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Abstract 

 Chemotherapy remains a cornerstone among the cancer treatment modalities 

but the therapeutic effectiveness of most conventional chemotherapeutic drugs is often 

limited by their dose-related toxicity. Tocotrienols, a class of vitamin E analogues, 

have been widely recognised as promising anti-cancer candidates due to their anti-

proliferative, apoptotic, anti-invasive and anti-metastatic properties. Given that the 

multi-targeted actions of tocotrienols are suitable to be used as an adjunct treatment, a 

combinatory application with chemotherapeutic drugs in the cancer treatments may 

offer a synergism that provides augmented therapeutic effects and reduces high dose 

toxicities associated with chemotherapeutic drugs. Despite many combination studies 

with tocotrienols were conducted previously, the combined treatments of δ-tocotrienol 

(δT3) and conventional chemotherapeutic drugs, namely 5-fluorouracil (5FU) and 

doxorubicin (Dox) have not been reported in colorectal cancer cells. Hence, the current 

study aimed to study the therapeutic effects of δT3 + 5FU and δT3 + Dox combined 

treatments as an enhanced cancer therapeutic approach on Caco-2 and SW48 

colorectal cells. 

 A high-throughput screening was initially conducted to identify synergistic 

combinations between tocotrienols and chemotherapeutic drugs. The selection of 

combination treatments was based upon the combination index (CI), drug reduction 

index (DRI), selectivity index (SI) and/or the capacity for inhibiting of clonogenic 

survival. Current study identified that synergisms are present on Caco-2 (CI= 0.45, 

DRI= 16.25, SI=21.88) and SW48 (CI=0.72, DRI=3.54, SI=5.58) colorectal cancer 

cells receiving δT3 + 5FU combined treatment. Meanwhile, δT3 + Dox combined 

treatment resulted a synergism on Caco-2 (CI=0.75, DRI, 2.80, SI=21.44) and a slight 

antagonism on SW48 (CI=1.50, DRI=0.95, SI=56.55). Nonetheless, both 
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combinations exerted significant anti-clonogenic survivals on Caco-2 and SW48 cells, 

which warrants further investigations. 

 The ideal combined treatments were identified and subjected to various assays 

in order to investigate for their apoptosis-inducing properties, which include 

phosphatidylserine externalisation, DNA damage, cell cycle perturbation and DNA 

fragmentation. The presence of apoptosis was confirmed morphologically by the 

presence of cell shrinkage, membrane blebbing, nuclear condensation and 

fragmentation. Enhanced apoptosis and DNA fragmentation were detected in both cell 

lines receiving δT3 + 5FU and δT3 + Dox combined treatments as compared to their 

individual single treatments. The cellular apoptotic effect induced by δT3 + 5FU 

combined treatment was mediated through enhanced single-stranded DNA breaks and 

S-phase arrest. In contrast, δT3 + Dox combined treatment caused enhanced single-

stranded and double-stranded DNA breaks and G2/M phase arrest.  

 To study the underlying apoptosis mechanism, several apoptosis-related 

proteins family such as caspases, inhibitor of apoptosis (IAP) and B-cell lymphoma 2 

(Bcl-2) were evaluated. The combined treatments resulted in significantly higher 

caspase-3 activation than the individual single treatments, accompanied by the 

downregulation of IAP proteins (e.g., cIAP1, survivin and XIAP), suggesting the 

occurrence of a chemosensitisation effect toward apoptosis. Despite clear caspase-8 

and -3 activations in response to δT3 + 5FU combined treatment was found, only 

SW48 but not Caco-2 cells exhibited caspase-3 dependent apoptosis, suggesting an 

additional cell death pathway was involved. The upregulation of Bax and/or 

downregulation in Bcl-2 have suggested an involvement of mitochondrial outer 

membrane permeabilisation. The findings of cyclosporine A inhibited the 

mitochondrial permeability transition and successfully prevented cell death, signify 
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the importance of mitochondria in shaping cell death induced by the combined 

treatments. The results collectively suggest an involvement of caspase-dependent 

apoptosis and caspase-independent cell death. 

 In order to detect the autophagy manifestation induced by the combined 

treatments, acridine orange and monodansylcadaverine (MDC) staining methods were 

performed. The autophagy-related proteins namely microtubule-associated protein 

light chain 3 (LC3)-II and beclin-1 were also studied. Pharmacological inhibition of 

autophagy was performed using 3-methyladenine (3-MA) and bafilomycin A1 (Baf-

1) autophagy inhibitors to delineate the role of autophagy in relation to cell death. An 

enhanced autophagy was also detected in the combined treatments as evidenced by 

significantly higher MDC intensity and elevated LC3-II protein. Inhibition of 

autophagy by 3-MA and Baf-1 successfully prevented cell death for Caco-2 and SW48 

cell lines, could be an indication that an autophagic cell death has been involved.  

 In conclusion, both δT3 + 5FU and δT3 + Dox combined treatments in the 

study have been shown executing multi-targeted actions in killing the colorectal 

cancer cells. Therefore, it could potentially offer valuable therapeutic effects for the 

colorectal cancer treatment in a near future. Yet, further mechanistic, in vivo and 

clinical investigations of these combined treatments are still necessary to materialize 

its cancer treatment application. 
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1. Chapter One: Introduction 

1.1 Cancer and current treatment strategies 

 Cancer is a group of chronic diseases characterised by uncontrollable 

proliferation of aberrant cells that eventually spread and invade other organs. In 2018 

alone, it was predicted that cancer would cause 9.6 million deaths according to the 

World Health Organisation (Thun et al., 2010). By the year 2030, new cancer cases 

are projected to ascend to about 26 million and cause 17 million deaths of human lives 

per year (Thun et al., 2010). The high morbidity and mortality rates of this disease 

highlight the urgent need for new and effective chemotherapeutic drugs.   

 Recent advances in molecular biology, genomics and bioinformatics have 

enabled a deeper understanding of cancer, which led to an emergence of ‘targeted’ 

therapy, ‘personalised’ or ‘precision’ medicine. These therapeutic strategies help to 

identify and rectify the specific mutation(s) in the patients. Seemingly, these 

therapeutic approaches provide only little benefits to patients. The molecular target 

drugs that aim at one or two specific mutations of growth factors, receptors, or 

enzymes, would maximally constitute to 1–3% of therapeutic success (Maeda and 

Khatami, 2018). One of the major reasons for the repetitive failures lies within an 

infinite number of genetic mutations and enormous variations across different patients 

(inter-tumour heterogeneity) or same tumour (intra-tumour heterogeneity). These 

molecular targets derived from mutated genetic components could only be an isolated 

molecular entity from a highly heterogeneous and chaotic landscape in cancer biology 

(Maeda and Khatami, 2018). As a result, the underlying unique mutations contribute 

to differential drug responses in patients (White Al-Habeeb et al., 2016).  

 Traditional treatments such as surgery, radiotherapy and chemotherapy remain 

the standard options used for cancer treatment (Abbas and Rehman, 2018). Surgical 
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procedure and radiation therapy are considered as ‘local treatment’ options limited to 

site-confined tumours. On the contrary, chemotherapy is a mainstay ‘systemic 

treatment’ for metastasised tumours that spread to other parts of the body (Hanahan 

and Weinberg, 2011). A few groups of conventional chemotherapeutic drugs that are 

commonly incorporated into chemotherapy are (but not limited to) anthracyclines, 

alkylating agents, anti-metabolites and mitotic inhibitors (Palumbo et al., 2013). These 

conventional chemotherapeutic drugs which are referred to as cytotoxic agents kill 

rapidly proliferating cancer cells by causing damage or stress, imparting interference 

in cell proliferation and precipitating cell death. Adhering to this mechanistic principle, 

chemotherapy is essentially non-selective because it targets both the active-growing 

healthy cells and fast-replicating cancer cells equally well. This phenomenon means 

that patients will inevitably have to endure some common side effects such as alopecia 

(hair loss), loss of appetite and nausea during chemotherapy which can significantly 

impact their quality of life. Severe toxicities e.g. cardiotoxicity may also be lethal to 

the patients. Hence, a solution is needed to reduce the toxicities while improve the 

efficacy of chemotherapeutic drugs.  

1.2 Tocotrienols as potential anti-cancer candidates 

 Tocotrienols are minor constituents of the Vitamin E family. There are four 

isomeric forms, namely alpha (α), beta (β), gamma (γ) and delta (δ)-tocotrienols, 

which can be differentiated by the degree of saturation in their chromanol head 

structure. Tocotrienols are commonly found in rice bran, palm oil, annatto seeds and 

barley (Miyazawa et al., 2008). Tocotrienol-rich fraction (TRF) is most commonly 

available form of vitamin E oral supplement containing a mixture of α-, β-, γ-, δ-

tocotrienols and α-tocopherol. Despite the early discovery of tocotrienols in 1922, 

their contributions toward human health improvement have only been appreciated 
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after the growing disappointments from tocopherols (the major constitutes of the 

vitamin E family) in clinical trials. To date, publications of tocotrienols only made up 

of less than 3% out of all vitamin E publications (Peh et al., 2016). Therefore, the 

current state of knowledge about tocotrienols deserves further investigations. 

