituents at the C-2 position, and ethyl 

esters at the carboxylic acid end were synthesised at the School of Pharmacy, Graduate School 

of Health, The University of Technology Sydney, Australia. The structural identities were 

determined by mass spectroscopy, 1H and 13C nuclear magnetic resonance, and the purity was 

confirmed by elemental analysis. Unless otherwise stated, all other chemicals were 

commercially available and of analytical grade.  Water used in all experiments was purified by 

filtering through ion exchange columns and a 0.22 μm filter (Milli-Q Purification System, Millipore 

Corporation, Bedford, USA). 

2.3.1 Animals 
All animal experiments were done following protocols approved by the University of Auckland 

Animal Ethics Committee, and met standards required by the United Kingdom Co-ordinating 

Committee on Cancer Research guidelines. C57BL/6, and B6 Albino female mice (18�23 g)	

were used and housed under constant temperature (20°C), humidity, and lighting (12 h light per 

day). The B6 Albino strain is a spontaneous mutant of the C57BL/6 strain. The homozygous 

mutation in the tyrosinase gene results in a white (albino) coat colour rather than black. 

2.3.2 GL261-luc2 glioma cell line 
The GL261 mouse glioma cell line was obtained from the National Institute of Health and 

Sciences, USA. To enable the glioma cells to be detectable using an optical image for i.c 

tumour detection, the GL261 cell line stably-expressing a luciferase gene (F279-V5 luciferase 2, 

Invitrogen, Carlsbad, CA, USA) (Yung et al., 2014) was used and maintained in minimal 

essential medium (MEM) alpha media (GIBCO, Grand Island, NY, USA) supplemented with 
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10% heat-inactivated fetal calf serum under puromycin (1μM) selection at 37°C in a humidified 

atmosphere containing 5% CO2. These cells were subsequently called GL261-luc2. Cells were 

passaged using 0.05% trypsin/EDTA and suspended in antibiotic- and serum-free medium 

before implantation in animals. After revival from liquid nitrogen storage, cells were cultured for 

no more than 8 passages before implantation in animals. 

2.3.3 In vitro cell viability assay 
GL261-luc2 cells were cultured and passaged similarly to what was previously described in 

section 2.3.2. To optimise the number of cells required for cell viability assays, cells were 

titrated in 96 well plates and allowed to grow over 24 h duration. After the allocated time, cell 

viability was determined with the addition of 20 μl of 3-(4,5-Dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide (MTT) at 5 mg/ml in phosphate buffered saline (PBS) (filter 

sterilised). MTT is reduced by cellular metabolic enzymes and, in defined conditions, reflect the 

number of cells (Mosmann 1983). The cells were incubated with MTT for 30 min at 37°C, and 

the plates were subsequently centrifuged at 300 x g for 5 min before the supernatant was 

removed. DMSO (100 μl) was added to each well and shaken on plate shaker for 10 min to 

solubilise formazan crystals and optical density of wells were determined at 550 and 650 nm 

using a microplate reader (SpectraMax M2, Molecular Devices, Sunnyvale, CA, USA). To 

determine the percentage of the DMSO that could be used without influencing cell viability for 

drug-response experiments, various percentages of DMSO (v/v) in cell growth medium were 

incubated with GL261LUC2 cells and cell viability was determined similarly to above. For drug 

treatment experiments, CUE, CUT, C29, iPUE, iPUT, and CUT-EE were dissolved in DMSO to 

give stock solutions of 10 mg/ml. These were further dissolved in medium to give a 

concentrations that was twice the required final concentration in wells. Vehicle controls using 

DMSO without analogues were also prepared similarly.  After cells were pre-incubated in wells 

for 30 min a volume of 100 μl drug solution was added to 100 μl cell solution in wells. After a 24 

h incubation with the agents, cell viability was determined with the methods described above. 

The response to agents were calculated using absorbance measured at 550 nm minus 

background absorbance at 650 nm. This value was then calculated as a percentage of vehicle 

control, where control values was assigned with a cell viability of 100%. Curves were fitted 
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using nonlinear regression and concentrations required to inhibit 50% of the control cell viability 

(IC50) were determined by interpolation from y-axis values. 

2.3.4 Tumour implantation 
For s.c tumours, 1 x 105 GL261-luc2 cells suspended in unsupplemented medium in a volume 

of 100 µl were injected s.c into the left flank of C57BL/6 mice using a 0.5 ml, 29-gauge insulin 

syringe (BD, San Jose, CA, USA).  For i.c tumour implantations, B6 Albino mice were 

anaesthetised with ketamine (100 mg/kg) and xylazine (10 mg/kg), and animal fur at the 

surgical site was removed by hair removal cream. Mice were placed in a stereotaxic frame 

(Kopf Instruments, Tujunga, CA, USA) and a small incision on the scalp was made down the 

anterior posterior axis to expose the bregma.  A small bur hole was made at the coordinate’s 

−0.1 mm anteroposterior, +2.3 mm mediolateral from bregma. A Hamilton syringe containing 

GL261-luc2 at a concentration of 5 x 107 cell/ml was placed in the bur hole and lowered slowly 

to a depth of -3.2 mm. A total volume of 2 μl (1 x 105 cells) cell suspension was delivered into 

the caudate/putamen of the mouse brain at a rate of 0.5 μl/min using a micro-pump (World 

Precision Instruments, Sarasota, FL, USA)-controlled Hamilton syringe. After cell delivery, the 

syringe was kept in place for 2 min, and subsequently raised 1.5 mm and left in place for a 

further 1 min. Upon withdrawal the incision was sutured and temgesic (100 μg/kg) was 

administered s.c along with fluid replacement therapy (10 ml/kg, 0.9% sterile saline). Animals 

were monitored until they were fully recovered from anaesthesia.  

2.3.5 Bioluminescence imaging 
In vitro bioluminescence (BLI) from GL261-luc2 was quantified using a black 96-well plate 

containing control wells; media, cells, and D-luciferin only (Gold Biotechnology, Inc, Olivette, 

MO, USA), along with a titration of GL261-luc2 cells (5x103, 1x104, 5x104, 1x105, 5x105 

cells/well) containing 15 mg/ml D-luciferin in PBS. The plate was placed inside the IVIS Kinetic 

optical imager (PerkinElmer Waltham, MA, USA) immediately after adding the substrate and a 

BLI image was acquired. B6 Albino mice were used for the i.c tumour model as they lack dark 

dermal pigmentation, which may sequester BLI signal intensity. In treatment studies, the 

presence of i.c tumours was determined using BLI imaging before initiating treatment. Non-
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tumour bearing mice and mice implanted with i.c GL261-luc2 were anaesthetised with isoflurane 

gas (Lunan Pharmaceutical Group Co., Shandong, China). On imaging day, D-luciferin was 

made fresh in PBS at 30 mg/ml and administered i.p at 150 mg/kg. Animals were then placed in 

the IVIS imaging system and the BLI was measured using the system parameters: exposure 

time = auto, binning = medium, F/stop = 2, EM gain = 100. A series of images, 1 min apart, 

were captured between 5 and 18 min after substrate injection. This time period was appropriate 

to capture maximum BLI from tumours, which was previously determined to be approximately 

10-12 min after substrate administration (Yung et al., 2014). Analysis of images was performed 

using the Living Image®3.2 software (PerkinElmer Waltham, MA, USA) by identifying a region 

of interest over the brain tumour region and obtaining the BLI as photons/s. The XFOV-24 lens 

was installed to image multiple animals (up to 5) (Caliper Life Sciences, Hopkinton, MA, USA). 

The maximum BLI signal value during the time period was corrected for the 

background/baseline signal level and used to monitor tumour growth over time. Mice that were 

not implanted with cancer cells were used as a BLI background/baseline control.  

2.3.6 Animal monitoring 
Animals implanted with s.c tumours were monitored daily and once tumours reached a palpable 

size of at least 3 mm in each axis, the mice were randomised into control or treatment groups. 

S.c tumours were measured every two days using a digital Vernier caliper and tumour volumes 

were calculated using the formula a2.b × 0.52, where a and b are the minor and major tumour 

axes, respectively. Treatment began when tumour sizes were approximately 3 mm in diameter. 

If animal body weight loss exceeded 15% of initial weight and/or an impaired overall condition 

was observed, mice were monitored daily until weight gain or overall condition improved. Mice 

were euthanised when bodyweight exceeded 20% of initial weight before treatment, if s.c 

tumours exceed 20 mm in average diameter, or if tumour ulceration reached grade 3 according 

to University of Auckland Animal Ethics Committee Research Application No. 1190.  

Mice with i.c implanted cells were monitored daily for the first 5 days post-surgery and every 

second day thereafter. On day 3 post i.c tumour implantation, all mice were imaged to 

determine establishment of i.c tumours. Animals with i.c tumours were confirmed by having a 

BLI from the i.c tumour region of interest that was at least twice of background. Mice with BLI 
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confirmed tumours were subsequently randomised into treatment groups. If any adverse 

behaviour or weight loss was observed, monitoring would be increased to daily. Grooming, 

weight, physical condition, signs of neurological deficits (e.g lethargy, impaired movement, 

seizures, or lack of feeding) were monitored and animals were euthanised upon reaching 

humane ethical endpoints. Euthanasia was performed by either cervical dislocation or terminal 

CO2 asphyxiation. At the time of euthanasia, brains were collected. Images of complete and 

sectioned brains (sagittally sectioned across tumour) were captured and used to calculate 

tumour volume using the same formula that was used for s.c tumours described previously.  

Due to inter-animal variation, body weight, s.c tumour volumes or BLI signals for each animal on 

various treatment days were normalised against measurements prior to treatment 

commencement and expressed as % of initial body weight, relative tumour volume or relative 

BLI, respectively. 

2.3.7 Drug preparations and administration 
For oil formulation, the agents (powder) were individually weighed out in 4 ml glass vials and 

dimethyl sulfoxide (DMSO) was added and warmed to 50°C in a heating block to give a 

concentration of 100 mg/ml. The vials were stored frozen at -20°C and thawed on the day of 

injection. Corn oil (Sigma, Missouri, US) was added to give a final concentration of 10 mg/ml 

and warmed before drawn up into a 29-gauge insulin syringe for injection. An alternative 

formulation for C29 was prepared at the School of Pharmacy, Graduate School of Health, The 

University of Technology Sydney, Australia. Briefly, the surfactants Span80® (3.74%) and 

Tween80® (6.26%) were initially dissolved in the oil phase (labrafac,10% w/w) and then the 

investigational agent, C29, was added. The ratio of surfactants was chosen to achieve an 

hydrophilic:lipophilic balance value of 11.0. Both oil and water phases were heated separately 

to 85 ± 2°C, and under mechanical stirring (600 rpm) with the water phase (80.0% w/w) added 

slowly to the oil phase. The resultant solution was left for 24 h to cool, stand and subsequently 

pass through the homogeniser (>30 cycles, until homogenous) before being used for animal 

injections. The final concentration of solution was 10 mg/ml. All drug preparations were given at 

50 mg/kg i.p via a 29-gauge insulin syringe at a daily frequency for up to 35 days. This dose 

was chosen based on information from our collaborators. For the control group, the vehicle 
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without the agent was administered similarly to mice. A timeline of treatment protocol alongside 

animal tumour growth are depicted in Figure 2.2. 

2.3.8 Statistical analysis 

All statistical analysis was completed using GraphPad Prism 6 software (La Jolla, CA, USA). 

Results are presented as mean ± standard deviation (SD) or standard error of the mean (SEM) 

as indicated. The statistical significance of difference between group means was determined 

from unpaired Student’s t-tests or two-way ANOVA followed by post hoc Sidak’s multiple 

comparisons test where necessary. A p-value of £ 0.05 was considered significant. Linear 

regression analysis was used to determine relationships between experimental variables. In the 

situation where an animal was removed from a study due to reaching humane ethical endpoint, 

the average relative tumour volume, % of initial body weight, and relative BLI were no longer 

compared between the groups. 

2.4 Results 

2.4.1 Effects of epoxy omega-3 fatty acid analogues on GL261-
luc2 cell viability 
GL261-luc2 cell viability was assessed using the MTT-reduction assay and a cell number of 

2x104 per well was selected for subsequent assays as this resulted in an absorbance value that 

was within the linear range of the slope (Figure 2.3a) and had a confluency of approximately 

60%. The percentage of DMSO used for incubation was 0.5% (v/v) in wells as this did not 

significantly decrease cell viability compared to well containing untreated cells (p = 0.13, 

Student’s t-test) (Figure 2.3b). The effects of the panel of epoxy omega-3 fatty acid analogues 

against GL261-luc2 cell viability are shown in Figure 2.4. Four of the 6 agents demonstrated 

sufficient activity against the cell line to elicit IC50 values within the concentration range used. 

Of these analogues, CUT-EE was the most potent at reducing cell viability having an IC50 of 

0.73 ± 0.02 ug/ml. This was then followed by CUT>iPUT>iPUE>C29 (4.2 ± 0.9; 6.6 ± 1.6; 20.1 ± 

5.1 and 24.4 ± 1.2 µg/ml, respectively). CUE did not reduce cell viability by 50% in the 

concentration range tested. The effects of reducing in cell viability with CUT, iPUT, iPUE and 
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Figure 2.2 In vivo experimental manipulation/treatment timeline. 
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Figure 2.3 Optimisation of in vitro MTT-reduction assay with GL261-luc2 cells.  

MTT-reduction assay of cells at various cell densities incubated for 24 h (a). Effects of DMSO at 

various concentrations on GL261-luc2 cell viability (b). Each point indicates mean ± SEM, n = 3. 
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Figure 2.4 In vitro activity of epoxy omega-3 fatty acid analogues against GL261-luc2 cells. 

Dose-response curves of CUE, CUT, C29, iPUE, iPUT and CUT-EE with GL261-luc2 cells for 

24 h determined by MTT-reduction assay. Each point indicates mean ± SEM, n = 3. 
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CUT-EE against GL261-luc2 cells plateaued between 27 and 37% cell viability. 

2.4.2 Effects of C29 against s.c GL261-luc2 tumours in mice 
To determine the effects of C29 against s.c tumours in mice, GL261-luc2 cells were implanted 

s.c in the flank of mice and were randomised into the treatment groups fourteen days post 

implantation when tumours reached the pre-determined tumour size of 3 x 3 mm. On treatment 

day 11, the relative tumour volume was 8.28 ± 4.1 for the control group and 2.68 ± 2.2 for the 

group treated daily with C29 at 50 mg/kg, i.p. The difference between the tumour growth curves 

of the control and treatment group was statistically significant (p < 0.0001, two-way ANOVA) 

Figure 2.5a). In this experiment, the median survival of animals to humane ethical endpoint was 

24 and 33 treatment days for the control and C29 treatment groups, respectively. Statistical 

significance was not reached between the survival curves (log-rank, p = 0.052), despite 1 of  9 

mice treated with C29 surviving out to 120 days (end of experimental duration) with no apparent 

palpable tumour present (Figure 2.5b). Treatment with C29 significantly reduced the weight of 

mice compared to control from the third day of treatment until the last time point (p ≤ 0.05, two-

way ANOVA) (Figure 2.5c). With the exception of the one mouse that reached the end of the 

experiment without a palpable tumour, all mice from this study were euthanised due to their s.c 

tumours exceeding 20 mm in diameter. 
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Figure 2.5 Effects of C29 on tumour growth, survival and weight of mice with s.c GL261-luc2 

tumours. 

Relative tumour volumes (a), survival to human ethical endpoint (b), and weight change (c) of 

mice with s.c tumours treated daily with either vehicle or C29 at 50 mg/kg i.p.	Each point 

indicates mean ± SEM, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001, two-way ANOVA, post hoc 

Sidak’s test, control: n = 10, C29: n = 9. 
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2.4.3 Effects of CUT-EE against s.c GL261-luc2 tumours in mice 
Effects of CUT-EE against the s.c GL261-luc2 tumours in mice were also examined. After 

eleven days of treatment, the average relative volume was 59.31 ± 41.4 for the control group 

and 84.46 ± 54.4 for the group treated daily with CUT-EE at 50 mg/kg, i.p. When the two growth 

curves are compared, no statistically significant difference was reached (two-way ANOVA, p = 

0.79, n = 6) (Figure 2.6a). From the Kaplan-Meier survival curves, no significant difference in 

the median survival time was found between the control and CUT-EE treated groups (20 versus 

17.5 days, respectively, p = 0.88, log-rank) (Figure 2.6b). A significant difference was seen in 

the mean % of initial body weight between the control and CUT-EE treated groups (p = 0.3, two-

way ANOVA) (Figure 2.6c). 

2.4.4 Effects of CUT against s.c GL261-luc2 tumours in mice 
16-{[(4-methylphenyl)carbamoyl]amino}hexadecanoic acid (CUT) is the carboxylic acid 

bioisostere of CUT-EE and its effects were similarly examined against s.c tumours implanted in 

mice. The growth of s.c tumours with the daily treatment of CUT at 50 mg/kg i.p significantly 

increased tumour growth when compared to controls (p = 0.043, two-way ANOVA) (Figure 

2.7a). The median survival time for control and CUT treated groups were 22 and 19 days, 

respectively, although there was no significant difference between the survival curves (p = 0.6, 

log-rank) (Figure 2.7b). After 3 days of treatment with CUT, a significant decrease in animal 

body weight was observed when compared to controls, and remained below control weights 

until day 15 (p ≤ 0.05, two-way ANOVA) (Figure 2.7c). 

2.4.5 In vitro BLI in association to GL261-luc2 cell number 
The correlation between GL261-luc2 cell number and BLI was examined in vitro, where a range 

between 5 x103  and 5 x 105 cells correlated well with BLI measurements (r2 = 0.9946) (Figure 

2.8a and b). 
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Figure 2.6 Effects of CUT-EE on tumour growth, survival and weight of mice with s.c GL261-

luc2 tumours. 

Relative tumour volumes (a), survival to human ethical endpoint (b), and weight change (c) of 

mice with s.c tumours treated daily with either vehicle or CUT-EE at 50 mg/kg i.p.	Each point 

indicates mean ± SEM, * p ≤ 0.05, two-way ANOVA, post hoc Sidak’s test, both groups: n = 

6. 
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Figure 2.7 Effects of CUT tumour growth, survival and weight of mice with s.c GL261-luc2 

tumours. 

Relative tumour volumes (a), survival to human ethical endpoint (b), and weight change (c) of 

mice with s.c tumours treated daily with either vehicle or CUT at 50 mg/kg i.p.	Each point 

indicates mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001; **** p ≤ 0.0001, two-way 

ANOVA, post hoc Sidak’s test, both groups: n = 5. 

  

c) 

b) 

a) 
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Figure 2.8 Bioluminescence of GL261-luc2 in vitro. 

Photograph and BLI image overlay of multi-well plate containing GL261-luc2 cells and D-

luciferin (15 mg/ml) (a) BLI over GL261-luc2 cell number per well (b). Red circles indicate 

individual wells. Each point indicates mean ± SD, n = 3. 
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2.4.6 Effects of C29 against i.c GL261-luc2 tumours in mice 
The effects of C29 treatment were examined against animals bearing i.c tumours. BLI from 

animals bearing i.c GL261-luc2 tumours in both control and C29 treatment groups were 

quantified on day 3, 7, 10 and 13, and increased over time (Figure 2.9a). Compared with the 

control group, a decrease in mean relative BLI signal was observed from mice treated daily with 

C29 (50 mg/kg i.p) (Figure 2.9b) although this difference did not reach statistical significance p = 

0.36, two-way ANOVA). The difference between the median survival of control and C29 treated 

animals did not reach statistical significance (14.5 versus 13.5 days, respectively, p = 0.38, log-

rank) (Figure 2.10a). C29 treated animals bearing i.c tumours had a lower mean % of initial 

body weight compared with controls, which reached statistical significance on day 3 of 

treatment and all subsequent days (p ≤ 0.05, two-way ANOVA) (Figure 2.10b). The examination 

of ex vivo i.c tumours was carried out to determine effects on tumour volume. GL261-luc2 

tumours in the brain appeared dark in colour with many forming definitive tumour margins 

(Figure 2.11a and b). Upon examination of brain tumour sections at the time of ethical endpoint, 

there was no significant difference in the tumour volumes between the control and C29 treated 

animals (46.5 ± 14.9 versus 58.1 ± 13.0 mm3, respectively, p = 0.57, Student’s t-test) (Figure 

2.11c). 

2.4.7 Effects of CUT-EE against i.c GL261-luc2 tumours in mice 
The effects of CUT-EE against tumours implanted in the brains of mice were also determined. 

Images of the BLI from animals over time treated with vehicle and CUT-EE are shown in Figure 

2.12a. Over days 3, 7, 10 and 13 post i.c tumour implantation, BLI increased from animals 

bearing i.c tumours (Figure 2.12b). With daily treatment of CUT-EE at 50 mg/kg i.p, mean 

relative BLI from these mice were not significantly different to controls (p = 0.48, two-way 

ANOVA). No significant difference was observed in the survival to ethical endpoint between 

animals from the control and CUT-EE treated groups (14.0 versus 16.0 days, log-rank, p = 0.66, 

n = 18 for both groups) (Figure 2.13a). In regards to the mean % of initial body weight, animals 

treated with vehicle saw overlapping similarities to ones treated with CUT-EE except on 

treatment days 3, 4, and 5. On these days animals treated with CUT-EE had mean % of initial 

body weight that was significantly lower than controls (two-way ANOVA, p ≤ 0.05, n = 18 for  
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Figure 2.9 Effects of C29 on tumour growth as measured by bioluminescence in mice with i.c 

GL261-luc2 tumours. 

Photograph and BLI image overlay of representative mice with i.c tumours on day 7, 10 and 13 

post implantation treated daily with either vehicle or C29 at 50 mg/kg i.p (a). Individual relative 

BLI from i.c tumours implanted in mice treated daily with vehicle or C29. Horizontal lines 

indicate mean. n = 6 for both groups.  

a) 

b) 
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Figure 2.10 Effects of C29 on survival and weight of mice with i.c GL261-luc2 tumours. 

Survival to human ethical endpoint (a), and weight change (b) of mice with i.c tumours treated 

daily with either vehicle or 50 mg/kg i.p C29.	Treatment began 3 days post implantation. Each 

point indicates mean ± SEM, ** p ≤ 0.01, *** p ≤ 0.001, two-way ANOVA, post hoc Sidak’s 

test, both groups: n = 6.  

  

a) 

b) 
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Figure 2.11 Ex vivo images of mouse brains with i.c GL261-luc2 tumours after C29 

treatment and respective tumour volumes at humane ethical endpoint. 

Representative dissected brains (right) and their respective sagittal cross-sections (left) 

from mice treated with vehicle (a) or daily C29 at 50 mg/kg i.p. (b). Tumour volume of 

respective ex vivo i.c tumours at humane ethical endpoint (c). Scale bar 1 mm between 

each horizontal line divide. Bars indicate mean ± SEM, both groups: n = 6. 

  

a) 

b) 

c) 
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Figure 2.12 Effects of CUT-EE on tumour growth as measured by bioluminescence in mice 

with i.c GL261-luc2 tumours. 

Photograph and BLI image overlay of representative mice with i.c tumours on day 7, 10 and 

13 post implantation treated daily with either vehicle or 50 mg/kg i.p CUT-EE (a). Individual 

relative BLI from i.c tumours implanted in mice treated daily with vehicle or CUT-EE. 

Horizontal lines indicate mean. Cross: mean relative BLI could not be defined as one or more 

animals reached humane ethical endpoint. n = 18 for both groups. 

  

a) 

b) 
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Figure 2.13 Effects of CUT-EE on survival and weight of mice with i.c GL261-luc2 tumours. 

Survival to human ethical endpoint (a), and weight change (b) of mice with i.c tumours treated 

daily with either vehicle or 50 mg/kg i.p CUT-EE.	Treatment began 3 days post implantation. 

Each point indicates mean ± SEM, * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001, two-way ANOVA, 

post hoc Sidak’s test, both groups: n = 18. 

  

a) 

b) 
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both groups) (Figure 2.13b). Brain sections from animals bearing i.c tumours treated with either 

control or CUT-EE are shown in Figure 2.14a and b. No significant difference was observed 

between control and CUT-EE treated brain tumour volumes at ethical endpoint (99.8 ± 22.5 

versus 68.3 ± 7.27 mm3, p = 0.17, Student’s t-test) (Figure 2.14c). 

2.5 Discussion 
The work from this chapter determined the in vitro and in vivo effects of synthetic epoxy omega-

3 fatty acid analogues against the GL261-luc2 tumour cell line. All of the analogues tested in 

vitro, except CUE, decreased GL261-luc2 cell viability below 50% of control treated cells. CUT-

EE was the most potent at reducing cell viability with an IC50 of 0.73 ± 0.02 µg/ml (2.1 ± 0.06 

µM). Interestingly, cell viability at the higher concentrations with CUT-EE, CUT, iPUE, and iPUT 

plateaued at approximately 35% of control treated cells despite concentration of the analogues 

reaching 100 µg/ml. The inability of these analogues to reduce cell viability below this 

percentage could be due to their mechanism of action. Natural omega-3 fatty acids, DHA and 

EPA, have been previously described to induce various cancer cells to arrest at G0/G1 phase of 

the cell cycle (So et al., 2015; Pan et al., 2009). This effect has been similarly shown with 

synthetic epoxy omega-3 fatty acids tested by our collaborators, which caused a significant 

increase in the proportion of cells in the G0/G1 phase (Dyari et al., 2014). It is possible that at the 

time of exposure, CUT-EE, CUT, iPUE, and iPUT arrest GL261-luc2 cells at the G0/G1 phase 

but other cells in the S, G2 or M phase, may have completed cell doubling before arrest. These  

cells that do double before arresting at G0/G1 phase would result in in an increased number of 

cells and hence the overall metabolism when compared to cells incubated with potent cytotoxic 

agents that may rapidly kill all cells upon exposure (Chen et al., 2013). C29 was seen to 

decrease cell viability to 10% of control at the highest concentration of 100 µg/ml. This may 

indicate a different mechanism of action between C29 and the other analogues tested. Further 

complementary biochemical and/or morphological technique to determine whether the 

analogues are inducing cytotoxic, cytostatic, and/or anti-adhesive effects could clarify this. In 

the MDA-MB-231 breast cancer cell line, it has been revealed that C29 induced apoptosis, 

markedly increased the proportion of cells in the subG1 phase, and strongly increased the 

activity of the executioner caspase-3/7 (Rawling et al., manuscript submitted for publication).  



84 

 

  

 

Figure 2.14 Ex vivo images of mouse brains with i.c GL261-luc2 tumours after CUT-EE 

treatment and respective tumour volumes at humane ethical endpoint. 

Representative dissected brains (right) and their respective sagittal cross-sections (left) from 

mice treated with vehicle (a) or daily CUT-EE at 50 mg/kg i.p. (b). Tumour volume of 

respective ex vivo i.c tumours at humane ethical endpoint (c). Scale bar 1 mm between each 

horizontal line divide. Bars indicate mean ± SEM, both groups: n = 18. 

c) 

b) 

a) 
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C29 may also function similarly against the GL261-luc cells tested in this thesis to reduce cell 

viability below the plateau seen with the other analogues. The effect of these analogues against 

the viability  of GL261-luc2 in vitro, in addition to the in vivo activity seen by our collaborators 

with C29 in the MDA-MB-231 breast cancer model, led onto studies examining two of the epoxy 

omega-3 fatty acid analogues, CUT-EE and C29 against GL261-luc2 tumours in vivo. 

C29 treatment was shown to significantly reduce growth of s.c tumours in mice compared to 

vehicle treated controls. This agent was developed based on the naturally occurring epoxy 

omega-3 fatty acid metabolites which have been found to have anti-tumour properties both in 

vitro and in vivo (Cui et al., 2012; Dyari et al., 2014; Xu, Lee, Hammock, Zhang, & Xiao, 2014; 

Zhang et al., 2013). One example is 19,20-EDP, an epoxy metabolite of DHA that has been 

tested against the highly aggressive Met-1 breast cancer model. The daily dose of 19,20-EDP 

at 0.05 mg/kg, together with tAUCB, saw a significant decrease in tumour growth (Zhang et al., 

2013). Compared to the results shown in this chapter, a much higher dose of C29 (50 mg/kg) 

was required to elicit anti-tumour effects. However significant s.c tumour growth reduction 

induced by C29 was achieved without the use of a soluble epoxide inhibitor. Initially, Zhang and 

colleagues (2013) found that the daily dose of 19,20-EDP failed to reduce the volume and 

weight of tumours in the mammary fat pad. Subsequently, liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) analysis revealed that the infusion of 19,20-EDP did not increase its 

plasma or tumour concentrations. They suspected that the lack of anti-tumour effect was due to 

the rapid metabolism of 19,20-EDP in mice. Therefore the authors co-administrated 19,20-EDP 

with the sEH inhibitor, tAUCB, which stabilised and increased 19,20-EDP plasma and tumour 

concentrations. As a result, significant reductions in tumour growth and volume were observed 

(Zhang et al., 2013). The manipulation of sEH in other studies has also been used to enhance 

the biological effects of epoxy omega-6 fatty acids. The global disruption of the sEH gene in 

transgenic mice was able to enhance s.c B16 melanoma tumour growth by increasing the 

stability of the pro-tumour omega-6 derived epoxy metabolites (Panigrahy et al., 2012). 

Currently the sEH inhibitor, GSK2256294, has advanced from preclinical efforts into clinical 

studies to inhibit the metabolism of potentially beneficial epoxy fatty acid metabolites to their 

less active dihydroxy metabolite (Lazaar et al., 2015). This progression to human trials 

illustrates the biological significance of these epoxy fatty acid metabolites under the stabilisation 
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with sEH inhibitors. Structural modifications to improve the stability of epoxy omega-3 fatty acids 

were previously done to allow a more favourable pharmacokinetics (Rawling et al., manuscript 

submitted for publication). The in vivo tissue distribution and pharmacokinetics of C29 and CUT-

EE have been examined and will be discussed in later chapters. In contrast to the small number 

of in vivo studies testing epoxy fatty acids, their parental counterparts, namely EPA and DHA, 

and their effects against animal cancer models have been widely studied using dietary 

supplementation (Fluckiger et al., 2016; Pan et al., 2015; Schiessel et al., 2015). Many of these 

studies have demonstrated a significant delay in tumour growth with omega-3 fatty acid 

supplementation versus standard animal chow, but do not typically examine or report the 

survival of the animals. A trend towards a survival benefit was observed with C29 in mice 

bearing s.c tumours, however, compared to controls the difference was just outside the limits of 

statistical significance (p = 0.052 log rank). It may be noteworthy to highlight that one of the ten 

animals that received C29 treatment, survived past the study endpoint of 120 days without a 

palpable tumour. Another animal from this group also had a s.c tumour reduced to an 

impalpable size but grew back 5 days after treatment was terminated. In vitro effects of 

synthetic analogues of epoxy omega-3 fatty acids have been reported to reduce proliferation, 

decrease ATP formation and promote cell cycle arrest in MDA-MB-231 breast cancer cells 

(Dyari et al., 2014). It is possible that C29 may also elicit these effects in a similar manner in 

vivo to reduce s.c tumour growth seen from this chapter. Additionally, C29 could also be acting 

with a similar mechanism to the naturally occurring 19,20-EDP, which was reported to inhibit 

tumour growth and metastasis by inhibiting tumour angiogenesis in vitro and in vivo (Zhang et 

al., 2013). Specifically, their study suggested that 19,20-EDP inhibited VEGF receptor 2 

signalling through the potent inhibition of VEGF-C mRNA expression in mice but not VEGF-A 

(Zhang et al., 2013). In contrast, other reports have demonstrated that VEGF-A was found to be 

associated with tumour angiogenesis and metastases when examining the epoxy omega-6 fatty 

acids, EET (Cheranov et al., 2008; Panigrahy et al., 2012). As the mechanism of action of 

natural epoxy fatty acids requires further clarification, the regulation of angiogenesis through 

VEGF-A and C could be involved in C29’s anti-tumour effects assuming the synthetic analogue 

acts similarly to the endogenous counterparts. Work on elucidating the molecular target/s is 

currently being carried out (Prof M. Murray, personal communication). Unlike C29, daily 
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treatment with CUT-EE was unable to demonstrate any effects against s.c GL261-luc2 tumour 

in mice, with no significant difference observed in tumour growth and survival times between 

animals treated with vehicle and CUT-EE. In contrast, CUT-EE was able to reduce GL261-luc2 

cell viability in vitro and had previously demonstrated anti-tumour activity against MD-MBA-231 

breast tumours in immune-deficient athymic mice at a dose of 10 mg/kg i.p (Prof M. Murray, 

personal communication). It is possible the glioma model used in this chapter is not as sensitive 

to CUT-EE as the human breast cancer model. As both C29 and CUT-EE were given at the 

same dose and with the same route of administration, the potency of C29 against this tumour 

model could be greater than CUT-EE. Identifying and understanding the molecular target and 

mechanisms of action in future studies may aid the drug discovery and development for these 

synthetic analogues and perhaps describe the reasons for the limited activity seen with CUT-EE 

in this tumour model. The differences in the molecular structure between the agents could help 

explain why C29 is apparently more effective than CUT-EE in this glioma mouse model. The 

central urea pharmacophore and adjacent long alkyl chain are found in both C29 and CUT-EE. 