Tocotrienols have been recognised as prospective anti-cancer candidates 

because they are selective towards cancer without causing much harm to normal cells 

(Shah and Sylvester, 2005; Srivastava and Gupta, 2006). Additionally, tocotrienols 

were reported to efficiently target cancer via multiple pathways and mechanisms. The 

anti-cancer ability of tocotrienols was found to be associated with multifaceted 

mechanisms such as anti-proliferation, promotion of apoptosis, anti-angiogenesis and 

invasion (Kwang et al., 2007) via modulation of various molecular targets (Figure 1.1). 

Despite the enormous potential of tocotrienols in cancer treatment, tocotrienols 

suffer from limited oral bioavailability as compared to α-tocopherol. This is due to the 

low affinity of α-tocopherol transfer protein (α-TTP) towards tocotrienols and instead, 

it binds preferentially to α-tocopherol. As an example, the binding affinity of α-

tocotrienol to α-TTP is 8.5-fold lower than α-tocopherol (Hosomi et al., 1997). 

Tocotrienols which are not bound to α-TPP will remain in the liver and are susceptible 

to catabolism via P450 cytochrome (Abe et al., 2007). Due to this constraint, oral 

application of high dose tocotrienols was deemed a futile approach as tocotrienols are 

prone to metabolic degradation under high dose administration (Brigelius-Flohé, 

2005). Hence, it is suggested that tocotrienols are more suitable to be used in adjunct 

treatments at lower doses (Abubakar et al., 2016; Shirode and Sylvester, 2010; Wali 

et al., 2009a; Ye et al., 2015).   
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Figure 1.1 Molecular targets of tocotrienols. The diagram was adapted from Aggarwal 

et al. (2010). 

1.3 Research problems  

 The battle with cancer began in 1971 after President Nixon from the United 

States declared “war on cancer”. Yet, the pace of new cancer drug discovery is unable 

to keep up with the rate of life lost to cancer. Generally, a cancer drug discovery 

journey can be summarized by the “3D” realities which are delayed (in time), deluxe 

(in cost) and discouraging (in effectiveness). For instance, a new cancer drug takes 

about 6-12 years from discovery to approval before it is available on the market (Van 

Norman, 2016). If the time taken for drug approval is shortened by one year, as much 

as 79,920 life-years per drug could have been saved (Stewart et al., 2018). The 

excessive cost incurred by using new cancer drugs can too be problematic. For 

example, as many as 12 out of 13 newly-approved cancer drugs in 2012 were priced 

above USD100,000 annually, which made these drugs unaffordable to most patients 
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and healthcare systems (Stewart et al., 2018; Workman et al., 2017). A recent research 

found that most of the new cancer drugs failed to show a clear evidence of extending 

or improving the quality of life in patients (Davis et al., 2017). This research was based 

on indications of 68 cancer drugs approved by European Medicines Agency (EMA) 

during 2009-2015; as much as 39 (57%) drugs were released into the market even 

without evidence of survival and quality of life benefit overactive treatment, placebo 

or as an ‘add-on’ treatment (Davis et al., 2017). Collectively, these issues have posed 

an urgent need for affordable, effective and immediate treatment options for cancers.  

1.4 Rationale of study 

 New treatments are not necessarily better, old treatments are not necessarily 

outdated. While much attention has been devoted to the development of new cancer 

drugs; the therapeutic success, availability, and affordability still remain uncertain. 

Despite their dose-limiting toxicity, these chemotherapeutic drugs are still clinically 

relevant and accessible. Their established mechanisms, predictable safety and 

pharmacokinetics profiles harnessed through a long clinical history are de facto 

valuable for the optimisations of combinations involving these chemotherapeutic 

drugs. On the other hand, cancer selectivity and multi-targeted actions offered by 

tocotrienols are deemed worthy to be incorporated into the chemotherapy regimen. To 

circumvent high dose associated limitations of chemotherapeutic agents, adopting a 

combination therapy using their respective lower effective doses has proven to be a 

viable approach. 

 A combination treatment represents a promising platform, which offers an 

immediate, effective and affordable solution that benefits a greater patient population. 

By definition, combination therapy is a treatment modality which comprises two or 

more therapeutic agents (Mokhtari et al., 2017). Synergy is commonly defined as the 
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effect of two or more agents working in combination that is greater than the expected 

additive effect of the single agents (Greco et al., 1996). The amalgamation consisting 

of various anti-cancer drugs could enhance the therapeutic efficacy when compared to 

the monotherapy approach by targeting key pathways in a synergistic manner. This 

approach could potentially reduce drug resistance, arrest actively proliferating cells, 

induce apoptosis or cell death, reduce metastatic potential and target cancer stem cell 

population (Mokhtari et al., 2017).  

 Given that the chemotherapeutic drugs had been approved for clinical use and 

the tocotrienols were recognised as Generally Recognised As Safe (GRAS) status by 

Food and Drug Administration (FDA), these positions have granted them a ‘green 

light’ for human use. Combined treatments are deemed a cost effective approach as 

low doses of chemotherapeutic drugs will be used as compared to current high dose 

chemotherapy. In addition, promising cytotoxic properties of chemotherapeutic drugs 

and multi-targeted actions of tocotrienols have been recorded previously. Hence, 

commencement on this project was justifiable for exploring and studying the 

effectiveness of the tocotrienol-chemotherapeutic drug combinations on cancer cells. 

The potential contribution of this study towards finding an immediate, affordable and 

effective solution for cancer management in the near future is indeed significant. 

 Despite many tocotrienols combination studies were reported previously, most 

of the studies reported on γ-tocotrienol and breast cancers. Little research attention 

was given to δ-tocotrienol combined treatment and colorectal cancers. Current study 

represents the first study attempted on δ-tocotrienol and conventional 

chemotherapeutic drugs combination on colorectal cancer cells, underscoring the 

room for research and potential to be unveiled through embarking on this novel study.  
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1.5 Scope of study 

 Current study covers identification of synergistic tocotrienol-

chemotherapeutic drug combinations (Chapter Three), characterisation of the induced 

apoptosis (Chapter Four), delineation of the underlying apoptosis mechanisms 

(Chapter Five) and examination on the role of the induced autophagy (Chapter Six). 

 In Chapter Three, a high-throughput screening was employed to study the 

individual anti-proliferative effects of α-, γ-, and δ-tocotrienols, TRF, conventional 

chemotherapeutic drugs, namely doxorubicin, cisplatin, 5-fluorouracil and vinblastine 

across three cancer types (lung, colorectal and nasopharyngeal cancers). The anti-

proliferative and cancer selective effects of tocotrienols were analysed in order to 

identify the most potent tocotrienol candidate for combination. Effects of combined 

treatments were then assessed based upon the combination index (CI), drug reduction 

index (DRI) and selectivity index (SI). Clonogenic survival assay was employed to 

study the effects on long-term cell survival of the selected combinations.  

 Following the identification of synergistic combinations, Chapter Four 

pursued a characterisation on the induced cell death response, primarily in assessing 

apoptosis. The concentrations of individual single agents used in the combination were 

included for a fair comparison to demonstrate the potential boon and bane effects 

derived from the combined treatments. Cancer cells were firstly evaluated 

morphologically (qualitative) upon treatments to identify the presence of apoptosis. 

Secondly, the detections of apoptosis and DNA fragmentation (quantitative) were 

conducted. DNA damage profiles and associated cell cycle arrests were also studied 

to understand the cytotoxic effects of the combined treatments. 

 In Chapter Five, the activations of intrinsic (caspase-9) and extrinsic (caspase-

8) pathways of apoptosis were studied. The presence of apoptosis was determined 
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through caspase-3 activation. Also, the effect of treatments on inhibitor of apoptosis 

(IAPs) was studied to identify a potential chemosensitisation.  Lastly, pharmacological 

inhibitors of apoptosis were applied to investigate the pathway dependency through 

caspase activation and/or mitochondrial permeability transition.  

 In Chapter Six, the study ventured into the involvement of autophagic cell 

death, which is an emerging cell death modality. Autophagy was assessed qualitatively 

through fluorescence microscopy aided by acridine orange (AO) or quantitatively 

through monodansylcadaverine (MDC). Markers of autophagy in an early (beclin-1) 

and late (microtubule-associated proteins 1A/1B light chain 3A, LC3) phases were 

assessed. An involvement of autophagy-related survival pathway was studied by 

assessing the level of protein kinase B (PKB/Akt) and its activation by kinase 

phosphoinositide-dependent kinase-1 (PDK-1). Lastly, the 3-methyladenine and 

bafilomycin A1, autophagy inhibitors at early and late phases, respectively were added 

to confirm the role of autophagy whether it is destined for cell death. 

1.6 General aim and specific objectives 

 The current research envisioned and advocated a drug combination approach 

comprising lower concentrations of tocotrienols and chemotherapeutic drugs as an 

augmented therapeutic strategy in cancers. In general, this research aims to develop a 

combination therapeutic approach consisting of tocotrienols and conventional 

chemotherapeutic drugs to effectively combat cancers. To materialize this aim, the 

current study thus embarked the following specific objectives: 

i. a. To identify synergistic anti-proliferative combinations of tocotrienols 

and chemotherapeutic drugs.  
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b. To study the cytotoxic effects of δ-tocotrienol, 5-fluorouracil and 

doxorubicin single and combined treatments on Caco-2 and SW48 

colorectal cancer cells. 

ii. To characterise the apoptotic cell death response induced by the δ-

tocotrienol, 5-fluorouracil and doxorubicin single and combined 

treatments on Caco-2 and SW48 colorectal cancer cells. 

iii. To study the underlying apoptosis mechanism(s) provoked by the δ-

tocotrienol, 5-fluorouracil and doxorubicin single and combined 

treatments on Caco-2 and SW48 colorectal cancer cells. 

iv. To investigate the role of autophagy induced by the δ-tocotrienol, 5-

fluorouracil and doxorubicin single and combined treatments on Caco-2 

and SW48 colorectal cancer cells. 
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2. Chapter Two: Literature Review 

2.1 Continual fight against cancer 

 The word ‘cancer’ originated from Hippocrates (460-370 BC), a Greek 

physician who is universally recognised as the ‘Father of Medicine’. He termed 

carcinoma (karkinoma), a Greek word for crab, to describe non-ulcer-forming tumours. 

With the resemblance of this disease to a crab’s outgrowing finger-like projections, 

the Roman physician, Celsus (28-50 BC) then translated the term into cancer, which 

is a Latin word for crab (American Cancer Society, 2016).  

 Presently, cancer is a collective term to describe a disease when abnormal cells 

proliferate uncontrollably with the invasive potential to spread to other parts of the 

body. Most of the cancers grow into tissue masses that form solid tumours; however, 

blood cancer such as leukaemia does not. In fact, not every tumour is cancerous. A 

malignant tumour that can spread to other parts of the body is cancerous, conversely, 

a benign tumour which does not carry the spreading is non-cancerous. 

 Cancer has been long associated with human life. Some of the earliest 

evidences of cancer were discovered in ancient Egyptian mummies, fossilized bone 

tumours and ancient manuscripts. The oldest written record about cancer was found in 

an Egyptian textbook on trauma surgery (named Edwin Smith Papyrus) dated back to 

3000 BC. At that time, the writing described cancer as a disease with no treatment 

(American Cancer Society, 2016). In fact, not much progress has been achieved for 

curing cancer since then until the discovery of chemotherapeutic drugs in the 1940’s, 

in which human won a short celebration over the war against cancer. However, the 

success rate of chemotherapy is essentially low in the advanced stage of cancers 

(Maeda and Khatami, 2018). Therefore, the quest for effective anti-cancer treatments 

has to be continued vigorously. 
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2.1.1 Cancer- the silent killer 

 Cancer remains as one of the leading causes of death worldwide. In 2016, 

cancer overtook cardiovascular disease (CVD) as the top killer in at least 12 European 

countries, including Belgium, Denmark, France and Italy. Unsurprisingly, it may 

continue to strike CVD as the first morbidity and mortality cause in more countries in 

the coming decades (Cao et al., 2017). In the United States (US), approximately 40% 

of the population will be diagnosed with cancer at some point during their lifetime 

(White et al., 2014). Globally, it is predicted that new cancer cases will soar to about 

26 million and claim 17 million lives per annum, by the year 2030 (Thun et al., 2010). 

In Malaysia, one out of four people will develop cancer by the age of 75 (Lim, 2006). 

In the most recent Malaysian National Cancer Registry Report 2007-2011, the six 

most popular cancer types affecting Malaysian residents were breast, lung, colorectal, 

breast, lymphatic and nasopharyngeal cancers (Abdul-Manan et al., 2016). 

 Notably, colorectal cancer is considered as one of the clearest indicators for 

the epidemiological transition of cancer. Nowadays, countries undergoing rapid 

societal and economic changes show more rapid increases in cancers than the high-

income countries (Arnold et al., 2016). It was reported that processed meat, alcohol 

drinks, and body fatness can increase the risk of colorectal cancer (World Cancer 

Research Fund/American Institute for Cancer Research, 2018). Although colorectal 

cancer predominantly occurs in the older population with a median age of 72, there is 

a sharp rise of colorectal incidence in young adults (<55 years old) in the US (Mitchell, 

2012). In other words, colorectal cancer is ‘getting younger’ by affecting population 

which is in their most productive years. 
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2.1.2 The study focus: colorectal cancer 

 Colorectal cancer refers to the cancer type which originates from colon or 

rectum. Colorectal cancer develops when healthy cells in the lining of the colon or 

rectum begin to proliferate uncontrollably into a malignant tumour. Due to high 

similarity between colon and rectal cancers, they are often being referred as colorectal 

cancer. Most of the colorectal cancer belongs to a tumour type called adenocarcinoma, 

a type of cancer that starts in mucous glands.  

 Globally, it was estimated that there would be more than 1.8 million and 0.8 

million new cancer cases and deaths for colorectal cancer in 2018 alone. It ranks third 

in terms of incidence while second in terms of mortality (Bray et al., 2018). In 

Malaysia, colorectal cancer is the second and third most commonly occurring cancer 

in men and women respectively, at the prevalence of 13.2% as reported in Malaysian 

National Cancer Registry Report (2007 – 2011) (Abdul-Manan et al., 2016). Moreover, 

the GLOBOCAN project reported that the overall incidence and mortality of 

colorectal cancer in Malaysia is the third highest in South East Asia as reviewed by 

Hassan et al. (2016). 

 Furthermore, a study conducted in 2012 reported that the mean cost of treating 

colorectal cancer per year in the central region of Malaysia using conventional 

chemotherapy, enumerated in Malaysian Ringgit (RM) were RM13,622 for Stage 1, 

RM19,752 for Stage 2, RM24,972 for Stage 3, and RM27,377 for Stage 4 (Natrah et 

al., 2012). As such, the estimated cost of colorectal cancer management of new cases 

in Malaysia in 2012 was approximately RM108 million per year.  

 Indeed, colorectal cancer has posed an increasing burden globally and locally, 

necessitating improvements in treatment options which are more effective and 

accessible. 
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2.2 Hallmarks of cancer 

 Hanahan and Weinberg (2011) have denoted six hallmarks of cancer as a 

logical framework for understanding of the remarkable and diversified disease. Self-

stimulating proliferative signalling, overcoming tumour suppressors, resisting cell 

death, enabling replicative immortality, inducing angiogenesis, activating tissue 

invasion and metastasis are the six common hallmarks of cancer that contribute to the 

complexity of this disease. Understanding of these cancer hallmarks is of a prime 

importance to develop effective anti-cancer strategies via rational drug designs. 

2.2.1 Self-stimulating proliferative signalling 

 Growth-promoting signals are carefully coordinated in normal cells to ensure 

tissue homeostasis. In cancer cells, these signals are dysregulated by producing growth 

factor ligands to achieve autocrine proliferation or stimulating normal cells to supply 

cancer cells with various growth factors. Specifically, cancer cells may have an 

elevated level of surface receptor protein to hypersensitively responsive to a limiting 

growth factor ligands pool. Alternatively, the receptor is structurally altered enabling 

ligand-independent constitutive downstream activation of signalling pathways. One of 

the renowned examples is Ras, a growth-controlling signal transducer which activates 

the mitogen-activated protein kinase (MAPK) pathway. In addition, phosphoinositide 

3-kinase (PI3K)/ protein kinase B (Akt)/ mammalian target of rapamycin (mTOR) 

pathway is one of the most frequently dysregulated signalling conduits associated with 

human malignancies (Dienstmann et al., 2014). Mutations in PI3K cause 

hyperactivation of the signalling circuitry, including Akt signal transducer, leading to 

constitutive cell proliferation state. Additionally, a loss-of-function mutation in 

phosphatase and tensin homologue deleted on chromosome 10 (PTEN), a negative 

regulator of PI3K signalling further promotes the proliferation of cancer cells. 
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2.2.2 Overcoming tumour suppressors 

 Normal cells are governed by a number of tumour suppressors to negatively 

regulate cell proliferation. For instance, retinoblastoma-associated (Rb) protein and 

tumour protein p53 proteins play central roles in deciding cell proliferation or 

senescence and apoptosis. Rb guards cell cycle progression, in which without its 

presence will result in persisting cell proliferation. Rb protein is responsible for G1 

checkpoint to block the unready cells from entering into S phase and cell growth 

(Giacinti and Giordano, 2006). On the other hand, p53 is known as the ‘guardian of 

genome’. More than half of all human cancers are associated with p53 malfunction; 

either completely lost or mutated (Muller et al., 2011). In response to a wide range of 

stress signals, activated p53 can influence cell cycle checkpoint controls and induce 

apoptosis. The p53 is the most frequent type of gene-specific alterations in human 

cancer leading to tumour progression and increased resistance to treatment (Oren and 

Rotter, 2010). Furthermore, mutations in p53 lead to cell migration and invasion, 

enabling cancer to metastasise (Muller et al., 2011).  