However, differences are found at the alpha end of the carbon chain and also on the benzene 

ring at the omega end. CUT-EE is an ethyl ester, whereas C29 is a carboxylic acid. This 

functional modification of the carboxylic acid moiety to an ethyl ester is typically performed to 

dramatically increase metabolic stability through a reduction of extensive phase II conjugation 

(Miao & Scott Obach, 2010). The question arises as to whether this modification affects CUT-

EE’s potential anti-tumour effects against the GL261-luc2 tumours. To examine its significance, 

the carboxylic acid bioisostere of CUT-EE or CUT was similarly formulated in corn oil and 

administered daily at 50 mg/kg i.p. to animals with s.c GL261-luc2 tumours. Surprisingly, 

relative tumour volumes were significantly increased in animals treated with CUT compared to 

controls. However, no difference in survival between the two groups was observed. The results 

with CUT suggest that the lack of in vivo anti-tumour activity seen with CUT-EE may not be due 

to the ethyl ester substituent; instead it may possibly be due to the substituents that are found 

on the benzene ring adjacent to the urea pharmacophore. C29 contains a chloro and a 

trifluoromethyl functional group on the 4 and 3 position of the benzene ring, respectively, 

whereas CUT-EE has only a methyl group on the 4 position. The two highly electronegative 

groups found on the benzene ring of C29 are suspected to provide favoured pharmacokinetics, 
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increasing Log P and membrane permeability (Dalvie, Nair, Kang, & Loi, 2010). As a result, 

these modifications could be another factor to improved anti-tumour effects of C29 compared to 

its bioisostere, CUT-EE, in this model.  

Another reason for the difference in activity could be the different types of formulations used for 

the two analogues and hence their pharmacokinetics. The agents studied in this chapter are all 

highly lipophilic. For their in vivo examination, two formulations were used: 1) C29 was 

administered i.p to mice as an oil in water emulsion, and 2) CUT-EE and its metabolite, CUT, 

were administered in a corn oil formulation. Previous in vivo studies have utilised the corn oil 

formulation and have demonstrated anti-tumour effects with C29 and CUT-EE (Prof M. Murray, 

personal communication). Discrepancies in the formulation could alter tissue absorption, 

distribution and potentially the efficacy of the agents. In Chapter 4 of this thesis, the effects 

between the two formulations on C29 tissue distribution are examined to identify whether the 

formulations could alter the tissue distribution and pharmacokinetics of C29.  

An observation made between all s.c tumour treatment studies was the difference in relative 

tumour growth of the control groups over time. Relative tumour volume reached a value of 12 

on treatment day 13 in the C29 treatment study, whereas values of 156 and 138 were reached 

on treatment day 14 and 13 in the CUT-EE and CUT treatment experiment, respectively. All 

controllable variables (e.g cell number) for these experiments were kept the same. One could 

argue that the differences in tumour growth against time could cause bias in treatment effect. 

However, when examining the absolute tumour volume against time, no significant difference 

was observed between any of the control s.c tumour growth curves in the first 9 days (two-way 

ANOVA, p = 0.11). Kaplan-Meier survival curve comparing the three control groups also 

suggested no significant difference in survival (Log-rank, p = 0.796). 

While C29 demonstrated treatment efficacy against the s.c tumour-bearing animal model, and 

indicated that the agent reached the desired target, these results alone are unlikely to offer any 

meaning in predicting its clinical efficacy against tumours in the brain. This is because the 

preclinical s.c tumour model, in contrast to the orthotopic i.c tumour model, does not recreate 

some of the interaction between the tumour cell and the brain microenvironment and also lacks 
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some of the physiological barriers that may more closely recapitulate the clinical disease. 

Therefore the analogues were also examined in an i.c tumour mouse model.  

The GL261 cells expressing the luciferase gene was used for both the s.c and i.c tumour 

models. IVIS imaging was sensitive and could quantify the BLI from 5 x 103 cells in vitro and 

was suitable to detect i.c tumours in mice 3 days post implantation. All mice implanted with cells 

in the brain reliably established i.c tumours. A reduction in relative BLI from i.c tumour of mice 

treated with C29 was observed compared to controls. This was found using the same dose of 

C29 required to elicit an anti-tumour effect against s.c tumours. Although the reduction in BLI 

was not statistically significant, mean relative BLI was observed to be lower than controls on 

days 7, 10 and 13 after implantation. The decreased BLI on these days may suggest that C29 

had an effect on the i.c tumour volume similar to what was observed in the s.c tumour model. 

Previous results have demonstrated a good correlation between s.c GL261-luc2 tumour volume 

and BLI over time with CD-1 nude mice (Yung et al., 2014). The work from this chapter also 

demonstrated a good correlation between BLI from GL261-luc2 cells in vitro and cell number 

per well (r2 = 0.995). Therefore, the BLI from i.c tumours was used and associated with 

orthotopic brain tumour volume in this work, which is similar to previous studies (Goldhoff et al., 

2008; Kindy et al., 2016). 

In mice treated with vehicle, C29 or CUT-EE, ex vivo brain sections were used to calculate i.c 

tumour volumes to identify any observable differences between the groups. No significant 

difference in i.c tumour volumes was observed between C29 or CUT-EE treatment groups. I.c 

tumour volumes were calculated using brain sections from varying times of ethical endpoint. 

Future studies comparing brain sections at the predetermined time points after tumour 

implantation may provide a more informative perspective of treatment effects on i.c tumour 

volume. From previous studies, Dinca and colleagues (2007) observed a good correlation 

between i.c tumour BLI and i.c tumour volume, where mice were imaged and killed at weekly 

intervals and tumour volumes were determined via histopathological morphometry. Whilst 

providing a direct measurement for determining tumour volume, assessing i.c tumour volumes 

at predetermined time points require animal sacrifice and a larger number of animals may be 

required when compared to non-invasive monitoring. Monitoring tumour growth using BLI is not 

without its limitations. It can be difficult to conclude as to whether a decrease in BLI is strictly 
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due to a decrease in i.c tumour volumes. BLI is confined to viable cells transfected with 

luciferase and dependent on oxygen, ATP and luciferin substrate availability. The brain tumour 

mass may comprise of regions of necrosis and/or hypoxia (Kaur et al., 2005), and this may 

result in reduced BLI signal due to a reduction in viable cells or reduction in substrate 

distribution, but not necessarily a decrease in tumour volume (Khalil et al., 2013; O'Neill, Lyons, 

Gallagher, Curran, & Byrne, 2010). For practical reasons, this limitation in using BLI is not 

significant for these small animal imaging studies, especially when considering the advantages 

of using this non-invasive technique.   

As mentioned above, the work from this chapter demonstrated a decreased BLI signal from 

mice treated with C29. In the literature, BLI has been associated with i.c tumour volume, and a 

decrease in BLI has also been associated with improved overall survival of mice with i.c 

tumours (Dinca et al., 2007). Neither epoxy omega-3 fatty acid analogue tested in this study 

was able to demonstrate any significant survival benefit in the i.c tumour model, despite 

demonstrating a modest decrease in i.c tumour BLI with C29 treatment. As there were no 

significant effects seen with CUT-EE in s.c tumour model, the lack of effects observed with 

CUT-EE treatment against the i.c tumour mouse model was not unexpected. 

All animals with i.c tumours, whether treated with control or epoxy omega-3 fatty acid analogues 

had a median survival time between 13.5 - 16 days. This is comparable to the longevity of 

animals with i.c tumours used by Mathios et al (2016) and On et al (2013), where median 

survival of control mice were 16 and 17 days, respectively. Despite those similarities, other 

publications have shown that with the GL261 cell line survival time of mice with i.c tumours were 

much longer. Median survival of untreated or saline treated animals with i.c GL261 tumours 

have been seen to range between 25 - 32 days (de Souza et al., 2015; Wainwright et al., 2014; 

Zeng et al., 2013). The use of any animal tumour models for cancer research may have its 

advantages and disadvantages. The highly aggressive and fast growing i.c tumours in this 

model may resemble the clinical situation of brain tumours, however, among other similar i.c 

GL261 tumour mouse models it is considered to have a relatively short survival time and, as a 

consequence, the short window of time for therapeutic intervention could make it more difficult 

to demonstrate activity with this model in the drug discovery and development setting. 
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From the studies within this chapter, a daily 50 mg/kg dose with C29, CUT-EE or CUT was 

tolerated by mice bearing s.c or i.c tumours and showed no signs of deterioration in their overall 

condition, despite some animals experiencing decreases in body weight. The effects of CUT-EE 

was minimal in mice bearing s.c tumours, with a small decrease in weight on the third day of 

treatment, which returned back to the initial weight by day 4 of treatment. Similar decreases in 

weight with C29 and CUT-EE treatment were also observed in mice bearing i.c tumours, 

reducing body weight below their respective controls but within humane ethical guidelines. Mice 

with i.c tumours were more sensitive to CUT-EE induced weight loss compared to the s.c 

tumour model. The weight of mice with i.c tumours rapidly declined on days 8 or 9 of treatment 

with either C29 or CUT-EE. However these decreases in body weight were also observed in the 

control treated groups suggesting an effect of the tumour model rather than the treatment with 

the epoxy omega-3 fatty acid analogues. Studies with CUT in the i.c tumour model were not 

continued and subsequent studies focused on C29 and CUT-EE. Future work with increased 

tolerable dosing of either C29 or CUT-EE could lead to alternative dosing regimens that may 

elicit significant activity against s.c GL261-luc2 tumours in mice. Care must be taken when 

examining these analogues in the i.c tumour mouse model as these animals may be more 

susceptible to drug induced weight loss as shown with CUT-EE. 

In summary, results in this chapter demonstrated that a number of synthetic epoxy omega-3 

fatty acid analogues could reduce GL261-luc2 cell viability in vitro, and that C29 demonstrated 

significant anti-tumour activity in mice with s.c tumours. Animals with s.c GL261-luc2 tumours 

treated with C29 had reduced tumour growth, whereas CUT-EE failed to demonstrate any 

activity. Treatment with C29 exhibited a trend towards a survival benefit in mice with s.c 

tumours compared to controls, although this was not statistically significant. The use of the 

orthotopic i.c tumour mouse model failed to demonstrate any significant activity with the 

treatment of C29 or CUT-EE and illustrated the difficulties of treating brain tumours. Together 

these findings demonstrated that the synthetic epoxy omega-3 fatty acid analogue, C29, can 

induce anti-tumour effects in an in vivo mouse glioma tumour model. Effects of C29 illustrated 

with the i.c tumour model suggest a potential prospect for further drug development with epoxy 

omega-3 fatty acid analogues against this devastating tumour type. Understanding the tissue 

distribution and pharmacokinetics of these two agents may help identify whether these agents 
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can penetrate into the target tissue of the brain and may explain whether the contrasting effects 

of C29 between the s.c and the i.c tumour model are related to their tissue distribution and 

pharmacokinetics. The development and validation of an analytical methodology for determining 

C29 and CUT-EE concentrations in the plasma, brain and tumour tissue of mice is required and 

this work will be presented in the next chapter. 
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Chapter 3.  Development and validation 
of a bioanalytical method for epoxy 
omega-3 fatty acid analogues in mouse 
tissues 

3.1 Introduction 
In the previous chapter, the effects of the epoxy omega-3 fatty acid analogues, C29 and CUT-

EE, were examined in the s.c and i.c GL261-luc2 tumour mouse model. Interestingly, C29 

slowed the growth of s.c tumour and improved survival time when treated with C29 compared to 

controls. However, these promising effects in s.c tumours were not observed in the i.c tumours. 

Moreover, treatment with CUT-EE, another member of the epoxy omega-3 fatty acid analogues, 

did not exhibit any anti-tumour effects in the animal models tested. The failure to elicit effects 

against brain tumours has been, in many cases, attributed to the poor distribution of the agent 

to the brain (Glantz et al., 1995; Odia et al., 2015; Togashi et al., 2012). Information on the 

distribution of the epoxy omega-3 fatty acid analogues to brain tissue, as well as plasma and s.c 

tumour tissue may clarify the basis for the differences observed with the s.c and i.c tumour 

models. Selective and sensitive analytical methods for the quantitative evaluation of agents are 

important for a range of pharmacological studies. Validation of a bioanalytical method involves 

procedures that demonstrate the particular method is reliable and reproducible for quantitatively 

measuring the analyte/s of interest in a given biological matrix. An analytical method for the 

detection and quantification of these novel analogues was not available, therefore it was 

necessary to develop and validate a method capable of detecting and quantifying the analogues 

of interest from biological samples. This chapter describes the development and validation of 

this method in mouse plasma, brain, s.c tumour, and liver tissue homogenates. 

The quantification of endogenous fatty acids and their metabolites have been performed using a 

variety of techniques. The traditional analysis of long-chain fatty acids from human blood and 

plasma required long and labour-intensive preparation procedures. For example, analysis of 

fatty acids using gas chromatography mass spectrometry (GC-MS) is employed for its high 
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sensitivity, however for the fatty acids to be amenable to GC-MS it needs to undergo a series of 

derivatising steps (Metzger, Angres, Maier, & Lehmann, 1995; Yang et al., 2006). This process 

is not practical for rapid analyses of multiple analytes from a large number of biological 

samples. An alternative is the application of LC-MS/MS, which has been utilised for analysing 

fatty acids and their metabolites from biological samples, including cultured cells, plasma, brain 

tissue and urine, and many using a liquid-liquid extraction procedures for the analyte/s of 

interest (Kempen, Yang, Felix, Madden, & Newman, 2001; Makrides, Neumann, Byard, 

Simmer, & Gibson, 1994; Mal, Koh, Cheah, & Chan, 2011; Newman, Watanabe, & Hammock, 

2002; Salm, Taylor, & Kostner, 2011; Watanabe & Hammock, 2001). Cui et al (2009) had 

previously reported the structural characterisation of methyl ester monoepoxy derivatives of 

EPA using LC-MS/MS. However, this methodology required further optimisation and additional 

steps for use in quantitative analysis of these analogues from animal tissues. Solid-phase 

extraction methods for sample extraction, concentration, and cleanup have also been published 

to quantify lipids from tissue samples (Bernhardt, Cannistraro, Bird, Doyle, & Laposata, 1996; 

Hamilton & Comai, 1988; Kim & Salem, 1990). For the purpose of rapidly analysing an intact 

exogenous molecule of interest, the work in this chapter utilised a liquid-liquid extraction 

procedure followed by LC-MS/MS. 

3.2 Aims:  
The aims were: 

1. To develop a selective and sensitive analytical method to quantitate a series of epoxy 

omega-3 fatty acid analogues. 

 

2. To validate this method in mouse plasma, brain, s.c tumour, and liver tissue homogenates 

3.3 Materials and methods 
A series of omega-3 epoxy fatty acids analogues with toluene substitutions at the C-2 position, 

and either an isopropyl, ethyl esters or carboxylic acid on the other end were obtained and 

structurally characterised as previously described in section 2.3. Additional analogues including 
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CUE, isopropyl 16-{[(ethyl)carbamoyl]amino}hexadecanoate (iPUE), and isopropyl 16-{[(4 

methylphenyl)carbamoyl]amino}hexadecanoate (iPUT) were also examined. Unless otherwise 

stated, all other chemicals were commercially available and of analytical grade.  

3.3.1 Instrumentation and conditions 
The LC-MS/MS system was an Agilent® 1200 Rapid Resolution HPLC and Agilent® 6460 triple 

quadrupole mass spectrometer equipped with electron spray ionisation (ESI) source (Agilent® 

Technologies, USA). An Agilent® SB-C18 (3.0 x 50 mm, 1.8μm) with a 0.2 µm in-line filter was 

used with a flow rate of 0.4 ml/min maintained at 25°C. Chromatographic separation was 

accomplished using a two-solvent linear gradient system. Solvents A (water) and B (acetonitrile) 

both contained 0.1% formic acid. Solvents were degassed before use. The following gradient 

was applied: 0 min, 40% B; 2 min, 40% B; 4 min, 100% B; 9 min, 100% B, 10 min, 40% B; 12 

min, 40% B. The total run time was 12 min and an equilibration time of 1 min was used between 

injections. The gradient subsequently used to reduce total run time to 7 min while maintaining 

comparative responses was 0 min, 40% B; 1 min, 40% B; 3 min, 100% B; 5 min, 100% B, 6 

min, 40% B; 7 min, 40% B. The sample volume injected was 2 µl and the auto-sampler 

temperature was set at 4°C. The mass spectrometer was run in positive ion ESI using multiple 

reaction monitoring (MRM) to monitor the mass transitions. The precursor to product ion 

transitions were as follows: CUE, 342.2 → 254.4; CUT, 405.3 → 108.2; CUT-EE, 433.3 → 

108.2; iPUE, 385.4 → 254.3: iPUT, 447.4 → 108.2; C29; 493.1 → 280.1. Collision energy (CE) 

and fragmentor voltage (Frag) were optimised for each analogue to give the highest abundance. 

Other parameters include: gas flow (nitrogen)	10 l/min; gas temperature 350°C; nebulizer 

pressure 25 psi; and capillary 2750 V for all analogues. Data acquisition and processing were 

carried out using the Mass Hunter Quantitative analysis software vB.06.00 (Agilent®	

Technologies, USA).  
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3.3.2 Animals and tumour cell maintenance and implantations 
All animal experiments were carried out following protocols approved as previously described in 

section 2.3.1. For s.c tumour tissue, GL261-luc2 cells were cultured and implanted into mice as 

described in section 2.3.3. S.c tumours were allowed to grow 10 x 10 mm in size before being 

removed and used as the s.c tumour biological matrix for method development and validation. 

Animals with s.c tumours were monitored and euthanised as described in section 2.3.6. 

3.3.3 Preparation of mouse plasma and tissue homogenate 
Mouse plasma was prepared from blood of terminally CO2 asphyxiated C57Bl/6 mice via cardiac 

puncture (1 ml Temore syringe 25 gauge needle) and stored at -80°C. Blood was transferred 

into BD Vacutainer® (BD Biosciences, Franklin Lakes, NJ, USA) tubes coated with K2 EDTA 

and centrifuged at 13,000g for 5 min to separate plasma. Whole brains, fatty acids and tumours 

were collected after cervical dislocation of the asphyxiated mice, transferred into a 2 ml safe-

lock tube (Eppendorf, Hamberg, Germany), weighed and PBS (1:1 weight: volume) together 

with a clean steel ball bearing were added. Tissue was placed in TissueLyser II Bead mill 

(Qiagen) adapter set (pre-chilled at -20°C) and homogenised for 3 cycles with a cycle being 3 

min at 30 Hz. A 1 min standing time between cycles was used.  

3.3.4 Stock solutions, calibrants, and quality controls 
Compounds were weighed out individually in glass vials containing rubber stoppers and 

dissolved in dimethyl sulfoxide (DMSO). Compound solutions ranging from 1 – 10 μM prepared 

in mobile phase was directly infused to the ESI source with MS acquiring infusate. Quality 

control (QC) samples were made by adding CUT-EE solutions to mouse plasma or tissue 

homogenates to give concentrations of 0.5, 25 and 125 ng/ml. Aliquots of each QC samples 

were stored at -80°C immediately after preparation. Before each subsequent analytical run, one 

set (triplicate) of each QC concentration was included throughout the work-list and processed 

with other samples. 
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3.3.5 Sample preparation 
Mouse plasma or tissue homogenate (25 µl or 25 mg) was vortexed for 10 s with 25 µl of 

compound in acetonitrile (spiked) or acetonitrile without compound (blank). Subsequently, the 

compound was extracted from matrix with 150 µl of ethyl acetate containing internal standard 

(400 ng/ml) and vortexed for 5 min at 1250 rpm in Thermomixer (Eppendorf, Hamberg, 

Germany). The organic layer was separated by centrifugation at 6000 x g for 5 min, collected 

and dried under vacuum at 30°C for 15 min (Centrivap concentrator and cold trap, Labconco, 

Kansas City, MO). The residues were reconstituted with acetonitrile and 2 µl were injected onto 

the LC-MS/MS system. 

3.3.6 Validation procedures 
CUT-EE was selected for validation procedures as a representative of the analogues studied. 

Analytical selectivity and specificity were assessed by comparing chromatograms from samples 

extracted from blank mouse plasma and tissue homogenate (obtained from 6 different mice), to 

samples extracted from mouse plasma and tissue homogenate samples spiked with CUT-EE. 

Calibration curves were constructed using the peak area ratios (peak area analyte/peak area 

internal standard) versus concentration. Linearity of the calibration curves were determined by 

analysis of five calibration curves containing at least six non-zero concentrations. The precision 

and accuracy of each assay were evaluated using the % relative standard deviation (RSD) of 

the intra- and inter-day variation (precision) and the deviation from the nominal concentration 

(accuracy) calculated using multiple batches of QC samples at low, medium and high 

concentrations (0.5, 25, and 125 ng/ml). Extraction efficiency of each compound in the various 

matrices were determined by comparing peak areas of post-extracted samples spiked with 

authentic standards at 0.5, 25, and 125 ng/ml (A) to regularly extracted samples with the same 

standards in blank brain or plasma (B).  The value (B/A x 100) was considered as the 

percentage of extraction efficiency. Matrix effect was determined by comparing the peak areas 

of A to those of pure standards (C) that contained no matrix component. The value (A/C) was 

used to determine the matrix effect and termed Matrix Factor (MF) (Viswanathan et al., 2007). 

Stability of the compounds were performed in triplicate at three different concentrations, where 

samples are removed, extracted, analysed and compared to freshly prepared samples. Short-
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term stability was determined at room temperature (20°C) and at 4°C for 24 h. Long-term 

stabilty was determined at -80°C for 5 months. Freeze-thaw stability was tested after 3 freeze-

thaw cycles at -80°C. Auto-sampler stability was determined over 24 h at 4°C. 

3.4 Results 

3.4.1 Method development 
To detect and quantify the epoxy omega-3 fatty acid analogues, the protonated parent ion was 

initially determined using direct infusion of the compound to the ESI source in positive ion mode. 

This displayed a mass spectrum with a dominant peak that was characterised as the sodium 

adduct ion. Direct infusion of analogues to the source in the negative mode resulted in lower 

intensities of parent ion. This occurred with all compounds infused and had a mass to charge 

ratio (m/z) which was the MW of the compound of interest plus sodium, [M+Na]+. Figure 3.1a. 

represents the ion spectrum containing the sodium adduct of CUT. Closer inspection of the 

spectrum lead to the protonated molecule, [M+H]+ (Figure 3.1b). The protonated parent ion was 

then exposed to a range of CE and Frag to produce a product ion with the highest intensity. 

Figure 3.1b depicts the mass spectrums of the protonated ion of CUT or precursor ion (m/z 

405.3) at increasing CE. The decrease in the precursor ion by increasing the eV leads to an 

increase in the product ion m/z 108.2. Both CE and Frag was optimised to determine the 

greatest intensity of m/z 108.2 produced (Figure 3.1c and d). Fragmentation patterns were 

proposed by software and Figure 3.1d displays the predicted fragmentation of CUT, 

intermediate, and product ion. This procedure was completed for all analogues and their CE, 

Frag, transition and proposed fragmentation pattern are tabulated in Table 3.1. The mass 

spectra containing the parent and product ions for all compounds are represented in Figure 3.2. 

The mobile phase consisted of water and acetonitrile both acidified with 0.1% formic acid. 

3.4.2 Validation of the assay 

3.4.2.1 Selectivity and specificity 

All epoxy omega-3 fatty acid analogues were selectively identified through MRM 

chromatograms following their extraction from the various matrices. MRM chromatograms from  
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Figure 3.1 Direct infusion of 1µM CUT to MS/MS for analytical method development.  

Mass spectrum (MS1) of CUT infusate (a) and the sodium adduct of CUT [M+Na]+  (green 

arrow). MRM of CUT and its product ion with CE of 0, 10, 15 and 20 eV (b). Red arrows 

indicate parent ion. Product ion abundance vs CE (c) and fragmentor energy (d). Predicted 

fragmentation pattern of CUT to its product ion (e). 

a) 

b) 

c) 

d) 

e) 



100 

Table 3.1 Epoxy omega-3 fatty acid analogue fragmentation conditions, transition and molecular 

structures 

Analyte CE 
(eV) 

Frag 
(V) 

Transition Molecular and transition ion structure 

CUE 15 140 343.6>254.4 

 

CUT 20 140 405.3>108.2 

 

C29 10 125 493.3>280.0 

 

CUT-EE 20 140 433.6>108.2 

 

iPUE 15 160 385.6>254.3 

 

iPUT 20 140 447.5>108.2 

 

CE: collision energy. 

Frag: fragmentor energy. 
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Figure 3.2 Mass spectra for the epoxy omega-3 fatty acid analogues CUE, CUT, C29, CUT-

EE, iPUE, and iPUT. 
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CUT
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blank matrix and compound spiked matrix are shown in Figure 3.3. The representative 

chromatograms of the blank matrices demonstrated the absence of significant interfering peaks 

at the retention times for all analogues. Although some endogenous peaks were observed at a 

similar retention times, the peaks were insignificant as the lower limit of quantification (LLOQ) 

response was at least five times higher, and had a RSD of ≤ 20%, and an accuracy ± 20% of 

nominal value. The following were the retention times observed, CUE: 4.38 min; CUT: 4.75 min; 

C29: 5.05 min; CUT-EE: 5.61 min; iPUE: 5.8 min, and iPUT: 6.09 min.  Subsequent validation 

procedures were completed with CUT-EE as a representative of analogues.  The LLOQ for 

CUT-EE in the all matrices analysed by the LC-MS/MS was 0.25 ng/ml. 

3.4.2.2 Linearity 

The CUT-EE calibration curves over a range of 0.25 – 125 ng/ml were constructed using mouse 

plasma, brain, s.c tumour, and liver tissue homogenates that all showed slope similarities, and 

all had acceptable linear regressions (Table 3.2). The reproducibility of the calibration curves in 

all mouse tissue was acceptable as shown in Table 3.2.  

3.4.2.3 Accuracy and precision 

Accuracy and precision data was calculated from the calibration curves prepared in all four 

matrices on five different occasions and were all within acceptable limits (Table 3.3). The intra- 

and inter-assay variation for this analytical method was determined with CUT-EE at low, 

medium and high concentrations spiked in blank mouse plasma, brain, s.c tumour or liver tissue 

homogenate. The intra-assay accuracy for the three CUT-EE concentrations was within 15% of 

the nominal values in all matrices (Table 3.4). The intra-assay precision was determined by 

calculating the %RSD (standard deviation/mean x 100) of three repeated measurements for 

CUT-EE at the low, medium and high concentrations on one day. This was completed in the 

four matrices and was found to be acceptable, being less than 15% for all CUT-EE 

concentrations in all four matrices (Table 3.4). The inter-assay precision and accuracy was 

determined by replicate measurements carried out on five different occasions for CUT-EE at the 

three different concentrations in the four matrices. The inter-assay accuracy for CUT-EE at the 

three concentrations was within 15% of the nominal concentrations in all matrices (Table 3.4).   
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Figure 3.3 MRM chromatographs of epoxy omega-3 fatty acid analogues CUE, CUT, C29, 

CUT-EE, iPUE, and iPUT. Blank traces (left column) and samples with analogues (right 

column). 
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Table 3.2 Slope, intercept and correlation coefficient for CUT-EE calibration curves 

prepared in mouse plasma and brain, s.c tumour, and liver tissue homogenates. 

Matrix Slope# Intercept# r2 
    

Plasma 16.8 ± 2.4 2.9 ± 2.4 0.9971 ± 0.017 

    

Brain 17.0 ± 2.4 1.61 ± 1.6 0.9977 ± 0.0015 

    

Tumour 12.1 ± 0.9 0.45 ± 0.1 0.9970 ± 0.0014 

    

Liver 14.0 ± 1.3 0.11 ± 0.9 0.9962 ± 0.0031 

Data is shown as mean ± SD, n = 3. 

#values shown have been multiplied by 1 x 103. 
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Table 3.3 Accuracy and precision of CUT-EE calibrants prepared in mouse plasma, brain, s.c tumour, and liver tissue homogenates. 

Concentration 
(ng/g or ng/ml) 

Accuracy (%) Precision (RSD %) 

Plasma Brain Tumour Liver Plasma Brain Tumour Liver 
                 0.25 100.7 ± 4.6 96.2 ± 3.3 96.7 ± 13.9 102.1 ± 9.2 4.6 3.4 14.5 9.1 

0.5 95.7 ± 3.6 99.2 ± 5.1 102.8 ± 10.4 95.4 ± 9.9 3.7 5.1 10.1 10.4 

12.5 99.0 ± 10.7 108.8 ± 3.5 101.2 ± 2.3 106.4 ± 0.8 10.8 3.2 2.2 0.8 

25 103.5 ± 4.1 107.4 ± 3.2 95.1 ± 5.7 101.0 ± 5.3 3.9 3.0 6.0 5.0 

50 104.7 ± 9.2 109.1 ± 4.1 108.9 ± 2.0 109.3 ± 6.3 8.8 3.7 1.8 5.8 

125 99.7 ± 2.4 98.9 ± 1.7 102.3 ± 2.9 97.8 ± 3.4 2.4 1.7 2.8 3.5 

Data is shown as mean ± SD, n =5. 
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Table 3.4 Intra- and inter-assay accuracy and precision at low, medium, and high concentration of CUT-EE in mouse plasma brain, s.c tumour, and liver tissue 

homogenates. 

Concentration 
(ng/g or ng/ml) 

Accuracy (%) Precision (RSD %) 

Plasma Brain Tumour Liver Plasma Brain Liver Tumour 
                 Intra-assaya 0.5 95.5 ± 3.4 100.9 ± 6.8 112.0 ± 3.7 107.0 ± 1.4 3.6 6.7 3.3 1.4 

 25 106.1 ± 3.5 109.6 ± 0.3 95.9 ± 0.9 100.9 ± 1.3 3.3 0.3 1.0 1.3 

 125 99.0 ± 2.4 97.4 ± 3.8 104.7 ± 1.4 98.9 ± 2.1 2.5 3.9 1.8 2.1 

                  

Inter-assayb 0.5 97.5 ± 9.8 98.8 ± 5.7 102.8 ± 13.0 94.2 ± 10.2 10.1 5.8 12.6 10.8 

 25 106.0 ± 5.0 108.5 ± 3.1 95.1 ± 1.1 107.8 ± 6.6 4.7 2.8 1.2 6.1 

 125 100.3 ± 2.5 97.6 ± 2.1 102.3 ± 3.4 97.1 ± 4.1 2.4 2.1 3.3 4.2 
              

Data is shown as mean ± SD. 

an = 3. 

bn = 5. 
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The inter-assay precision was less than 15% for all CUT-EE concentrations in all matrices 

(Table 3.4). 

3.4.2.4 Extraction efficiency and matrix effect 

The extraction efficiency of CUT-EE was determined by comparing peak areas of authentic 

standards prepared in post-extracted mouse plasma and brain samples to those that were 

spiked and then extracted. All samples were prepared in triplicate at three concentrations, 0.5, 

25, and 125 ng/ml. The extraction efficiency of CUT-EE from mouse brain and plasma ranged 

between 78.2 ± 6.2% and 88.2 ± 8.9%. 

The quantitative measure of matrix effect can be termed as the MF. When MF equals 1, it 

signifies no matrix effect; while a value less or greater than one suggests suppression or 

enhancement of ionization, respectively. In the plasma, the MF was between 0.76 ± 0.02 and 

0.97 ± 0.06. The MF for CUT-EE in brain was between 0.86 ± 0.01 and 0.97 ± 0.05. The MF for 

selected internal standard, CUE, was 0.7 ± 0.04 in plasma and 1.1 ± 0.07 in brain. An absolute 

MF of one is not required for a reliable analytical assay. However, the precision in MF should be 

less than or equal to 15% to ensure analytical reproducibility. The %RSD of the areas for CUT- 

EE were between 2.3 and 6.6% in plasma, and between 0.2 and 5.1% in brain. The %RSD of 

the internal standard areas was 6.0% in plasma and 7.3% in brain.  

3.4.2.5 Stability 

CUT-EE was prepared in acetonitrile at 0.5, 25, and 125 ng/ml from stock solutions (100 µg/ml). 

The stability of these concentrations was tested and found to be stable at room temperature 

over a 24 h period (95.5 ± 0.5% to 104.3 ± 1% of initial values for CUT-EE). 

The stability of CUT-EE in mouse plasma and brain homogenate was examined at three 

concentrations (0.5, 25, and 125 ng/ml) by leaving them at 4°C or room temperature for 24 h. 