2.2.3 Resisting cell death 

 Attenuation in apoptosis is closely associated with progression into higher-

grade of malignancy and resistance to therapy. Losing p53 tumour suppressor as a 

critical damage sensor is the most common event that impedes apoptosis. At the same 

time, some cancers prevent apoptosis by upregulating anti-apoptotic regulators or 

survival signals and/or downregulating pro-apoptotic regulators. Apoptosis machinery 

is orchestrated by two major mechanisms: extrinsic death receptor pathway and 

intrinsic mitochondrial pathway. Briefly, the extrinsic pathway is activated through 

extracellular ligand binding whereas the intrinsic pathway is activated intracellularly 

through ‘stress sensors’ such as mitochondria and endoplasmic reticulum. Both 
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activation pathways engage the cysteine-aspartic proteases known as caspases to 

convey cell death signal and precipitate apoptosis (refer more details in Section 2.3.1). 

Another cell death program is autophagy. It is a catabolic process that recycles cellular 

materials by delivering cytoplasmic content to lysosome for degradation (refer more 

details in Section 2.3.2). However, it is regarded as a double-edge sword when comes 

to cancer. Autophagy can promote cell survival by eliminating damaged organelles 

and defective protein aggregates as well as serving as a backup mechanism when 

apoptosis was disabled (Thorburn et al., 2014). It was argued that autophagy plays 

different roles at different stages in cancer development; autophagy is crucial for 

tumour suppression at early cancer development but confers a protection role during 

tumour progression (Bhutia et al., 2013). Therefore, the role of autophagy in the 

context of cancer therapy remains elusive. 

2.2.4 Enabling replicative immortality 

 Telomeres are hexanucleotide repeats that protect the ends of chromosome 

from erosion during DNA replication. In normal cells, this sequence limits the 

replicative potential to a finite number before the onset of senescence. Quite the 

reverse, cancer cells are able to maintain telomeric DNA sufficiently long to avoid 

triggering senescence and apoptosis. The state where cells have evolved from a limited 

replicative capacity into an infinite replicative potential is known as immortalisation, 

a featured trait for most of the established cancer cell lines. In cancer cells, the 

telomerase, a RNA-dependent DNA polymerase that synthesises telomeric DNA 

sequences is commonly (~90%) upregulated in order to pursue longevity. It was 

discovered that the telomerase reverse transcriptase (TERT), a protein subunit of 

telomerase exerts a proliferative effect by some novel telomere-independent functions 

such as serving as a cofactor of β-catenin/ lymphoid enhancer-binding factor (LEF) 
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transcription factor to amplify Wnt signalling pathway (Park et al., 2009). Moreover, 

non-canonical roles of telomerase such as enhance cell proliferation, resistance to 

apoptosis, involvement in DNA damage repair and RNA-dependent RNA polymerase 

could also be associated with the unlimited replicative potential in cancer. 

2.2.5 Inducing angiogenesis 

 To address the necessity of evacuating metabolic waste and sufficient oxygen 

and nutrients intake, tumours initiate angiogenesis to develop neovasculature to 

support these demands. In fact, assembly of endothelial cells into tubes 

(vasculogenesis) and vessels sprouting (angiogenesis) were only active during 

embryogenesis. Since then, normal vasculatures are mainly quiescent unless transient 

activation by physiological events such as wound healing or female reproductive cycle. 

However, this ‘angiogenesis switch’ is turned on during tumour progression. In fact, 

angiogenesis is a process regulated by counterbalance between inducers and inhibitors 

such as vascular-endothelial growth factor-A (VEGF-A) and thrombospondin-1 (TSP-

1), respectively. VEGF is an important growth factor for vascular endothelial cells 

during sprouting of new blood or lymph vessels. It can remain latent in extracellular 

matrix and subjects to release and activation by extracellular matrix-degrading 

proteases such as matrix metalloproteinase 9 (MMP-9). On the other hand, TSP-1 is 

an adhesive glycoprotein that can bind and sequester various proteins, including 

VEGF (Margosio et al., 2003), hence it is served as suppressive signals of 

angiogenesis. Of note, oncogenes such as Ras and Myc expressions could also serve 

as an inductive signal to angiogenesis (Bajaj et al., 2010; Gabay et al., 2014).  



17 

 

2.2.6 Activating invasion and metastasis 

 Progression of carcinomas into a higher grade of malignancy is associated with 

local invasion and distant metastasis. In fact, invasion and metastasis involve multiple 

sequences known as invasion-metastasis cascade. Initially, the tumour becomes 

locally invasive and enters the nearby blood and lymphatic vessels (intravasation). 

Subsequently, cancer cells transit systemically through lymphatic vessels and 

haematogenous systems. Next, the cancer cells escape from the lumina into 

parenchyma of distant tissues (extravasation). Eventually, small nodules of cancer 

cells (micrometastases) form macroscopic tumours (colonisation) (Hanahan and 

Weinberg, 2011).  

 It is widely accepted that detachment and mobility of cancer cells from the 

primary tumour site mimic epithelial-mesenchymal transition (EMT), a crucial 

process for developmental plasticity. Briefly, epithelial cells lose their cell polarity 

and cell-cell adhesion, and gain migratory and invasive properties to become 

mesenchymal stem cells (Franzen et al., 2015). Cancer acquires this multifaceted EMT 

program during the course of invasion and metastasis. EMT is characterised by the 

loss of epithelial cell junction proteins, such as E-cadherin, α-catenin, claudins, 

occluding, ZO-1 and (mostly) coincide with the elevated expression of mesenchymal 

markers, including N-cadherin, vimentin and fibronectin (Jiang et al., 2015). EMT is 

initiated with the inception of growth factors including epidermal growth factor (EGF), 

transforming growth factor β (TGFβ) and hepatocyte growth factor (HGF). Following 

that, the downstream transcription factors, for instances, Snail, Slug, Twist and zinc 

finger E-box binding homeobox 1 (Zeb1) are activated. These transcription factors can 

directly or indirectly repress E-cadherin expression, thus depriving the key suppressor 

in the EMT related migratory processes. Apart from that, the loss of adherens junction, 
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changing the polygonal/epithelial to spindly/fibroblastic morphology, expressing 

matrix-degrading enzymes, increased motility and resistance to apoptosis are also the 

transcription factors’ resultants (Peinado et al., 2004). Upon reaching at a new 

metastatic site, tumour cells reverse the EMT process. 

2.3 Mechanisms of cancer cell death 

 Programmed cell death (PCD) is an evolutionary conserved cellular 

mechanism which is important for maintaining body homeostasis. There are two 

common types of PCD, namely apoptosis (Type I) (Figure 2.1) and autophagy (Type 

II) (Figure 2.3). Necrosis although is more popularly known as an accidental cell death, 

accumulating evidence proposed an existence of regulated form of necrosis, known as 

necroptosis (Type III PCD). Often, dysregulation of these pathways is captured during 

cancer development, rendering an enhanced cell survival in cancer cells (Fulda, 2013a). 

Therefore, understanding on the molecular mechanisms of PCD is crucial to identify 

the opportunities in the cancer therapeutics development.  

2.3.1 Apoptosis 

 Apoptosis is one of the regulatory mechanisms to regulate cell homeostasis. 

Damaged cells that cannot be recovered or repaired eventually undergo apoptosis. 

Unlike necrosis (sudden cell death), it is a subtle cell killing mechanism that allows 

the body to eliminate the unwanted cells with minimal burden, is a major aspiration of 

any of the cancer drugs. Generally, apoptosis can be triggered by different biochemical 

routes either via extrinsic cell death receptor-mediated or intrinsic mitochondria- 

mediated pathways (Elmore, 2007).  
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2.3.1.1 Extrinsic pathway of apoptosis 

 The extrinsic pathway is also known as death receptor-mediated pathway. The 

death stimulus begins outside of a cell involving the binding of extracellular death 

ligands to their respective transmembrane death receptors from the tumour necrosis 

factor receptor superfamily (TNFRSF) (see Table 2.1). For instance, FasL binds to Fas 

receptor, leading to activation of caspase-8 (initiator caspase) and recruitment of the 

Fas-associated protein with death domain (FADD) adapter molecule to form death-

inducing signalling complex (DISC). It transduces a downstream signalling cascade 

to caspase-8, leading to the proteolytic activation of caspase-3. In fact, the extrinsic 

pathway can cause amplification of cascade via intrinsic mitochondrial pathway 

whereby caspase-8 cleaves Bid to promote mitochondrial outer membrane 

permeabilisation (MOMP) and execution of the intrinsic pathway of apoptosis 

(Kantari and Walczak, 2011). 

Table 2.1 TNFRSF receptors, their ligands, adapted from (Vanamee and Faustman, 2018). 