Triplicate aliquots of each concentration were measured and were within acceptable values at 

4°C (Table 3.5). Concentrations measured from samples held at room temperature for 24 h had 

accuracies that were unacceptable (82.6% to 146.7%) and therefore subsequent sample 

preparation procedures were done on ice with the internal standard added immediately prior to 

sample processing. 
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Table 3.5 Stability of CUT-EE in mouse plasma and brain homogenate  

 
Concentration 

(ng/g or ng/ml) 

Stability (%) 

 
Plasma Brain 

        

Stability in biological 
matrix (24 h, 4°C) 

0.5 87.0 ± 5.2 102.7 ± 3.7 

25 96.8 ± 5.5 101.3 ± 3.8 

125 92.3 ± 5.6 96.5 ± 2.1 

        
Freeze-thaw 

stability 

 (3 cycles) 

0.5 88.3 ± 2.8 97.0 ± 3.7 

125 87.9 ± 7.8 89.3 ± 8.3 

        

Long-term stability  

(5 months, -80°C) 

0.5 98.7 ± 4.1 88.1 ± 3.5 

25 107.6 ± 2.4 95.3 ± 3.8 

125 101.0 ± 2.2 96.7 ± 3.0 

        

Auto-sampler 
stability  

(24 h, 4°C) 

0.5 99.7 ± 0.1 87.4 ± 2.5 

25 98.5 ± 2.7 102.5 ± 1.2 

125 102.3 ± 5.7 92.6 ± 1.3 

Data is shown as Mean ± SD, n = 3.
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Freeze thaw stability of CUT-EE in mouse plasma and brain homogenate was examined by 

subjecting the samples to multiple freeze-thaw cycles over 72 h. Two concentrations of CUT-EE 

(0.5 and 125 ng/ml) were prepared separately in the two matrices and frozen at -80°C. The 

samples were then thawed unaided at room temperature and frozen again. This cycle was 

carried out at 24, 48 and 72 h after preparation. Samples were analysed in triplicate after the 

third freeze-thaw cycle and the concentrations were calculated from the calibration curve. The 

mean accuracies for CUT-EE in the two matrices are presented in Table 3.5.  

CUT-EE QC samples, prepared during the intra-assay analysis were stored for 5 months at -

80°C and subsequently analysed.  The accuracy of CUT-EE in mouse plasma and brain 

homogenate was within acceptable limits (Table 3.5). 

With the analysis time of 7 min per sample, samples may be held in the temperature controlled 

auto-sampler (4°C) for at least 24 h for large batch analyses. Therefore, the post-preparative 

stability of CUT-EE was determined by processing the three concentrations (low, medium and 

high), storing them in the auto-sampler. Triplicate samples were held in the auto-sampler and 

injected at 24 h. The peak area ratios were compared to those that were processed and 

analysed immediately and were found to be comparable for CUT-EE in mouse plasma and 

brain (Table 3.4). The stability of internal standard over 24 h was calculated by comparing the 

area of a freshly mouse brain- and plasma- extracted sample to ones that were extracted and 

held for 24 h. The accuracy was 96.3 ± 0.9% and 97.6 ± 0.7%, respectively. 

3.5 Discussion 
A LC-MS/MS bioanalytical method with high sensitivity, acceptable linearity, precision and 

accuracy was developed and validated for the determination of CUT-EE in mouse plasma, 

brain, s.c tumour, and liver tissue homogenates. Moreover, the observations from this study 

indicated that CUT-EE and the selected internal standard, CUE, are stable under typical 

storage, processing, and sample-handling conditions. Recommended values for acceptable 

assay validation have been taken from the FDA guidelines for bioanalytical method validation 

(FDA Center for Drug Evaluation and Research, 2001). CUT-EE was used as a representative 

in the validation of the method for the other epoxy omega-3 fatty acid compounds. It was 
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considered that the remaining compounds within this class would have similar stability, 

however, structural differences cannot rule out significant stability discrepencies. Due to 

economic constraints and the timing of analogues received from overseas collaborators, it was 

thought to be appropriate to use CUT-EE to validate this method on behalf of the other 

analogues. Prior to selecting MS as the detection component for the method, attempts to 

quantitate the compounds using the compound’s chromophore and/or fluorophore were 

unsuccessful. In general, fatty acids, including the analogues from this study, lack a 

chromophore and fluorophore, and therefore UV absorption and fluorescence detection is 

unachievable with these compounds (Schmitz & Gab, 1997). MS provides excellent sensitivity 

and selectivity without requiring the analyte to have native UV absorbance or fluorescence (Jia 

& Terable, 2005) and was chosen for this methodology. The procedure mentioned in this 

chapter requires a moderately simple sample preparation and has a relatively short LC run time. 

With a number of different fatty acids extraction procedures, chloroform based methods are 

used widely for their highly efficient compound recovery from matrices (Folch, Lees, & Sloane 

Stanley, 1957). However the safety risk of using the hazardous carcinogen, chloroform, 

outweighs its improved extracting ability and therefore ethyl acetate was used similarly to other 

protocols in the field (Cui et al., 2009; Kempen et al., 2001; Watanabe & Hammock, 2001). In 

conclusion, a validated method for this class of epoxy omega-3 fatty acid analogues has been 

developed and will aid the pharmacokinetic and tissue distribution studies necessary for the 

development of drugs at the preclinical stage. 
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Chapter 4.  Tissue distribution and 
pharmacokinetics of epoxy omega-3 
fatty acid analogues in mice 

4.1 Introduction 
The significant anti-tumour effects demonstrated with C29 against mice with s.c tumours as 

described in Chapter 2, were found to be less effective against tumours implanted i.c. It is 

possible that the poor delivery of C29 into the brain could explain the differences in activity as 

this issue has also been seen with numerous chemotherapeutic agents, where little or no 

activity is documented against brain tumours as a consequence of poor brain penetration brain 

(Glantz et al., 1995; Odia et al., 2015; Togashi et al., 2012). The absorption, distribution, 

metabolism, and elimination, also known as the pharmacokinetics, of an agent can influence the 

drug’s ability to reach and interact with its target, and ultimately the pharmacodynamics within a 

system. These parameters can be used to guide the selection of dosing regimens that are 

therapeutically active and safe. The distribution of particular agents to tumours in the brain can 

be impeded by the BBB. Therefore, in many cases, the brain tumours poor response to an 

agent could be due to its unfavourable pharmacokinetics rather than the resistance of the 

tumour itself. One example of this is seen with trastuzumab, a monoclonal antibody with activity 

against metastatic breast cancer that overexpresses HER2 (Vogel et al., 2002). With a MW of 

over 145000 g/mol, this large molecule is not expected to cross the BBB (Pardridge, 1997, 

2005; Saito, Buciak, Yang, & Pardridge, 1995). In breast cancer patients with brain metastases, 

the distribution of trastuzumab into the brain is limited when administered systemically, and has 

a CSF to serum concentration ratio of 1:420 (Stemmler et al., 2007).  In addition to large 

molecules, small chemotherapeutic molecules, such as cisplatin and carboplatin, also fail at 

effectively equilibrating between brain and plasma. Despite cisplatin and carboplatin being 

effective at killing a wide range of glioma cells in vitro (Wolff, Trilling, Molenkamp, Egeler, & 

Jurgens, 1999), they have very limited CSF penetration in non-human primates (Jacobs et al., 

2010; Jacobs et al., 2005) and may explain their modest or lack of effect against brain tumours 

in the clinical setting (Groot et al., 2008; Prados et al., 1996). A significant improvement in 
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survival for patients with glioblastoma has been a result of the addition of the small molecule, 

TMZ to the multi-modal treatment approach (Stupp et al., 2009; Stupp et al., 2005). However, 

this standard of care is still not optimal as tumours inevitably recur (Agarwal et al., 2011). TMZ 

penetrates relatively poorly into the CNS, with a ratio of CSF to plasma exposure calculated at 

0.2 (Ostermann et al., 2004). This ratio suggests that CSF exposure to TMZ represents 20% of 

the that in plasma. There is the potential to improve TMZ brain uptake using various strategies, 

such as intracerebral microinfusion or ultrasound-mediated BBB opening. Their employment 

has increased the survival of animals with i.c tumours (Heimberger et al., 2000; Wei et al., 

2013), and has demonstrated the potential to improve the outcome for patients with brain 

tumours. These strategies have been used to improve the concentrations of other agents at the 

target site (Fortin et al., 2005; White et al., 2012). Enhancing the delivery of trastuzumab and 

carboplatin by direct infusion to the brain tumour and bypassing the BBB, has been seen to 

prolong the survival of rodents with i.c tumours compared to controls where drugs were 

administered systemically (Degen, Walbridge, Vortmeyer, Oldfield, & Lonser, 2003; Grossi et 

al., 2003). Trastuzumab, carboplatin, and TMZ all have targets on or within the tumour cell (e.g 

protein receptor kinase and DNA). Hence, improving drug distribution to the tumour is 

necessary for improving drug efficacy.  For the epoxy omega-3 fatty acids analogues, C29 and 

CUT-EE, the exact mechanism of anti-tumour action has yet to be fully elucidated, however 

these analogues may have the same target as parental epoxy omega-3 fatty acids. 

Endogenous epoxy omega-3 fatty acids, including 19,20-EDP, have been found to reduce 

tumour growth at the local tumour mircoenvironment through the control of angiogenesis, 

reduction of tumour vessel density and tumourigenesis (Zhang et al., 2013). Other studies, 

using synthetic omega-3 epoxides of saturated fatty acids, have suggested they may also act 

directly on breast cancer cells in vitro to reduce proliferation, decrease ATP formation and 

induce cell cycle arrest (Dyari et al., 2014). Studies to elucidate the target and mechanism of 

action for these analogues are currently being performed (Prof M. Murray, personal 

communication). Regardless of uncertainty behind the mechanism of action for these 

analogues, it is important to examine their distribution in brain tissue as the failure to treat high-

grade gliomas, in many cases, has been attributed to the inefficient distribution of drug to the 
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target site (Agarwal et al., 2012; Glantz et al., 1995; Neville et al., 2004; Odia et al., 2015; Zhao 

et al., 2013). 

Around half of the brain’s dry weight is made up of lipids (O'Brien & Sampson, 1965; Rouser et 

al., 1965) consisting of phospholipids, triglycerides, cholesterol, and also free fatty acids. These 

lipids play an important role in brain development and function (Ahmad et al., 2002; McCann & 

Ames, 2005). However, the brain has a low capacity to synthesise polyunsaturated fatty acids, 

and when compared with their uptake from plasma, brain synthesis is considered to be an 

insufficient way to maintain polyunsaturated fatty acid levels (Burdge et al., 2002; DeMar et al., 

2006; Demar et al., 2005; Emken et al., 1994; Williams & Burdge, 2006). It is generally 

accepted that the uptake of polyunsaturated fatty acids from the circulation is the primary 

source of fatty acids for the brain. In rodents, the lack of dietary omega-3 fatty acids can have 

significant consequences resulting in learning and behavioural deficits compared to those on 

regular diets (Catalan et al., 2002; Hafandi et al., 2014; Moriguchi & Salem, 2003). Intriguingly, 

the effects caused by polyunsaturated fatty acid malnutrition have been shown to be reversed 

by restoring omega-3 fatty acids to their diets (Hafandi et al., 2014; Moriguchi & Salem, 2003). 

Together these findings highlight that fatty acids from the systemic circulation are a significant 

source for the brain. It was hypothesised that the epoxy omega-3 fatty acid analogues may 

distribute into the brain similarly to dietary polyunsaturated fatty acids. To confirm whether these 

epoxy omega-3 fatty acid analogues can penetrate into the brain, and to associate their 

concentrations with the results observed from Chapter 2, work in this chapter measures the 

tissue distribution and pharmacokinetics of these analogues using the bioanalytical method 

described in the previous chapter. The analogues are also quantified in s.c tumour tissue to 

associate their concentrations with the anti-tumour effects observed from Chapter 2. The doses 

and formulations used here are consistent to those used for examining anti-tumour activity in 

mice from the previous chapter. The two agents were administered using different formulations, 

C29 was administered in an oil in water emulsion, and CUT-EE was administered in a corn oil 

formulation. The tissue distribution of C29 in the two different formulations was also examined in 

this work to determine whether formulation influences tissue distribution. Brain concentrations of 

the two agents were quantified from whole mouse brain homogenates. Tumours in the brain, 

such as glioblastoma, are considered a disease of the whole brain due to their highly invasive 



114 

nature (Agarwal et al., 2011; Berens & Giese, 1999; Kuppner, Van Meir, Gauthier, Hamou, & de 

Tribolet, 1992). The shortcomings of current approaches to deliver drugs across the BBB to 

reach, not only the tumour core, but also the infiltrating glioma cells at the growing edge or 

beyond have been highlighted by Agarwal (2011). The diffusely infiltrative characteristics seen 

with gliomas limits surgical and radiotherapeutic treatment strategies and can leave behind a 

residual pool of invasive cells that may invariably give rise to a recurrent tumour. 

Chemotherapeutics that might have inefficiently penetrated the BBB may distribute from the 

systemic circulation to the brain tumour core, where permeability may be pathologically altered 

(McKnight et al., 2002). However, infiltrating cells at the growing edge and distant from the 

tumour core will be protected by an intact BBB. This has been illustrated in numerous studies 

where, in general, lower concentrations for a range of anti-tumour agents have been observed 

in peritumoural or normal brain tissue compared to those in the tumour core (Blakeley et al., 

2009; Donelli et al., 1992; Fine et al., 2006; Heimans et al., 1994; Portnow et al., 2009; Rosso et 

al., 2009). For complete eradication or long-term control of brain tumours the effective delivery 

of chemotherapeutics to these invasive glioma cells is critical. The work in chapter aimed to 

examine the concentrations of two novel epoxy omega-3 fatty acid analogues in various mouse 

tissues with the hypothesis that epoxy omega-3 fatty acid analogues may distribute into the 

brain similarly to dietary polyunsaturated fatty acids. 

4.2 Aims 
The aims were: 

1. To examine the tissue distribution and pharmacokinetics of the epoxy omega-3 fatty acid 

analogue, C29 and CUT-EE, in mouse plasma, brain, s.c tumour and liver tissues 

 
2. To determine whether the novel analogues can accumulate in mouse brain after repeated 

doses  

 
3. To identify whether the formulation of C29 can influence the early stages of the 

concentration-time profile in mouse plasma and brain tissue. 
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4.3 Materials and methods 

4.3.1 Chemical and reagents 
All omega-3 epoxy fatty acids analogues used for pharmacokinetic and distribution studies were 

obtained as previously described in section 2.3. Unless otherwise stated, all other chemicals 

were commercially available, of analytical grade.  

4.3.2 Animals and tumour implantation 
All animal experiments were done following protocols approved as previously described in 

section 2.3.1. The GL261-luc2 mouse glioma cell line was cultured and implanted into the flank 

of C57BL/6 female mice as previously described in section 2.3.3. Animals were monitored daily 

and once s.c tumours reached a palpable size of at least 6 mm per tumour axis, the mice were 

randomised into the various time points for distribution and pharmacokinetic studies.  

4.3.3 Formulation and dosing 
For oil formulation, the agents were individually weighed out in 4 ml glass vials and DMSO was 

added and warmed to 50 °C in a heating block to give a concentration of 100 mg/ml. The vials 

were stored frozen at -20 °C and thawed on the day of injection. Corn oil (Sigma, Missouri, US) 

was added to give a final concentration of 10 mg/ml and warmed before drawn up into a 0.5 ml, 

29-gauge insulin syringe (BD, San Jose, CA, USA) for injection. An alternative formulation for 

C29 was prepared as described in section 2.3.7. The final concentration of emulsion was 10 

mg/ml. All drug preparations were given i.p via a 29-gauge insulin syringe to healthy animals 

with s.c tumours at a dose of 50 mg/kg or animals without s.c tumours at a dose of 10 mg/kg. 

4.3.4 Sample collection and preparation for analysis 
Mouse blood and tissue samples were collected at various predefined time points. Plasma and 

tissues were collected similarly to that previously mentioned in section 3.3.3. Upon dissection, 

brain, s.c tumour and liver tissues were washed in ice-cold PBS to remove surface blood and 

dried on paper towel before further processing. The sample preparations for LC-MS/MS 

analysis are previously described in Section 3.3. 
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4.3.5 Instrumentation and Conditions 
All analytes were measured by the validated LC-MS/MS assay as previously described in 

section 3.3.1. 

4.3.6 Pharmacokinetic methodology and data analysis 
The concentration-time profiles for plasma and tissues were fitted to a non-compartmental 

model using Phoenix WinNonlin
®
 version 6.4 (Pharsight, Cary, NC, USA) to estimate 

pharmacokinetic parameters. Area under the concentration-time profile curve (AUC0-t), where t 

is the last time point, was calculated by the linear log trapezoidal method. AUC0-inf was 

estimated by the addition of the value Ct/λz, where Ct is the concentration at the final time point 

and λz is the terminal elimination rate constant. Cmax and Tmax represent the maximum 

concentration reached, and the time to maximum concentration, respectively. Elimination half-

life t1/2 was calculated by t1/2 = In(2)/λz. The plasma clearance (CL) and apparent volume of 

distribution based on the terminal phase (Vd) were calculated using the equations CL = 

dose/AUC, and Vd = dose/λz x AUC0-inf, respectively. The standard error for AUC0-t values 

derived from non-compartmental analysis (NCA) were estimated using previously described 

methods (Bailer, 1988). Accumulation ratio (RAUC) of the analogue in brain tissue was calculated 

using previously described methods using the ratio of AUC0-72 values of the last and initial dose 

(ie, RAUC= AUC
last

/AUC
first

) (Meineke & Gleiter, 1998). 

4.3.7 Statistical analysis 
Results are presented as mean ± SD or SEM as indicated. The significance of differences 

between AUC0-t for the first and last dose was calculated using unpaired Student’s t-test. One-

way ANOVA with post hoc Tukey’s multiple comparisons test was used to calculate differences 

between AUC0-t exposures between tissues using PRISM® (Graphpad Software, San Diego, 

CA, USA). p-values ≤ 0.05 were considered statistically significant. 
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4.4 Results 

4.4.1 Tissue distribution and pharmacokinetics of C29 
The tissue distribution and pharmacokinetics of C29 in mice were determined using animals 

injected with C29 and, at multiple time points, tissues were collected and quantified for the 

analogue. The concentration-time profile for C29 observed after a dose of 50 mg/kg, i.p 

(emulsion) in plasma, brain, s.c tumour, and liver tissue of mice are shown in Figure 4.1 and the 

pharmacokinetic parameters estimated from NCA are shown in Table 4.1. Plasma, brain and s.c 

tumour concentration-time profiles for C29 exhibited at least a biphasic decline with an initial 

distribution phase after absorption from i.p route of administration and a terminal elimination 

phase. C29 in the liver demonstrated a monophasic decline. After treatment with C29, plasma 

had the greatest exposure (AUC0-inf), followed by liver, s.c tumour and brain tissue, where the 

C29 tissue to plasma AUC0-inf ratio was 0.8, 0.14, and 0.09 for liver, tumour, and brain tissue, 

respectively. Following a single dose of C29 at 50 mg/kg i.p, the tumour AUC0-24 was 

significantly greater compared to brain tissue (p = 0.03, Student’s t-test). Among the tissues 

examined, the highest Cmax was obtained in plasma, which was 55-, 13.5-, and 1.7- fold higher 

compared to that in brain, tumour and liver tissue, respectively. However there was no 

significant difference between C29 brain and tumour Cmax (p = 0.3, Student’s t-test). Uptake of 

C29 to all tissues examined was rapid following i.p administration, with a Tmax achieved in brain 

and liver tissue at 0.75 h, and 1 h for plasma and tumour tissue (Table 4.1). The elimination t1/2 

of C29 in plasma was 4.5- and 3.4-fold lower than brain and tumour tissue, respectively. 

Concentration-time profile of C29 after repeated doses are shown in Figure 4.2 and kept a 

biphasic elimination profile in mice after repeated doses. With a 24 h dosing interval, the 

accumulation ratio for plasma = 1.3 ± 0.07, brain = 2.0 ± 0.08, tumour = 0.35 ± 0.08, and liver = 

0.696 ± 0.08 calculated with the formula RAUC= AUC
last

 / AUC
first

.  

4.4.2 Tissue distribution and pharmacokinetics of CUT-EE 
The distribution and pharmacokinetics of CUT-EE were also examined. Concentration-time 

profile of CUT-EE in mouse plasma after a single dose of either 10 or 50 mg/kg (corn oil) is 
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Figure 4.1 Concentration-time profiles of C29 in mouse plasma, brain, s.c tumour, and liver tissues. 

Concentration-time profiles of C29 in C57BL/6 mouse plasma, brain, and s.c tumour, and liver tissues after a single dose of 50 mg/kg i.p. Time 

points included 0.25, 0.5, 0.75, 1, 3, 6, 9, 18, and 24 h. (Inset) Early time points (0 - 4 h) expanded. Each point represents mean ± SEM, n = 3. 

 

Plasma Brain Tumour Liver 
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Table 4.1 Pharmacokinetic parameters of C29 after 50 mg/kg i.p administration in C57BL/6 mice using non-compartmental analysis 

Parameter Plasma Brain Tumour Liver 

AUC0-t (ng.h/ml or ng.h/g) 11181 ± 812 488 ± 20 1082 ± 149 9523 ± 1056 

AUC0-inf (ng.h/ml or ng.h/g) 12241 1054 1690 9806 

Tmax (h) 1 0.75 1 0.75 

Cmax (ng/ml or ng/g) 4139 ± 617 75 ± 10 308 ± 212 2375 ± 541 

t1/2 (h) 12.3 29.6 22.4 4.9 

Vd (l) 
1.5    

CL (l/h) 0.08    

Data is shown as mean ± SEM, n = 3.	

.  
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Figure 4.2 Concentration-time profile of C29 in mouse plasma, brain, s.c tumour and liver 

tissues after repeated doses. 

Concentration-time profile of C29 in C57BL/6	mouse plasma, brain, s.c tumour, and liver 

tissues, after repeated doses of C29 50 mg/kg i.p. Time points included 1st dose: 0.25, 1, 3, 

9, and 24 h; 2
nd

 dose: 24.25, 25, 27, 33, and 48 h; 3
rd

 dose: 48.25, 49, 51, 57, and 72 h.	 

Each point represents	mean ± SEM, n = 3. Arrows indicate administration of C29. 
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shown in Figure 4.3, and their pharmacokinetic parameters, derived from NCA are shown in 

Table 4.2. The concentration-time profile suggested a rapid absorption and distribution phase 

where Tmax was achieved at 0.5 and 0.75 h in plasma after administration with 10 and 50 mg/kg 

i.p dose, respectively. As expected, the higher dose of CUT-EE (50 mg/kg) resulted in a 9.6-fold 

higher plasma AUC0-inf and 6.7-fold higher plasma Cmax compared to those measured with the 

lower 10 mg/kg dose. In brain tissue, the concentration-time profile of CUT-EE after 10 and 50 

mg/kg doses are shown in Figure 4.4. Concentrations of CUT-EE in brain tissue rose rapidly 

within 1 h and continued to increase. The initial study with 10 mg/kg measured time points over 

24 h, however brain concentrations continued to rise without an observable terminal elimination 

phase and therefore the AUC0-inf, and t1/2 could not be determined. The study over a 72 h period 

was conducted using the higher dose, 50 mg/kg. Pharmacokinetic parameters from NCA for 

brain tissue are tabulated in Table 4.2. The Tmax of 6 h was achieved after the 10 mg/kg dose, 

although these concentrations were not significantly different to those measured at 24 h (p = 

0.7, Student’s t-test). Tmax was 24 h following the 50 mg/kg dose and concentrations began to 

slowly decline after that time point (Figure 4.4). The Cmax measured in brain was 15.4-fold higher 

than the plasma Cmax when administered with the same 50 mg/kg dose of CUT-EE. Moreover, 

the ratio of brain to plasma AUC0-inf was 124.0 for CUT-EE when administered at 50 mg/kg 

dose. Due to the slow decline of CUT-EE in the brain compared to plasma, the t1/2 was almost 

twice as long as that of plasma at the higher dose. Accumulation of CUT-EE in brain tissue was 

observed after the administration of a repeated dose 72 h after the initial dose (Figure 4.5). The 

initial brain exposure to CUT-EE (AUC
first

0-72) in the brain was 4624 ± 67 ng.h/ml, whereas 

exposure with the last dose (AUC
last

0-72) was 18405 ± 325 ng.h/ml. This increased exposure was 

statistically significant (p < 0.0001, t-test) and had a brain RAUC of 4.0 ± 0.1. In plasma, a 

significant decrease in exposure was observed after the additional dose (90 ± 2 ng.h/ml) when 

compared to the initial dose (265 ± 9 ng.h/ml) (p < 0.0001, t-test), where plasma RAUC was 0.34 

± 0.01.  

As CUT-EE is thought to be rapidly hydrolysed in vivo, the concentrations of CUT were also 

examined in samples collected after CUT-EE administration. In Figure 4.6, the concentrations of 

plasma CUT were above those observed in the brain after CUT-EE administration (50 mg/kg 

i.p). Concentrations of CUT in brain tissues were below LLOQ in all time points and were not  
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Figure 4.3 Concentration-time profile of CUT-EE in mouse plasma after a single dose. 

Concentration-time profile of CUT-EE in C57BL/6 mouse plasma after a single dose of CUT-

EE at 10 mg/kg (triangle) and 50 mg/kg (circle) i.p. Healthy mice were treated with the 10 

mg/kg dose. Mice bearing s.c tumours were treated with the 50 mg/kg dose. Time points for 

50 mg/kg dose included 0.25, 0.5, 0.75, 1, 3, 6, 9, 18, 24, 48, and 72 h. Time points for 10 

mg/kg were 0.25, 0.5, 0.75, 1, 3, 6, and 24 h. (Inset) Concentration-time profile of CUT-EE at 

early time points (0 – 4 h). Each point represents mean ± SEM, n = 3 - 6. 



123 

Table 4.2 Pharmacokinetic parameters of CUT-EE after 50 m/kg i.p administration in C57BL/6 mice using non-compartmental analysis. 

Parameter 
Plasma Brain 

10 mg/kg 50 mg/kg 10 mg/kg 50 mg/kg 

AUC0-t (ng.h/ml or ng.h/g)a 7.3 ± 1 75 ± 7 32 ± 1 7943 ± 78 

AUC0-inf (ng.h/ml or ng.h/g) 8 77 N.D 9546 

Tmax (h) 0.5 0.75 6 24 

Cmax (ng/ml or ng/g) 1.8 ± 1.1 12.0 ± 1.4 2.2 ± 0.4 185 ± 38 

t1/2 (h) 6.6 14.7 N.D 24.0 

Vd (l) 
238 275   

CL (l/h) 25 13   

a AUC determined from 0 to 24 h for 10 mg/kg dose, and from 0 to 72 h for 50 mg/kg dose. 

N.D: Not determinable, as an elimination phase was not observed. 

Data is show as mean ± SEM where applicable. n = 3 – 6.
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Figure 4.4 Concentration-time profile of CUT-EE in mouse brain tissue after a single dose. 

Concentration-time profile of CUT-EE in C57BL/6 mouse brain after a single dose of CUT-EE 

at 10 mg/kg (triangle) and 50 mg/kg (circle) i.p. Healthy mice were treated with the 10 mg/kg 

dose. Mice bearing s.c tumours were treated with the 50 mg/kg dose. Time points for 50 

mg/kg dose included 0.25, 0.5, 0.75, 1, 3, 6, 9, 18, 24, 48, and 72 h. Time points for 10 mg/kg 

were 0.25, 0.5, 0.75, 1, 3, 6, 10, and 24 h. (Inset) Concentration-time profile of CUT-EE at 

early time points (0 – 4 h). Each point represents mean ± SEM, n = 3 – 6. 

  



125 

 

  

0 2 4 4 8 7 2 9 6 1 2 0 1 4 4
0 .1

1

1 0

1 0 0

1 0 0 0

T im e  (h )

C
U

T
-E

E
 c

o
n

c
e

n
tr

a
ti

o
n

(n
g

/m
l 

o
r 

n
g

/g
)

B ra in

P la sm a 1st

2nd

1st

2nd

7 2 7 4 7 6

0 .1

1

1 0

1 0 0

1 0 0 0

 

Figure 4.5 Concentration-time profile of CUT-EE in mouse plasma and brain tissue after 

repeated dose. 

Concentration-time profile of CUT-EE in mouse plasma (circle) and brain tissue (squares) 

after a repeated dose of CUT-EE 50 mg/kg i.p at 0 and 72 h.  Mice were bearing s.c tumours. 

Time points included 1st dose (filled): 0.25, 0.5, 3, 9, 24, 33, 48, and 72 h; 2nd dose (unfilled): 

72.25, 72.75, 75, 96, 105, 120, 129, and 144 h. (Inset) Concentration-time profile of CUT-EE 

just before and after 2nd dose (71 – 76 h). Each point represents means ± SEM, n = 3 - 6. 

Arrows indicate administration of CUT-EE. 
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Figure 4.6 Concentration-time profile of CUT in mouse plasma tissue after a repeated dose of 

CUT-EE. 

Concentration-time profile of CUT in mouse plasma after a repeated dose of CUT-EE 50 

mg/kg i.p at 0 and 72 h. Mice were bearing s.c tumours. Time points included 1st dose (filled): 

0.25, 0.5, 3, 9, 24, 33, 48, and 72 h; 2nd dose (unfilled): 72.25, 72.75, 75, 96, 105, 120, 129, 

and 144 h. Each point represents means ± SEM, n = 3 - 6. Arrows indicate administration of 

CUT-EE. 
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shown. The concentration-time profiles of both CUT-EE and CUT in tumours after repeated 

CUT-EE administration are shown in Figure 4.7. Tumour concentrations for both parent and 

hydrolysed product were variable across time points but followed in a similar pattern to one 

another over time. After administration, CUT-EE concentrations were seen to take 24 and 33 h 

to reach peak concentrations after the first and second dose of CUT-EE, respectively. The 

tumour Cmax were above 1000 ng/g. To examine whether s.c tumour mass influenced CUT-EE 

concentrations seen in the s.c tumours, the mass of the each s.c tumour and associated CUT-

EE concentration was plotted (Figure 4.8). No correlation between tumour mass and CUT-EE 

concentration was seen. The concentrations of CUT-EE in the liver increased after initial dose 

and remained at high levels over 72 h. Over this 72 h period, no indication of elimination was 

observed (Figure 4.9). Tmax was observed at 72 h following the first dose. Liver tissue 

accumulated CUT-EE after a repeated dose with a RAUC of 1.86 ± 0.03 (Figure 4.9). Compared 

to CUT-EE, liver concentrations of its metabolite, CUT, were lower and peaked at 48 h after the 

initial dose of CUT-EE.  

4.4.3 C29 tissue distribution with different formulations 
The tissue distribution of C29 formulated in the emulsion or in corn oil was compared. This was 

to examine whether the formulations had any significant effects on the brain distribution and 

accumulation seen between the two agents. The plasma and brain concentration-time profiles 

(0 - 3 h) for C29 using both formulations are shown in Figure 4.10a. Plasma exposure of C29 in 

the first 3 h after administration (AUC0-t) was significantly higher with the emulsion compared to 

corn oil formulation (9389 ± 650 versus 7066 ± 954 ng.h/ml, respectively, p < 0.05, Student’s t-

test) (Figure 4.10b). No significant difference was observed between the brain AUC0-3 of C29 

after administration with either emulsion or corn oil formulation (156 ± 12 versus 146 ±16 

ng.h/ml, p = 0.4, Student’s t-test) (Figure 4.10c). 

4.5 Discussion 
The concentrations of the two epoxy omega-3 fatty acid analogues, C29 and CUT-EE, were 

measured in mouse plasma, brain, s.c tumour and liver tissues after an i.p route of 

administration. C29 and CUT-EE rapidly distributed to the tissues examined, all reaching Tmax  
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Figure 4.7 Concentration-time profile of CUT-EE and CUT in mouse s.c tumour tissue after 

repeated dose of CUT-EE. 

Concentration-time profile of CUT-EE (triangle) and its metabolite, CUT (hexagon), in mouse 

s.c tumours after a repeated dose of CUT-EE 50 mg/kg i.p at 0 and 72 h. Time points 

included 1st dose (filled): 0.25, 0.5, 3, 9, 24, 33, 48, and 72 h; 2nd dose (unfilled): 72.25, 72.75, 

75, 96, 105, 120, 129, and 144 h. (Inset) Concentration-time profile of CUT-EE and CUT just 

before and after 2nd dose (71 – 76 h). Each point represents means ± SEM, n = 3 - 6. Arrows 

indicate administration of CUT-EE. 
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Figure 4.8 Concentration of CUT-EE from mouse s.c tumours versus their respective tumour 

mass (n = 78). 
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Figure 4.9 Concentration-time profile of CUT-EE and CUT in mouse liver tissue after a 

repeated dose of CUT-EE. 

Concentration-time profile of CUT-EE (circles) and CUT (squares) in mouse liver after a 

repeated dose of CUT-EE 50 mg/kg i.p at 0 and 72 h. Mice were bearing s.c tumours. Time 

points included 1st dose (filled): 0.25, 0.5, 3, 9, 24, 33, 48, and 72 h; 2nd dose (unfilled): 

72.25, 72.75, 75, 96, 105, 120, 129, and 144 h. (Inset) Concentration-time profile of CUT-EE 

and CUT just before and after 2nd dose (71 – 76 h). Each point represents means ± SEM, n 

= 3 - 6. Arrows indicate administration of CUT-EE. 
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Figure 4.10 Concentration-time profile (0 - 3 h) of C29 in mice administered in an emulsion or corn oil formulation. 