TNFRSF receptor (TNFRSF#, 

other names) 

TNFSF ligand (TNFSF#, other names) 

TNFR1 (1a, CD120a) TNF (2, TNF-α), LTα (1, TNF-β), LTβ (3) 

Fas (6, CD95) FasL (6, CD178) 

TRAILR1 (10A, DR4, CD261) TRAIL/Apo2L (10, CD253) 

TRAILR2 (10B, DR5, CD262) TRAIL/Apo2L (10, CD253) 

 NGFR (16, p75NTR, CD271) NGF (not a TNFSF member) 

 DR3 (25 or 12, TRAMP) TL1A (15, VEGI), TWEAK (12) 

 DR6 (21, CD358) N-APP (not a TNFSF member) 

2.3.1.2 Intrinsic pathway of apoptosis 

 The intrinsic pathway was initiated by internal stimuli such as DNA damage, 

growth factor deprivation, hypoxia, oxidative stress and flux of Ca2+ (Wong, 2011). 

The stimuli then perceive cell death signals via the mitochondria, which represent the 
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metabolic status of a cell. The MOMP is often regarded as the primary step required 

for activation of caspases. Pro-apoptotic and anti-apoptotic Bcl-2 family proteins 

regulate the permeability of mitochondrial membrane (see Figure 2.1) (Brentnall et al., 

2013; Harris and Thompson, 2000). When an apoptotic stimulus causes MOMP to 

take place, cytochrome c will be released from intermembrane space. In the cytoplasm, 

cytochrome c engages apoptotic protease activating factor-1 (Apaf-1) and procaspase-

9 to form a macromolecular complex (apoptosome), eventually leads to the activation 

of caspase-9 (initiator caspase). Following that, caspase-9 activates executioner 

caspases such as caspase-3-, -6, -7, and causes downstream biochemical events 

(Brentnall et al., 2013). 

 Of note, caspase-3 specifically activates the endonuclease caspase-activated 

DNase (CAD) by cleaving the inhibitor of CAD (ICAD). Then, CAD degrades the 

chromosomal DNA within the nuclei and causes its condensation. Caspase-3 also 

induces cytoskeletal reorganisation and disintegration of cells into apoptotic bodies. 

The execution caspases activate cytoplasmic endonuclease, which leads to degradation 

of nuclear and cytoskeletal protein. The poly (ADP-ribose) polymerase (PARP) is also 

a substrate of execution caspases, in which its cleavage disables the DNA repair. The 

ultimate outcomes at the end of execution pathway include cell shrinkage, 

chromosomal condensation, nuclear and chromosomal DNA fragmentation, and 

blebbing (Elmore, 2007; He et al., 2009; Kiraz et al., 2016).  
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Figure 2.1 Extrinsic and intrinsic pathways of apoptosis.  

Table 2.2 Bcl-2 family, adapted from Kale et al. (2018). 

Bcl-2 family member Abbreviation Apoptosis regulator 

nature 

Bcl-2 B-cell lymphoma 2 Anti-apoptotic 

Bcl-xL B-cell lymphoma-extra 

large 

Anti-apoptotic 

Bcl-w Bcl-2-like protein w Anti-apoptotic 

Mcl-1 Myeloid Cell Leukemia 1 Anti-apoptotic 

Bax Bcl-2-associated X protein Pro-apoptotic 

Bak Bcl-2 homologous 

antagonist/killer 

Pro-apoptotic 

Bok Bcl-2 related ovarian killer Pro-apoptotic 

Bad Bcl-2-associated death 

promoter 

Pro-apoptotic (BH3 only 

protein)  

Bid BH3 interacting-domain 

death agonist 

Pro-apoptotic (BH3 only 

protein) 

Bik Bcl-2 interacting killer Pro-apoptotic (BH3 only 

protein) 

Bim Bcl-2-like protein 11 Pro-apoptotic (BH3 only 

protein) 

Bmf Bcl-2-modifying factor Pro-apoptotic (BH3 only 

protein) 
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Hrk Harakiri Pro-apoptotic (BH3 only 

protein) 

Noxa - Pro-apoptotic (BH3 only 

protein) 

Puma p53 upregulated 

modulator of apoptosis 

Pro-apoptotic (BH3 only 

protein) 

2.3.2 Autophagy 

 Autophagy is a highly conserved eukaryotic cellular recycling process. It is 

known for its role in facilitating cell survival and maintenance through recycling the 

metabolic precursors from damaged organelles or aggregated proteins (Das et al., 

2012). Generally, there are three defined types of autophagy, namely macroautophagy, 

microautophagy and chaperone-mediated autophagy. However, the most prevalent 

form of autophagy is macroautophagy (henceforth referred to as ‘autophagy’) (Glick 

et al., 2010).  Under unrecoverable cellular stress, autophagy can cause cell death 

(Type II PCD). During autophagy, double membrane vesicles (autophagosomes) are 

formed to engulf the cytoplasmic content. Following that, a fusion with lysosome 

degrades the content and recycles the nutrients to fuel the cellular deficiency. 

 As illustrated in Figure 2.2, autophagy begins with phagophore formation 

which is driven by unc-51-like kinase 1 (ULK1) complex and vacuolar protein sorting 

(Vps) 34 complex. The expansion of phagophore is facilitated by Atg5-12/Atg16L 

complex to uptake cargos from the cytoplasm into a double-membraned 

autophagosome. The loaded autophagosome then fuses with lysosome to allow the 

degradation of cargo by lysosomal proteases while microtubule-associated protein 

light chain 3 (LC3-I) will be recycled back to cytosol. The endogenous LC3-I presents 

in the cytoplasm, is conjugated to phosphatidylethanolamine to form LC3-

phosphatidylethanolamine conjugate (LC3-II), which are bound to the autophagosome 

during autophagy. Therefore, the ratio of LC3-I (water soluble) and LC3-II (lipidated) 
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is often used as a marker to assess autophagy. Then, the lysosomal permeases and 

transporters export amino acids and other by-products of degradation back to the 

cytoplasm, where they can be re-used for building macromolecules and for 

metabolism (Glick et al., 2010). 

 

Figure 2.2 The process of autophagy. 

2.3.3 Necroptosis 

 For many years, necrosis was known as a form of accidental cell death. 

However, it is gaining attention that necrosis may exist in a programmed manner, 

known as necroptosis (Fulda, 2013b). The activation of necroptosis primarily depends 

on receptor-interacting serine-threonine kinase 3 (RIPK3) and mixed lineage kinase 

domain-like (MLKL). Morphologically, cells exhibited similar features as necrosis 

such as rupture of plasma membrane, swelling of cytoplasm and organelles and release 

of cellular constituents into microenvironment. Accumulating evidence has suggested 

that necroptosis could be an alternative cell death mechanism for apoptosis-deficient 

cancer cells (Galluzzi et al., 2017). 

 The best characterised signal transduction cascade is initiated by TNFR1 

ligation. Upon ligation, the receptor oligomerises and recruits various proteins 

including TNF receptor-associated death domain (TRADD), RIPK1, cellular inhibitor 
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of apoptosis (cIAP) protein, TNF-recetor-associated factor (TRAF) 2, TRAF 5 to form 

multi-protein complex, namely necrosome (Galluzzi et al., 2017). Subsequently, the 

RIPK3 phosphorylates MLKL, leading to MLKL oligomerisation. As a result, MLKL 

translocates to the plasma membrane and causes its permeabilisation (Weber et al., 

2018). 

2.4 Chemotherapy as a cornerstone of cancer treatment 

 Conventional treatment options that are available for cancer include surgery, 

radiotherapy and chemotherapy (Abbas and Rehman, 2018). Surgical removal of 

tumour is considered as a preferred treatment option if the tumour mass is located at 

easily accessible site and can be removed with minimal harm to the surrounding tissues. 

The purposes of surgical procedure are to remove the entire tumour, debulk a tumour 

or ease symptoms caused by a large tumour. Radiotherapy utilises ionizing radiation 

to attack cancer cells. As such, the ionizing energy can either kill the cells directly, or, 

harm the cells so that they accede cell death indirectly (Abbas and Rehman, 2018). As 

compared to surgery and radiotherapy, chemotherapy is one of the widely used 

systemic approaches to treat cancer. Chemotherapeutic drugs used are served as a 

cytotoxic agent that halts tumour progression by stopping cancer cell proliferation and 

enforcing apoptosis.  

2.4.1 Types of chemotherapeutic drugs 

 There are several classes of chemotherapeutic drugs, categorised by the 

mechanisms of action, chemical structures and interactions with other drugs. 

Generally, chemotherapeutic drugs such as anthracyclines, alkylating agents, anti-

metabolites and mitotic inhibitors are the common drugs used in existing treatment 

regimens. Understanding on the mechanisms of action to propel cancer cell death is 
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of particular importance in order to identify the strengths and weaknesses in clinical 

applications.  

2.4.1.1 Anthracyclines 

 Anthracyclines are a group of anti-tumour antibodies that commonly used in 

chemotherapy regimen. Doxorubicin is the first anthracycline drug extracted from 

Streptomyces peucetius var. caesius in the 1970s and is still actively being used 

clinically for treating a variety of cancers such as haematological cancers 

(leukaemia and lymphoma), carcinoma (solid tumours) and soft tissue sarcomas 

(Thorn et al., 2011).  