Concentration-time profile of C29 in plasma and brain of C57BL/6 mice administered with an emulsion (closed circles) 

or corn oil formulation (open circles) (a). Time points included 0.25, 1, and 3 h. Each point represents mean ± SEM, n 

= 3. AUC of C29 in mouse plasma (b) and brain (c) in the first 3 h after administration with either C29 emulsion (solid 

bars) or formulated in corn oil (striped bars). Bars represent mean ± SEM, * p ≤ 0.05; Student’s t-test, n = 3. 

a) b) 

c) 
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within 0.5 and 1 h of the i.p dose. The large surface area of the peritoneum, draining into the 

portal vein, is the likely explanation for the rapid plasma absorption seen with these two agents 

(Lukas, Brindle, & Greengard, 1971). Rapid absorption by brain tissue was also observed for 

C29 and is consistent with other in vivo studies using radiolabelled free fatty acids. One 

previous study injected radiolabelled PA into rats via the carotid artery, and was found to 

incorporate into the brain 15 s post injection (Dhopeshwarkar, Subramanian, McConnell, & 

Mead, 1972). Similarly, i.v infusion of radiolabelled PA and AA was rapidly taken up and 

incorporated in the brain, with their respective brain tracer activity reaching steady-state within 1 

- 2 min of infusion (Grange et al., 1995; Washizaki et al., 1994). Other studies have also 

demonstrated that fatty acid radioactivity in brain phospholipid peaked within 15 min after an i.v 

bolus injections (DeGeorge, Noronha, Bell, Robinson, & Rapoport, 1989; Noronha, Larson, & 

Rapoport, 1989). C29 was administered i.p, as opposed to i.v, and therefore would be required 

to diffuse through the peritoneal membrane before reaching the systemic circulation. This could 

explain the slight delay in Tmax  for C29 in the brain compared to the rapid uptake seen with fatty 

acids such as PA and AA (Lukas et al., 1971). 

The ratio of brain to plasma Cmax was 0.02 for C29. This value is within the 0.01 to 0.05 range 

reported for several other fatty acid brain to plasma ratios in the literature (Giovacchini et al., 

2002; Pardridge & Mietus, 1980; Washizaki et al., 1994). Although many of these studies 

calculate the brain to plasma ratios using concentrations from a given point in time (e.g. Cmax) it 

may not accurately reflect brain penetration because Cmax, and Tmax can vary with time. As a 

result, it offers information about the agent’s brain distribution at that single time point only. 

Alternatively, AUC can be used to determine the brain to plasma ratio, and was a 0.09 for C29. 

This value would be considered low compared to TMZ, which has a CSF to plasma AUC ratio of 

0.2. Moreover, the majority of prescribed CNS drugs have a brain to plasma ratio > 0.3 (Doran 

2005) and this ratio is used as a minimum guideline for a number of companies with CNS 

discovery programmes (Kerns & Di, 2008). In contrast, brain exposure to CUT-EE was 124-fold 

greater than that of plasma following administration of a single 50 mg/kg dose. CUT-EE 

concentrations in the brain reached and surpassed plasma levels over 72 h. In contrast to 

plasma, Tmax in brain tissue was dramatically delayed for CUT-EE, which demonstrated a slow 

gradual increase in CUT-EE concentration that accumulated over 72 h. This relatively slow rise 
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in concentration resembles observations made by Hachem et al. (2015). Their group examined 

the brain uptake of [14C]DHA in rats and observed a slow increase and accumulation of 

[14C]DHA in brain tissue over 48 h with a single i.v dose (Hachem et al., 2015). Moreover, 

plasma [14C]DHA radioactivity followed a biphasic elimination profile over the same 48 h period, 

similar to C29 and CUT-EE plasma profiles described in this chapter. Despite a similar profile, 

their findings suggested that the extent of brain exposure of [14C]DHA was approximately 0.4-

fold of that of plasma over the 24 h period (Hachem et al., 2015). Accumulation of fatty acids in 

the brain, above plasma concentrations, has not been previously described in the literature. 

Typically, incorporation of endogenous or dietary fatty acids into the brain is limited to a small 

fraction (< 0.05) of plasma concentrations (Hachem et al., 2015; Pardridge & Mietus, 1980; 

Washizaki et al., 1994). As the association between a higher penetration and improved outcome 

can be demonstrated in clinical studies such as the use of methotrexate in patients with CNS 

lymphoma (Hiraga et al., 1999), a high brain to plasma exposure ratio observed with CUT-EE 

would be considered a desirable characteristic. This ratio for CUT-EE would be considered 

high, compared to other agents that have demonstrated good BBB penetration. This includes 

the small molecule microtubule-destabilising agent, Azixa, which has a brain to plasma AUC 

ratio of 16 in mice and is currently undergoing phase II clinical trials for patients with newly 

diagnosed glioblastoma (Sirisoma et al., 2009; Zhu, Kesari, & Recht, 2015). As expected, a 

repeated dose of CUT-EE at 72 h post initial dose also accumulated in the brain. Accumulation 

of other hydrophobic molecules such as the alkyphosphocholines, erufosine, have also been 

demonstrated in brain tissue of mice after i.p administration (Erdlenbruch et al., 1999; Henke et 

al., 2009; Vink, Schellens, van Blitterswijk, & Verheij, 2005). There was also an observed 

accumulation of C29 in the brain tissue after repeated doses and could be due to the long t1/2 

that was longer than the 24 h dosing schedule used.  

It is unclear whether the transport of novel epoxy omega-3 fatty acid analogues, such C29 and 

CUT-EE, are regulated similarly to the epoxy or dietary fatty acids. The uptake of dietary 

essential fatty acids by the brain is known to be tightly regulated (Chen, Green, Orr, & Bazinet, 

2008; Hamilton & Brunaldi, 2007), however, the exact mechanism/s behind dietary fatty acid 

brain uptake remains controversial. From the literature, both passive diffusion and carrier-

mediated mechanisms for fatty acid brain uptake have been described and debated (Hamilton & 
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Brunaldi, 2007; Mitchell et al., 2011; Nguyen et al., 2014; Ouellet et al., 2009). It is possible that 

CUT-EE may diffuse freely through the BBB to reach the brain parenchyma. The large Vd for 

CUT-EE suggested that this analogue is distributed largely to other tissues (e.g liver) rather 

than plasma. This is expected for lipophilic agents, such as the EPA, which has also been 

shown to have a large Vd (82 l) in healthy patients (Braeckman, Stirtan, & Soni, 2014). The Vd 

for C29 was markedly lower than those calculated with CUT-EE at both doses, and suggested 

that C29 is largely confined to the plasma. Despite having an increased plasma absorption and 

exposure with C29 compared to CUT-EE, limited brain uptake of C29 was observed. This could 

be due to a number of reasons. These include the possible removal of free C29 via fatty acid 

metabolism, which is can be seen with many endogenous fatty acids (Rapoport, 2001), or the 

movement of C29 back into the periphery by efflux transporters in the BBB, which has been 

responsible for the inefficient brain penetration of a number of exogenous agents (Loscher & 

Potschka, 2005). Despite demonstrating a rapid uptake of C29 by the brain, the extent of brain 

uptake was low. These two observations are comparable with those observed with fatty acids 

such as AA and PA (Giovacchini et al., 2002; Grange et al., 1995; Washizaki et al., 1994). In s.c 

tumour tissue, a low extent of C29 uptake was also observed (s.c tumour to plasma ratio = 0.14) 

and no accumulation of C29 was demonstrated after repeated doses. However, s.c tumour 

AUC0-24 was significantly greater than that calculated from brain tissue. This discrepancy 

between tumour and brain C29 exposure, in part, may explain the different anti-tumour 

response to C29 observed between s.c and i.c tumours from the previous chapter.  

Within the circulatory system, endogenous esterases can hydrolyse a variety of exogenous 

agents including chemotherapeutics such as irinotecan (Slatter et al., 2000; Williams, 1985). 

With this in mind, CUT-EE was anticipated to be hydrolysed to its corresponding acid, CUT 

(Saghir, Werner, & Laposata, 1997). Since CUT was shown to have biological activity against 

tumours in vitro (Prof M.Murray, personal communication), CUT was measured in animals given 

CUT-EE. In plasma, concentrations of CUT exceeded CUT-EE concentrations, whereas brain 

concentrations of CUT fell below LLOQ at all examined time points. Extensive and rapid 

hydrolysis of CUT-EE by carboxylesterase in plasma is the likely explanation for CUT 

concentrations exceeding those of its parent (Anzenbacher & Zanger, 2012; Satoh & 

Hosokawa, 1998), but may also be due to the redistribution of the metabolite back into the 
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plasma from tissues such as the liver, which could also hydrolyse CUT-EE. The steady plasma 

concentrations of CUT displayed no observable elimination phase within the examined period. 

Whether this was a result of a very slow plasma elimination rate, which was maintained by an 

input of CUT from other tissues cannot be determined with these studies. Possible explanation 

for the very low concentrations of CUT in the brain could be: a) the parent but not the metabolite 

can penetrate through the BBB efficiently, in which case, brain esterases may have failed to 

hydrolyse CUT-EE; b) CUT undergoes rapid metabolism inside the brain; c) once inside the 

brain, CUT is rapidly transported out of the brain back into the periphery. Gluszcz (1963) 

examined the non-specific esterase activity of human tumours of the nervous system and found 

high levels of activity in glioblastoma multiforme, malignant gliomas, and oligodendroglioma 

tumour cells. Esterase activity of GL261 tumours was not investigated in this project, however, if 

its activity is similar to those observed in tumours of the nervous system (Głuszcz, 1963), CUT 

brain concentrations would have been high, unless further metabolism occurred. EPA and DHA 

have similar brain transport coefficients (Ouellet et al., 2009), yet low concentrations of EPA are 

found in brain phospholipid compared to DHA and AA. Chen and colleagues demonstrated that 

this is due to of extensive metabolism of EPA, in part by β-oxidation, once inside the brain 

(Chen et al., 2011). As they found negligible amount of radiotracer detected in liver, it was 

unlikely to be caused by intact brain EPA diffusing back to periphery tissue (Chen et al., 2011). 

Additionally, it is possible that CUT could be synthesised to become longer chain fatty acids as 

it has been previously shown that EPA can be utilised as a precursor to produce DPA and DHA 

in brain phospholipids (Kaduce, Chen, Hell, & Spector, 2008). Future work using radiolabelled 

analogues may have advantages over mass spectrometry in answering the questions of the 

analogue’s metabolic fate and disposition.  

S.c tumour concentrations for CUT-EE and CUT were variable over time, particularly between 

tumours of the same time point even after two large independent experiments examining 

animals over 144 h. This was unlike the s.c tumour concentrations for C29. Large increases in 

s.c tumour CUT-EE and CUT concentrations were observed approximately 24 h after the initial 

and second dose. The addition of the second CUT-EE and CUT peak in s.c tumours after CUT-

EE administration could not be due to enterohepatic recirculation of the agent as this was not 

observed in plasma (Pedersen & Miller, 1980). Further examination of CUT-EE s.c tumour 
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concentrations with respect to their dissected tumour mass was carried out to determine any 

influence of tumour mass on CUT-EE tumour concentration. Areas of necrosis or haemorrhage, 

which can be found in numerous solid tumours, can influence the distribution of fatty acids that 

are given exogenously. This has been observed by Nariai and colleagues who detected no or 

small levels of stable isotopic labelled PA, AA and DHA in necrotic and haemorrhagic areas of 

i.c tumours (Nariai, Greig, DeGeorge, Genka, & Rapoport, 1993). The distance or location of 

tumour cells away from blood vessels is an important variable which determines the tumour 

cells’ accessibility of oxygen and nutritional. Large tumours with regions that may have grown 

beyond 180 µm away from blood vessels can start to necrose due to poor or lack of oxygen 

(Harris, 2002). Discrepancies in s.c tumour mass was observed at time of tissue collection, 

ranging between 0.1 and 0.9 g. CUT-EE concentrations from individual s.c tumours were 

compared to their respective tumour mass and no correlation between the two was observed. 

This suggested that the concentrations of CUT-EE and CUT in the s.c tumours were not 

influenced by the variability in tumour mass. 

The liver rapidly and extensively incorporates polyunsaturated fatty acids from the diet and 

plays a key role in lipid metabolism where synthesis of fatty acids and lipoproteins occurs 

(Hassam, Sinclair, & Crawford, 1975; Nguyen et al., 2008). The uptake and accumulation of 

epoxy omega-3 fatty acid analogues in the liver were also examined. A monophasic decline of 

C29 in liver tissue was observed, which is likely due to a slower/delayed absorption phase that 

is concealing the distribution. Liver C29 concentrations were similar to those found in plasma 

and would suggest that this tissue could equilibrate with the concentrations in plasma. This is 

expected as the liver is a highly perfused organ, receiving around 23% and 27% of the cardiac 

output for mice and humans, respectively (Davies & Morris, 1993). However, with CUT-EE, liver 

concentrations exceeded those found in plasma and brain tissues. CUT-EE seemed to be 

absorbed slowly by liver tissue and have a similar profile to brain tissue, where concentrations 

accumulated over time but reached a plateau despite an additional dose. A large extent of CUT-

EE was taken up by the liver and this is similar to other fatty acids and fatty acid analogues 

previously examined (Hachem et al., 2015; Yoshizumi et al., 2000). 

Discrepancies in the formulation between the two agents could potentially alter the tissue 

absorption, distribution and efficacy of the agents. However, no significant difference between 
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the emulsion and corn oil formulation in C29 exposure was found for the brain. A significant 

decrease in C29 plasma AUC was observed when administered in the corn oil form, compared 

with the emulsion formulation. This was unexpected as there was no significant difference 

between the brain AUC with the two formulations. Lower plasma concentrations quantified at 

0.25 and 1 h time points after C29 administration in corn oil could explain the decrease in 

plasma C29 AUC. The low fluid supply in the peritoneal cavity can decrease solubilisation of 

agents administered as a suspension (Neervannan, 2006), and may have delayed the 

absorption of corn oil formulation compared to the oil in water emulsion. Despite the lower 

plasma exposure, concentrations of C29 in plasma were not significantly different by the third 

hour between the two groups (p = 0.4, t-test). Interestingly, the administration of C29 formulated 

in corn oil did not enhance the uptake of C29 into the brain. This suggested that the brain 

accumulation of CUT-EE was not due to its formulation in corn oil, rather a characteristic of the 

agent itself. The emulsion was designed to improve handling of C29 for animal use, and a 

similar formulation for CUT-EE has yet to be manufactured and tested. Regardless of this, the 

formulation of C29 in an emulsion did not alter the tissue distribution at the early time points 

examined compared to corn oil formulation. 

In summary, the novel omega-3 fatty acid analogue CUT-EE had the capacity to distribute and 

accumulate in the brain tissue of mice following i.p administration. These concentrations 

exceeded those measured in the plasma and would be considered a desirable property for an 

agent to be used in the treatment of brain tumours. C29 uptake by s.c tumour tissue was 

significantly greater than brain and may help explain why C29 treatment displayed significant 

anti-tumour activity against s.c tumours and only modest activity against i.c tumours. 

Understanding the tissue distribution and pharmacokinetics of these analogues allows for more 

rational design, development and dosing for future studies with this class of agents. 
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Chapter 5.  Concluding discussion 

A major finding from this thesis was that C29, an epoxy omega-3 fatty acid analogue, could 

elicit significant anti-tumour activity against the s.c GL261-luc2 mouse glioma model. It was also 

found that CUT-EE, another analogue examined, had the capacity to penetrate and accumulate 

in the brain tissue of mice. The work herein introduces a potential new class of agents for 

glioma and establishes the opportunity to develop further analogues that possess both the anti-

tumour and brain penetrating properties to treat tumours in the brain. 

C29 treatment significantly reduced in vitro cell viability of GL261-luc2 cells, and the growth of 

existing s.c tumours in mice. Treatment with C29 also prolonged the survival of animals with s.c 

tumours compared to vehicle controls, however this was not statistically significant. These 

results add to the mounting evidence that epoxy metabolites and many other lipid mediators 

derived from fatty acids have a critical role in tumourigenesis. It also verifies the promising 

potential of developing analogues based on these lipid mediators to treat tumours, which follows 

from the work previously performed with the CYP- and COX- derived analogues (Dyari et al., 

2014; Nicolaou et al., 2016). The ability of C29 to induce these anti-tumour effects without the 

use of an additional sEH inhibitor offers an advantage over natural epoxy omega-3 fatty acid, 

which are rapidly metabolised to their corresponding diol and limits their activity in vivo (Zhang 

et al., 2013). 

The establishment of a validated bioanalytical method for this novel class of agents was carried 

out herein. This relatively simple and high throughput method was developed as no appropriate 

procedures to quantify epoxy omega-3 fatty acid analogues from biological tissue were 

available at the time. Regardless of potency, if the therapeutic agent cannot reach the brain 

tissue it cannot possibly be effective against gliomas. Therefore it was important to have a 

sensitive and specific procedure to determine concentrations of these analogues in brain tissue 

and plasma. This established method could also be adapted for examining future analogues 

and their tissue distribution.  