 There are three potential mechanisms of doxorubicin mediated cell death, 

namely topoisomerase II poisoning, DNA adduct formation and oxidative stress 

production (Yang et al., 2014). Topoisomerase II is an enzyme that is important for 

DNA transcription. Doxorubicin traps and stabilises the topoisomerase II complex 

after it has broken the DNA chain for replication, preventing the DNA double helix 

from being resealed thus stopping the process of replication (Kumar et al., 2014). 

Secondly, it intercalates into DNA at guanine base and form a DNA-doxorubicin 

adducts to prevent topoisomerase II’s activity for DNA synthesis.  Thirdly, 

doxorubicin contains a quinone structure which can readily be oxidised to 

semiquinone and formed reactive oxygen species when react with oxygen. The 

doxorubicin-induced release of oxidative radicals result in DNA damage, further 

contributing to its cytotoxicity (Kumar et al., 2014; Yang et al., 2014).  

2.4.1.2 Alkylating agents 

 Alkylating agents refer to a group of cytotoxic drug which can attach an alkyl 

group to the guanine base of DNA, thereby imposing direct DNA damage to cancer 

cells. One classical example is the mustard gas that was used in World War I. Later 

https://en.wikipedia.org/wiki/Cancer
https://en.wikipedia.org/wiki/Leukaemia
https://en.wikipedia.org/wiki/Lymphoma
https://en.wikipedia.org/wiki/Carcinoma
https://en.wikipedia.org/wiki/Soft_tissue_sarcoma
https://en.wikipedia.org/wiki/DNA_replication
https://en.wikipedia.org/wiki/Topoisomerase_II
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on, safer alternatives such as platinum-based agents were derived. For examples, 

cisplatin, carboplatin and oxaliplatin are the several drugs under this category, with 

cisplatin being the oldest and most potent agent amongst them. Platinum-based agents 

are commonly used to treat various cancer types, for instances, leukemia, multiple 

myeloma, hodgkin disease and sarcoma including breast, lung and ovary (Dasari and 

Tchounwou, 2014).  

 Upon entering the cells, cisplatin is activated at cytoplasm whereby chloride 

atoms on it are displaced by water molecule. It then becomes a potent electrophile that 

can attack nucleophiles on protein or DNA. Cisplatin can bind to the N7 reactive centre 

on the purine residues and cause DNA damage in cancer cells by crosslinking the 

purine bases. As such, the DNA repair mechanisms are triggered and apoptosis is 

induced (Dasari and Tchounwou, 2014).  

2.4.1.3 Anti-metabolites 

 Anti-metabolites represent a group of anti-cancer agents that resemble to 

naturally occurring substances which can interfere with cell metabolism, for instance 

by interfering DNA and RNA synthesis. There a few examples of anti-metabolites 

namely 5-fluorouracil, 6-mercaptopurine, capecitabine, cytarabine and gemcitabine. 

These drugs are commonly used to treat leukemia, cancers in breast, ovary and colon. 

Notably, 5-fluorouracil remains a popular choice for treating colon cancer, therefore 

is selected for further review in the following paragraph (Mhaidat et al., 2014).  

 The 5-fluorouracil structure mimics an analogue of uracil by having a fluorine 

atom at the C-5 position instead of a hydrogen; it rapidly enters the cell using the same 

facilitated transport mechanism as uracil. There are two primary mechanisms of 

actions rendering the 5-fluorouracil’s cytotoxicity. Intracellularly, 5-fluorouracil is 

converted to fluorouridine triphosphate and subsequently to fluorouridine triphosphate 
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by phosphorylation. The formation of fluorodeoxyuridine monophosphate inhibits 

thymidylate synthase, depleting intracellular levels of thymidine monophosphate and 

thymidine triphosphate, which are essential for DNA synthesis (Dobson et al., 2008). 

On the other hand, fluorouridine triphosphate is incorporated in RNA as a fraudulent 

nucleotide to inhibit RNA synthesis (Dobson et al., 2008). Not only that, the 

incorporation of 5-fluorouracil can result in toxicity to RNA at several levels including 

pre-RNA, mature RNA, tRNA, snRNA and pre-mRNA (Longley et al., 2003).  

2.4.1.4 Mitotic inhibitors 

 Mitotic inhibitors are anti-cancer drugs that inhibit mitosis or cell division. 

Examples of the mitotic inhibitors are vinblastine, vincristine, and vinorelbine. These 

drugs are commonly used to treat lymphomas, myelomas, and leukaemia, breast and 

lung cancers. It was reported that vinblastine was able to induce higher oxidative DNA 

stress than vincristine and vinorelbine (Mhaidat et al., 2016).  

 Vinblastine is an alkaloid derived from Madagascar periwinkle plant, namely 

Catharanthus roseus (Thirumaran and Gilman, 2007). Vinblastine is known as a 

mitotic inhibitor because it binds to the building blocks of a protein called tubulin, 

inhibiting the assembly of tubulins into microtubules (that form mitotic spindles) (Sajó, 

1977). These microtubules provide cells with both the structure and flexibility they 

need to divide and replicate. Without microtubules, cells cannot undergo cell division 

and eventually cell death would occur.   

2.4.2 Challenges of chemotherapy 

 Despite being the central pillar of cancer treatments, chemotherapy is 

undeniably restricted by manifold limitations, such as poor selectivity, dose-associated 

toxicities and drug resistance.  
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 Poor selectivity of chemotherapeutic drugs harms the actively growing normal 

cells as much as cancer cells. The fast-growing normal cells which are likely to be 

targeted by chemotherapy include blood-forming cells (in bone marrow), hair follicles 

and epithelial cells (in mouth, digestive tract and reproductive system). As a result, 

patients undergoing chemotherapy have been reported to experience anaemia, alopecia 

(hair loss due to medical treatment), nausea, loss of appetite, constipation and 

diarrhoea.  

 The more serious complications that may develop over time such as heart and 

kidney problems, nerves damage as well as infertility. For instance, dose-dependent 

cardiotoxicity remains as the major concern of oncologists for using doxorubicin in 

clinical practice. Excessive generation of reactive oxygen species is a primary 

mechanism leads to cardiac toxicity. As such, there is a lifetime cumulative dose limit 

for doxorubicin at 450-550mg/m2 (Barrett-Lee et al., 2009). Not only that, toxic side 

effects for cisplatin are nephrotoxicity, hepatotoxicity, allergic reaction, decreased 

immunity, gastrointestinal disorders, haemorrhage and hearing loss in young patients 

(Dasari and Tchounwou, 2014). Due to high dose associated toxicity, chemotherapy 

is always given intermittently to allow the recovery of normal cells. During this time, 

surviving cancer cells may develop an acquired resistance to overcome the treatment.  

 The resistance remains one of the major hurdles in effective chemotherapy. 

Sometimes, recurrent cancer may develop multi-drug resistance (MDR) to a wide 

range of medicines which could be structurally or mechanistically distinct from the 

previous chemo-drugs, hampering the efficacy of subsequent salvage therapies. 

Commonly, the mechanisms of MDR involve a reduction of the drug concentration 

intracellularly due to high expression of efflux pumps (e.g., P-glycoprotein), enhanced 

drug-metabolising enzyme (e.g., glutathione S-transferase (GST)) and altered 
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expression of apoptosis-related proteins (AbuHammad and Zihlif, 2013; Bernig et al., 

2016; Housman et al., 2014).  

 With reference to the abovementioned aspects, a more effective chemotherapy 

should focus on decreasing the dose and increasing the efficacy. As such, the side 

effects of chemotherapy could be reduced while cell death could be enhanced to reduce 

the risk of drug resistance development. 

2.5 Vitamin E as a source for cancer treatment 

 Vitamin E is a group of fat-soluble and anti-oxidative compounds, consisting 

of two main groups of members, namely tocopherols and tocotrienols. The first 

discovery of Vitamin E happened in 1922 which was first identified as a dietary 

fertility factor in rats (Evans and Bishop, 1922).  With respect to its function in fertility 

improvement, it was scientifically named as ‘tocopherol’, which was adapted from 

Greek words, tokos (childbirth) and phero (to bear). In 1938, the chemical structure of 

vitamin E was elucidated (Sen et al., 2006). For many years, α-tocopherol had been 

synonymous with vitamin E, until the discovery of tocotrienols in 1964 by Pennock 

and Whittle. Tocotrienol’s contribution to human health was only discovered in the 

early 1980s for its cholesterol lowering properties (Qureshi et al., 1986), while the 

anti-cancer benefits were recognised during 1990s (Guthrie et al., 1997). 

 Structurally, the two groups of Vitamin E family members share a similar 

chromanol head and a side chain at the C-2 position (Figure 2.3). The major 

dichotomous between the two groups lies within the degree of saturation in the side 

chain; tocopherols contain a saturated phytyl tail whereas tocotrienols contain an 

unsaturated isoprenoid tail. Both of the Vitamin E groups exist in four isomeric forms, 

namely alpha-(α), beta-(β), gamma-(γ) and delta-(δ), depending on the position and 

number of methyl group in the chromanol head. Tocopherols exist mainly in 
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vegetables and nut, while tocotrienols are commonly found in oils extracts of rice bran, 

oil palm, annatto seeds and barley (Miyazawa et al., 2008; Yoshida et al., 2003). 

Tocotrienol-rich fraction (TRF) is the most commonly available form of vitamin E 

oral supplement containing a mixture of α-, β-, γ-, δ-tocotrienols and α-tocopherol.   

 

Figure 2.3 Structure of the Vitamin E analogues. Adapted from Miyazawa et al., 

(2008). 

2.5.1 Tocotrienols are superior to tocopherols 

 The Vitamin E family members are well-known as powerful anti-oxidants. 

They exhibit anti-oxidative properties by donating hydrogen from the chromanol ring 

to neutralise free radicals (Peh et al., 2016). Of note, tocotrienols have been reported 

to offer superior anti-oxidant activity as compared to tocopherols. For instance, α-

tocotrienol was reported to have 40-60 times greater potency than that of α-tocopherol 

in preventing lipid peroxidation in rat liver microsomal membrane (Serbinova et al., 

1991) and 6-7 times greater activity in preventing cytochrome P-450 oxidative damage 

(Sylvester and Shah, 2005). It was proposed that the superiority of tocotrienols over 

tocopherol in terms of anti-oxidant properties could be due to several possible 

mechanisms: i) uniform distribution in the cell membrane lipid bilayer, ii) flexible 
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isoprenoid side chain that allows effective interaction with lipid radical, and iii) high 

chromanoxyl radical recycling efficiency as reviewed by Peh et al., (2016).  

 Other than anti-oxidative properties, tocotrienols were proven to be more 

superior to tocopherols in terms of cholesterol-lowering, neuroprotection, anti-

inflammation and anti-cancer (Sailo et al., 2018; Sen et al., 2006). Several lines of 

evidence delineated that tocotrienols abrogated various cancer-promoting pathways 

involving cyclooxygenase (COX), nuclear transcription factor-kappa B (NF-κB) and 

signal transducer and activator of transcription factor 3 (STAT3), which are closely 

associated with inflammation (Nesaretnam and Meganathan, 2011).  

 Despite enormous potentials of tocotrienols in health promotion, publications 

of tocotrienols only made up of less than 3% out of those reported for tocopherols (Peh 

et al., 2016). Tocotrienols have started to gain attention after disappointment of α-

tocopherol in two clinical trials, namely the Women Health Study (WHS) trial and the 

Selenium Vitamin E and Prostate Cancer Chemoprevention Trial (SELECT). Neither 

trial showed a significant effect of α-tocopherol against lung, breast and colon cancers 

in women and prostate cancer in men (Ye et al., 2015). Since then, different tocotrienol 

isomers have evoked more research attention recently, owing to their potential 

application as a non-toxic dietary anti-cancer agent.  

2.5.2 Molecular targets and multi-targeted anti-cancer effects of tocotrienols 

 Both the tocopherols and tocotrienols are potent anti-oxidants; however, only 

tocotrienols are effective in inhibiting tumour growth and viability. The anti-cancer 

effect of tocotrienols was first discovered in a comparative study on biological 

activities of α-tocopherol, α-tocotrienol and γ-tocotrienol in tumour bearing mice 

(Komiyama et al., 1989). The studies showed that the tocotrienols were more effective 

against the transplantable murine tumours as compared to α-tocopherol. Subsequently 
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in a different study, it was discovered that palm oil intake inhibited carcinogen-

induced mammary tumour (Nesaretnam et al., 1992). However, palm oil with 

tocotrienols stripped off did not exhibit the same protective effect, suggesting that the 

tocotrienols but not tocopherols in the palm oil are responsible for the growth 

inhibition of cancer (Nesaretnam et al., 1992). Since then, increasing attention has 

been given to anti-cancer benefits of tocotrienols. Herein, the molecular targets of 

tocotrienols elucidated from in vitro cancer cell lines (Table 2.3), anti-cancer outcomes 

from in vivo studies in mouse (Table 2.4) and human clinical trials (Table 2.5) were 

summarised. 

Table 2.3 Exemplar in vitro studies for elucidating the molecular targets of tocotrienols-induced 

cell death. Adapted from Tham et al. (2019) and the cited references.

 Cancer 

Type 

Cell 

Line(s) 

Molecular Target(s) Reference(s) 

Bladder T24 

5637  

J82 

UMUC-3 

↑ p21, p27, Bax, caspase-3, cleaved 

PARP, SHP-1 

↓ cyclin D1, Bcl-2, Bcl-xL, Mcl-1, ETK 

phosphorylation, STAT3 

(Ye et al., 

2015) 

Brain U87MG ↑ caspase-8, Bid, cytochrome c, Bax (Abubakar et 

al., 2016; Lim 

et al., 2014b) 

Breast 

 

MDA-

MB-231 

↑ caspase-8, caspase-9, caspase-7, 

caspase-3, cleaved PARP, DR5, DR4, p-

JNK, p-c-Jun, p-p38, BiP, ATF3, ATF4, 

p-PERK, p-IRE1α, p-eIF2α, CHOP, 

LC3-II/I, Beclin-1, Bax, Profilin-1 

↓ NF-κB, cyclin D1, cyclin D3, CDK4, 

Bcl-2, PI3K, p-AKT, p-mTOR, XIAP, 

Serpine1, Cathepsin D 

(Marchi et al., 

2014; Patacsil 

et al., 2012; 

Ramdas et al., 

2019; Tiwari 

et al., 2015; 

Wang et al., 

2015b) 

MCF-7 ↑ caspase-8, caspase-9, caspase-7, 

caspase-3, Bax, cleaved PARP, ATF3, 

BiP, CHOP, p-PERK, p-IRE1α, p-

EIF2α, ATF4, LC3-II/I, Beclin-1, DR5, 

p-JNK, p-c-Jun, p-p38, MIC-1, EGR-1, 

and cathepsin D 

↓ cyclin D1, cyclin D3, CDK4, NF-κB, 

Bcl-2, PI3K, p-AKT, p-mTOR 

(Comitato et 

al., 2016, 

2010; Park et 

al., 2010; 

Patacsil et al., 

2012; Tiwari 

et al., 2013; 

Wang et al., 

2015b) 

+SA  ↑ LC3-II/I, Beclin-1, Bax, cleaved 

PARP, cleaved caspase-3 

↓ Bcl-2, PI3K, p-AKT, p-mTOR 

(Tiwari et al., 

2013) 
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SKBR3 ↓ p-ERK1/2 (Viola et al., 

2013) 

MDA-

MB-435 

↑ cleaved PARP, p-JNK-1, JNK1, p-c-

Jun, c-Jun, TGFβRII, TGFβRI 

(Shun et al., 

2004) 

Cervix 

 

HeLa ↑ Bax, cytochrome c, caspase-12, 

caspase-9, caspase-8, caspase-3, IL-6, 

XBP-1, p-IRE-1α, BiP, CHOP, XBP-1, 

cleaved PARP 

↓ PCNA, cyclin D3, p16, CDK6 

(Hasani et al., 

2008; Wu and 

Ng, 2010; Xu 

et al., 2017; 

Yamasaki et 

al., 2014) 

CaSki ↑ p53, Bax, caspase-3 

↓ MEK-2, ERK 

(Hasani et al., 

2011, 2008) 

Colon 

 

HT29 ↑ p21, Bax, caspase-9, caspase-3 

↓ Bcl-2, NF-B p65, β-catenin, cyclin 

D1, c-Myc, survivin 

(Shibata et 

al., 2010; Xu 

et al., 2009, 

2012; Yang et 

al., 2010) 

SW620  ↑ E-cadherin, PARP 

↓ Wnt-1, β-catenin, cyclin D1, c-Jun, 

MMP-7, MMP-9, NF-B, VGEF 

(Husain et al., 

2019; Zhang 

et al., 2013, 

2011) 

HCT116 ↑ p21, PARP, E-cadherin 

↓ cIAP1, cIAP2, survivin, cyclin D1, c-

Myc, MMP-9, VEGF, ICAM-1, 

CXCR4, NF-B, β-catenin, vimentin 

(Husain et al., 

2019; Prasad 

et al., 2016; 

Shibata et al., 

2010) 

DLD-1  ↑ p21, p27, caspase-7, caspase-9 

↓ hTERT 

(Eitsuka et 

al., 2016, 

2006; Shibata 

et al., 2010) 

Gastric 

 

SGC-7901 ↑ Bax, caspase-3, caspase-9, cleaved 

PARP 

↓ Bcl-2, c-Myc, p-ERK1/2, Raf-1 

(Sun et al., 

2009, 2008) 

SNU-5 ↓ NF-κB (Manu et al., 

2012) 

SNU-16 ↑ cleaved PARP 

↓ cyclin D1, Bcl-2, MMP-9, CXCR4, 

VEGF, NF-B 

(Manu et al., 

2012) 

Leukemia ED40515  

 