CUT-EE demonstrated the capacity to effectively distribute and accumulate into brain tissue 

above plasma concentrations, despite exhibiting no activity against the s.c or i.c GL261-luc 
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tumours in mice. The distribution of CUT-EE to the brain was beyond what was expected for 

natural omega-3 fatty acids such as DHA and EPA when compared to plasma levels, and its 

ability to retain in brain tissue over 72 h after a single dose offers a property that may be 

beneficial for treating brain tumours. Despite numerous alternative strategies to improve 

chemotherapeutic agents distributing to the brain, CUT-EE, via an i.p route of administration, is 

capable of achieving brain penetration without requiring additional procedures that may be 

highly invasive and have associated risks.  

The daily treatment of epoxy omega-3 fatty acid analogues, CUT-EE or C29 induced little or no 

animal weight loss and had no observable drug toxicities. This is comparable with natural 

omega-3 fatty acids, which are considered to be safe for humans and other animals, and have 

little or no adverse drug reactions associated with their intake.  

I.c tumours demonstrated a slight response to C29 treatment measured via the BLI despite 

showing a 2-fold lower C29 exposure (AUC0-24) in brain compared to s.c tumour tissue. This 

response from i.c tumours was non-significant compared to controls and is likely due to the 

insufficient exposure achieved in the brain. In addition, the disparity in the response to C29 

between s.c and i.c tumours could also be influenced by the differences in the tumour 

microenvironment. Brain tumours have been found to contain large regions of active 

angiogenesis and be more vascularised compared to s.c tumours, even when derived from the 

same cancer cell line (Blouw et al., 2003; Lorger, Krueger, O'Neal, Staflin, & Felding-

Habermann, 2009). It has also been documented that endothelial cells of the brain and s.c 

tissues can differ in their response to stimulating growth factors, such as VEGF (Guo et al., 

2001; Lorger et al., 2009). As epoxy omega-3 fatty acids have been described to induce anti-

tumour activity through the inhibition of VEGF-induced angiogenesis (Yanai et al., 2014; Zhang 

et al., 2013), the difference in sensitivity to growth factors between i.c and s.c sites could 

influence their response to lipid mediators and possibly the analogues examined in the studies 

from this thesis. Over the last decade, a vast amount of research has revealed that the biology 

of the tumour cannot be simply understood by the tumour cell itself, but also comprises of the 

microenvironment (Hanahan & Weinberg, 2011). The complex interaction between the two may 

bestow another challenge in finding more effective treatments for brain tumours. 
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The distribution studies in this thesis were conducted in animals without i.c tumours, as a result, 

the concentrations may not necessarily reflect those expected in the anti-tumour activity studies, 

where animals did have i.c tumours. The significance of a tumour in the brain may affect the 

uptake of certain molecules including xenobiotics, lipids as well as other macromolecules into 

the brain. Compared to a healthy brain, the presence of a brain tumour can increase brain 

nutrient uptake as a consequence of the increased metabolism of the proliferating brain tumour 

population. In addition, it is likely that tumour growth and angiogenesis may cause increased 

permeability of the existing BBB. Therefore careful interpretation and comparison of the brain 

concentrations between the two studies should be done. Despite this discrepancy, one could 

expect a comparable or increased C29 exposure in a brain with an i.c tumour. It is known that 

radiolabelled fatty acid can incorporate more readily into i.c tumour tissue compared to normal 

brain (Nariai et al., 1993) to increased total brain concentrations. In addition, a loss of BBB 

integrity has been found with the similar orthotopic i.c GL261 tumour model when MRI 

techniques were utilised (Cha et al., 2003; Leten, Struys, Dresselaers, & Himmelreich, 2014). 

Although previous findings from our lab have suggested that the GL261-luc2 i.c tumour do not 

significantly alter the brain permeability to the vascular-disrupting agent, DMXAA (Yung et al., 

2014), permeability to these lipid analogues may likely differ. Future work examining the 

distribution of epoxy omega-3 fatty acid analogues of interest in brains with i.c tumour, which 

may have an increased uptake of these compounds compared to healthy brains, may prove 

more useful in associating and possibly predicting compound exposure to anti-tumour effects. 

Due to the highly lipophilic nature of fatty acids, including the epoxy omega-3 fatty acid 

analogues, C29 and CUT-EE, a high fraction of these analogues is anticipated to be bound to 

proteins and phospholipids. In drug discovery, the fraction of drug bound to protein or 

phospholipid is a parameter that is often determined and used to guide chemical structure 

design and selection for in vivo studies. Typically, a drug bound to protein cannot interact with 

its therapeutic target, whereas it can be achieved with unbound (or free) drug. In spite of this, a 

high fraction of plasma protein binding is not necessarily a limitation for drug efficacy. More 

accurately, this bound drug is simply acting as a drug depot in the plasma which the drug may 

dissociate from to result in an unbound species. In vivo efficacy is considered to be dictated by 

the unbound drug concentration at the therapeutic target, and this concentration is determined 
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by the intrinsic clearance and the dose of the drug (Smith, Di, & Kerns, 2010). The procedures 

described and utilised to determine the distribution of C29 and CUT-EE measures the total 

concentration, which includes the compounds extracted from extracellular and intracellular fluid, 

and also compound bound to lipid and proteins of the tissue (e.g. brain). To associate the in 

vivo anti-tumour effects of C29 with the more appropriate measure of unbound concentration, 

future studies using microdialysis to sample extracellular unbound analogue concentrations 

could be used (Blakeley et al., 2009; Johansen, Newman, & Madden, 1997). Although this 

technique is considered the “gold standard” for determining unbound drug concentrations it is 

labour-intensive and resource-demanding. Moreover, highly lipophilic compounds may not be 

suitable for microdialysis as their high protein binding can limit and cause variable probe 

recovery, and also bind non-specifically to the tubing with standard experimental conditions 

(Tsai, 2011). An alternative approach may be to conduct in vitro equilibrium dialysis with 

homogenates or brain slices to determine the free fraction of the compound. These results are 

subsequently used to transform in vivo total brain concentrations to free brain concentrations 

(Friden, Gupta, Antonsson, Bredberg, & Hammarlund-Udenaes, 2007; Kalvass, Maurer, & 

Pollack, 2007). The quantification of unbound drug concentrations would be recommended for 

lead compounds in preclinical pharmacological research. 

In vivo experiments used herein can model the complex interactions between tumour and host, 

anatomical barriers, growth factors and cytokines, and other cellular elements such as 

endothelial and immune cells, which in vitro studies cannot. However, it is important to discuss 

that this particular mouse model can have their advantages and limitations. It is widely believed 

that data from animal studies together with appropriate pharmacokinetic principles can be very 

informative for translational science. However, species-specific differences in the 

pharmacokinetics and pharmacodynamics of experimental animal models, for example 

differences in protein binding, liver metabolism, and clearance (Lin, 1995), may attribute to 

limitations in predicting therapeutic efficacy in humans. Therefore careful extrapolation of the 

pharmacokinetics results from mice to human should be considered. In the past 60 years 

numerous animal models have been created to evaluate potential therapeutic approaches for 

treating primary brain tumours (Huszthy et al., 2012). The studies from this thesis utilised the 

syngeneic GL261 glioma in the C57BL/6 mouse and it has been considered an excellent model 
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of human glioma (Jacobs, Valdes, Hickey, & De Leo, 2011). Its frequent use for studying 

various therapeutic interventions in the literature is due to its pathological and genetic features 

that capture key features of high grade gliomas in humans, including its diffuse and infiltrative 

characteristics along with its increased activation of the signalling pathway and point mutations 

in the p53 tumour suppressor gene (Candolfi et al., 2007). Some of the advantages of using cell 

line-derived tumour model such as the GL261 glioma model are: a) the reproducibility with 

engraftment rate; and b) the consistent growth and progression of disease in mice. Despite 

these advantages, long-term cell culture is vulnerable to genetic drift in vitro. This unconscious 

in vitro genetic and phenotypic selection over time can generate tumours that are homogeneous 

which can be vastly different compared to the heterogeneity seen in high-grade gliomas in 

humans. Moreover, certain therapeutic strategies may elicit more prominent effects against 

these homogeneous tumours and overestimate therapeutic efficacy. Other experimental tumour 

models that have been widely used and developed for preclinical investigations are derived 

from human tumour biopsy fragments or human cell lines. Their use in preclinical drug 

evaluation, identifying biomarkers, and personalised medicine investigations can more closely 

reflect the principle pathologic and genetic characteristics of their human donor tumour (Gao et 

al., 2015; Lee et al., 2006). However, to reliably transplant and grow different human cancers in 

vivo, immune-deficient animals are required. These animals typically have a well-developed 

innate immune system, conversely, their adaptive immune system is compromised due to their 

inability to develop a normal thymus. This could result in a poor predictive value for examining 

the efficacy of immune-mediated therapeutic strategies. As omega-3 fatty acids and their 

bioactive metabolites are known to effectively influence the inflammatory situation in numerous 

diseases (Calder, 2007), their immune-modulating effects may also have a role in their 

preventative and anti-tumour effects (Berquin, Edwards, & Chen, 2008). Although studies with 

19,20-EDP and C29 have both demonstrated anti-tumour activity against the tumour mouse 

models with fully developed immune system (syngeneic models) (Zhang et al., 2013), C29 has 

also been described to decrease the growth of MDA-MB-231 mammary xenografts in immune-

deficient mice (Rawling et al., manuscript submitted for publication). The exact mechanism of 

C29’s anti-tumour effects has yet to be fully elucidated and therefore difficult to speculate 

whether a fully functional immune system could produce a greater anti-tumour effect compared 
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to xenograft models. However, recent in vivo studies, including ones from this thesis, suggested 

these effects can occur in both immune-competent and -deficient mouse models. 

5.1 Future direction 
A clearer understanding of the mechanism(s) behind the anti-tumour activity of epoxy omega-3 

fatty acids and their analogues may assist in the discovery of their receptor(s) and therefore 

identify a novel therapeutic target(s) to further improve drug design and discovery. Recent 

studies have unravelled some of the complexity behind the biochemical functions of numerous 

omega-3 fatty acid bioactive lipid mediators derived from the COX, LOX, and CYP metabolic 

pathways. This has allowed us to associate these mediators to their physiological effects seen 

in humans. This knowledge has shifted the “snake oil” attitude away from omega-3 fatty acids 

and towards the potential of identifying newer classes of health promoting agents. Despite large 

and ongoing efforts investigating COX-derived prostaglandins and associated analogues as 

potential agents for treating cancer (Hegde et al., 2011; Nicolaou et al., 2016), the 

experimentation and knowledge on epoxy omega-3 fatty acids is less noticeable in the 

literature. Zhang et al (2013) have described 19,20-EDP to dramatically inhibit tumour growth 

via the inhibition of VEGF-induced receptor signalling and associated tumour angiogenesis in 

mice. The epoxy omega-6 fatty acid counterpart, 14,15-EET, has also been demonstrated to act 

through VEGF to induce tumour progression in mice (Panigrahy et al., 2012). The commonality 

to VEGF-associated angiogenesis and tumour growth with both omega-3 and omega-6 fatty 

acids could also underlie C29’s anti-tumour effects against s.c GL261-luc2 tumours. One 

approach which may help answer this is to quantify VEGF, angiogenesis and blood vessel 

density in tumour sections from mice treated with C29. Interestingly, experimental studies and 

ongoing clinical trials of the lipid analogue, perifosine, has demonstrated the ability to inhibit of 

Akt signalling, which is down stream of VEGF receptor signalling (Gerber et al., 1998; 

Kondapaka, Singh, Dasmahapatra, Sausville, & Roy, 2003). This potential anti-cancer agent 

incorporates into the lipid raft of the phospholipid membrane to impair PI3K/Akt cell survival 

signalling, and consequently induces apoptosis and inhibits angiogenesis in tumours of 

experimental animals (Gajate et al., 2012; Kim et al., 2015a). Perifosine’s ability to redistribute 

to mitochondria to induce permeability, swelling and apoptosis has been described in the 
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literature (Elrod et al., 2007; Li et al., 2010; Mollinedo et al., 1997). Initial work examining the 

mechanisms behind C29’s anti-tumour activity has begun and suggested to also target the 

mitochondrial membrane, depolarising the inner membrane to promote breast cancer cell killing 

(Rawling et al., manuscript submitted for publication). Intriguingly, naturally occurring 19,20-

EDP, synthetic alkyl phospholipids (e.g. perifosine), and epoxy omega-3 fatty acid analogues, 

seem to exhibit some overlap in biochemical function and could be related more closely than 

originally thought. Some receptors for the bioactive lipid mediators, prostaglandins, have been 

identified to correspond to their effects on tumour survival and growth (McLemore et al., 1988; 

Pozzi et al., 2004), but it is unknown whether C29 or naturally occurring epoxy fatty acids also 

have a specific receptor such as this. The anti-tumour activity for C29 and natural epoxy 

omega-3 fatty acids may not necessarily require a receptor if their anti-tumour effects function 

similarly to perifosine through the incorporation and interruption of membrane lipid rafts and 

cellular signalling. 

The uptake and accumulation of CUT-EE in the brain of mice warrants further understanding. 

This phenomenon, where brain concentrations exceed and accumulate above plasma 

concentrations is unlike what is observed with natural fatty acids. Despite not showing anti-

tumour effects, the ability of CUT-EE to distribute to the brain would be considered favourable to 

target brain tumours. Therefore a better understanding of CUT-EE’s mechanism of uptake into 

the brain could be used to design further analogues to enhance the brain distribution of future 

analogues. The mechanisms of how fatty acids move across the BBB have been debated for a 

number of decades (Hamilton et al., 2001; Mitchell et al., 2009). More recently, the function of 

the previously orphan transporter, MFSD2A, was identified to be involved in the transport of 

DHA into the brain. This membrane bound protein is exclusively expressed in the endothelium 

of the BBB micro-vessels (Nguyen et al., 2014) and has been suggested as a strategy to 

specifically deliver agents through the BBB (Wang et al., 2016a). The mechanism of how CUT-

EE is taken up into the brain could be explored using an in vitro BBB model. Furthermore this 

model could be used to screen for further BBB penetrating analogues (Rahman et al., 2016). 

This approach commonly uses a transwell system and co-cultures immortalised endothelial 

cells with astrocytes to construct an in vitro barrier which can show many functional similarities 

to the BBB (Gaillard et al., 2000). This two-compartment cell culture system separated by the 
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endothelial cells grown on a filter layer allows the study of substances across this barrier and if 

appropriately validated, can reduce the number of experimental animal used, although it still has 

its limitations.  

Liver concentrations of C29 readily equilibrated to those measured in plasma but were 

substantially greater than those measured from s.c tumour and healthy brain tissue. This 

distribution is not surprising as the liver is a highly perfused organ and plays a vital role in the 

body’s regulation of lipid synthesis and metabolism, and extensively incorporates 

polyunsaturated fatty acids from the diet (Hassam et al., 1975; Moriguchi et al., 2001; Nguyen et 

al., 2014). With substantial levels of C29 distributed in the liver, there is potential for this 

analogue to also act against tumours in the liver. Previously, preoperative EPA treatment 

demonstrated to be beneficial to the overall and disease-free survival in patients that underwent 

surgery for colorectal cancer liver metastases and supports the use of omega-3 fatty acids in 

the liver cancer setting (Cockbain et al., 2014). Future work may wish to explore the use of 

these analogues as agents against liver tumours. 

Lastly, alternative dosing regimens of these analogues, including increased dose and their 

combination with existing chemotherapeutics should be explored. Omega-3 fatty acids have 

frequently demonstrated to synergise with agents such as lomustine, and etoposide to kill 

glioma cell lines (Harvey et al., 2015; Wang et al., 2011). A number of the mechanisms for the 

synergistic effect have been previously described including DHA’s ability to enhance the uptake 

an accumulation of vincristine into neuroblastoma cells, and doxorubicin in leukaemia cells to 

promote their cytotoxic effects (Ikushima, Fujiwara, Todo, & Imashuku, 1991; Liu & Tan, 2000). 

Other mechanisms include DHA’s capacity to modulate cell survival and apoptotic mediators, 

including the mitochondrial proteins BAX and BCL-2. These effects by DHA has been 

documented to act synergistically with 5-fluorouracil to kill gastric cancer cells (Zhuo et al., 

2009). Examining the combination of epoxy omega-3 fatty acid analogues with other 

chemotherapeutics may also offer synergistic effects that have been seen with natural omega-3 

fatty acids. 
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5.2 Conclusion 
Synthetic epoxy omega-3 fatty acid analogues represent a potential new class of agents for 

treating gliomas. The new preclinical information reported in this thesis regarding the anti-

tumour effects of C29 against the glioma mouse model, together with CUT-EE’s capacity to 

distribute and accumulate in brain tissues, offers two features that gives epoxy omega-3 fatty 

acid analogues a promising prospect for treating tumours in the brain.  
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