↑ caspase-3, caspase-6, caspase-7, 

caspase-9, PARP, Bcl-2, Bcl-xL, XIAP 

↓ FDFT1, NF-κB 

(Yamasaki et 

al., 2014) 

HL-60 ↑ cleaved Bid, cytochrome c release, 

caspase-8, caspase-9, caspase-3 

(Inoue et al., 

2011) 

NB-4  ↑ cleaved Bid, cytochrome c release, 

caspase-8, caspase-9, caspase-3 

(Inoue et al., 

2011) 

Lung A549 ↑ caspase-3, caspase-8, Bid, cytochrome 

c, Bax, cleaved PARP 

↓ Notch-1, Hes-1, Bcl-2, NF-κB, uPA, 

survivin, Bcl-xL, MMP-9 

(Ji et al., 

2012; Lim et 

al., 2014b; 
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Rajasinghe et 

al., 2018) 

H520 ↑ PARP, caspase-3 

↓ Notch-1, Hes-1, Bcl-2, NF-κB, 

survivin, Bcl-xL 

(Rajasinghe 

et al., 2018; 

Rajasinghe 

and Gupta, 

2017) 

H1299 ↓ Notch-1, Hes-1, uPA, MMP-9 (Rajasinghe 

et al., 2018) 

Pancreas MIA 

PaCa-2 

↑ E-cadherin, EGR-1, Bax, p27Kip1 

↓ NF-κB, Bcl-2, cIAP1, survivin, cyclin 

D1, c-Myc, COX-2, VEGF, MMP-9, 

ICAM-1, CXCR4, N-cadherin, 

vimentin, p-MEK, p-AKT, p-GSK-β 

(Hodul et al., 

2013; Husain 

et al., 2017; 

Kunnumakka

ra et al., 2010; 

Wang et al., 

2015a) 

L3.6pl  

 

↑ E-cadherin 

↓ N-cadherin, vimentin, VEGF, MMP-9 

(Husain et al., 

2017) 

BXPC3 ↑ p27Kip1 

↓ p-MEK, p-AKT, p-ERK 

(Hodul et al., 

2013) 

SW1990 ↑ p27Kip1 

↓ p-MEK, p-AKT, p-ERK 

(Hodul et al., 

2013) 

PANC-1 ↑ p21 (Eitsuka et 

al., 2014) 

Pancreatic 

cancer 

stem cell 

↑ cleaved PARP 

↓ Nanog, Sox-2, Oct-4, Notch-1, p-AKT, 

pERK 

(Husain et al., 

2017) 

Prostate 

 

PC-3  ↑ caspase-9, cytochrome c, cleaved 

PARP, LC3-II, CHOP, p‐eIF2α, ATF4, 

BiP, IRE1α, p62, p-JNK, p38 

↓ p-Akt, β-catenin, Id-1, Bcl-2, 

Angiopoietin-1 

(Fontana et 

al., 2019; 

Jiang et al., 

2012; Tang et 

al., 2019; Yap 

et al., 2008)  

PC-3 

(stem cell-

like) 

↑ caspase-3, cleaved PARP 

↓ Id-1 

(Luk et al., 

2011) 

LNCaP ↑ caspase-9, caspase-8, caspase-7, 

caspase-3, cytochrome c, cleaved PARP, 

LC3-II 

↓ Id-1, p-Akt 

(Jiang et al., 

2012; Yap et 

al., 2008) 

DU145 ↑ CHOP, p‐eIF2α, ATF4, BiP, IRE1α, p-

JNK, p38 

(Fontana et 

al., 2019) 

Skin 

 

G361 ↑ cleaved PARP, caspase-7, caspase-9, 

caspase-3, E-cadherin, β-catenin, γ-

catenin 

↓ Snail, vimentin, α-SME, Twist 

(Chang et al., 

2009) 

C32  ↑ cleaved PARP, caspase-7, caspase-9, 

caspase-3, IκB, p-ATF2, p-c-Jun, p-

SAPK/JNK 

(Chang et al., 

2009) 
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↓ PI3K p85, p-IKKα/β, IκBα/β, NF-B 

p65, EGFR, Id-1, Id-3 

A375 

(stem cell-

like) 

↓ ABCG2 (Marzagalli et 

al., 2018) 

BLM  ↑ caspase-3, caspase-4, cleaved PARP, 

Bax, BiP, PERK, p-eIF2α, IRE1α, 

ATF4, CHOP 

↓ Bcl-2 

(Marelli et al., 

2016) 

A375 ↑ caspase-3, caspase-4, cleaved PARP, 

BiP, PERK, p-eIF2α, IRE1α, ATF4, 

CHOP, ERO1α 

↓ Bcl-2, CDK4, Ras, caspase-3 

(Fernandes et 

al., 2010; 

Marelli et al., 

2016) 

A2058  

 

↓ CDK4, Ras, caspase-3 (Fernandes et 

al., 2010) 

B16  ↑ p-ERK 

↓ Tyrosinase, MC1R, MITF, TYRP-1, 

TYRP-2, p-p38 

(Ng et al., 

2014) 

Note: ↑ upregulation; ↓ downregulation; p-, phosphorylated state 

Abbreviations: ABCG2, ATP-binding cassette subfamily G member 2; Akt, or PKB, 

protein kinase B; ATF, activating transcription factor; ATP, adenosine triphosphate; 

Bcl-xL, B-cell lymphoma-extra large; BiP, or GRP78, glucose-regulated protein; 

CDK, cyclin-dependent kinase; CHOP, CCAAT-enhancer-binding protein 

homologous protein; cIAP, cellular inhibitor of apoptosis; COX-2, cyclooxygenase-2; 

CXCR4, C-X-C motif chemokine receptor 4; DR, death receptor; EGR, early growth 

response; eIF2-α, eukaryotic initiation factor 2 alpha; ERK1/2, extracellular signal-

regulated protein kinase 1/2; ERO1α, endoplasmic reticulum oxidation 1; ETK1, 

epithelial and endothelial tyrosine kinase; FDFT1, farnesyl-diphosphate 

farnesyltransferase 1; GSK-β, glycogen synthase kinase 3 beta; Hes-1, hairy and 

enhancer of split-1; hTERT, human telomerase reverse transcriptase; ICAM-1, 

intercellular adhesion molecules-1; Id-1, inhibitor of differentiation/DNA binding; 

IκBα/β, inhibitor of kappa B alpha/beta; IKKα/β, IκB kinase alpha/beta; IL-6, 

interleukin 6; IRE-1, inositol-requiring enzyme 1; JNK, c-Jun N-terminal kinase; LC3, 

microtubule-associated protein 1A/1B-light chain 3; MC1R, melanocortin 1 receptor; 

Mcl-1, myeloid cell leukemia 1; MEK, mitogen-activated protein kinase; MIC-1, 

macrophage inhibitory cytokine 1; MITF, melanogenesis associated transcription 

factor; MMP, matrix metalloproteinases; mTOR, mammalian target of rapamycin; 

NF-κB, nuclear factor kappa B; Oct-4, octamer-binding transcription factor 4; 

p27Kip1, cyclin-dependent kinase inhibitor 1B; p62, ubiquitin-binding protein p62; 

PARP, poly(ADP-ribose) polymerase; PCNA, proliferating cell nuclear antigen; 

PERK, PKR-like ER-localized eIF2α kinase; PI3K, phosphoinositide 3-kinase; ROS, 

reactive oxygen species; SAPK/JNK, stress-activated protein kinase/c-Jun NH2-

terminal kinase; Sox-2, sex determining region Y-box 2; TGF-β1, transforming 

growth factor beta 1; TYRP, tyrosinase-related proteins; VEGF, vascular endothelial 

growth factor; uPA, urokinase-type plasminogen activator; Wnt, wingless/integrase; 

XBP, X-box binding protein; XIAP, X-linked inhibitor of apoptosis protein; α-SMA, 

alpha-smooth muscle actin. 
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Table 2.4 Exemplar in vivo studies of tocotrienols for various cancer treatments using mouse 

models. 

Cancer 

Type 

Tocotrienol(s) Anti-cancer Effect(s) / Molecular 

Target(s) 

Reference(s) 

Colon 

 

δT3 δT3 significantly inhibited the 

formation of colorectal polyps by 

70% and colorectal cancer by almost 

99% in azoxymethane-induced 

colorectal carcinogenesis model. 

(Husain et al., 

2019) 

TRF or  

δT3-enriched 

diet 

δT3-enriched diet decreased the 

number of colorectal tumours in an 

animal model, but not in TRF-fed 

group. 

δT3-enriched diet suppressed COX-2 

protein levels in colorectal mucosa. 

(Wada et al., 

2017) 

TRF 

 

TRF inhibited xenografts in mice by a 

regulation of Wnt pathways. 

TRF increased expression of Wnt 

pathways related factors, i.e., Axin-2, 

GSK-3β, APC and decreased the 

protein expression of Wnt-1, β-

catenin and β-catenin target genes, 

i.e., cyclin D1, c-Myc and survivin in 

the xenografts. 

(Zhang et al., 

2015) 

Gastric γT3  

 

γT3 inhibited > 50% of tumour 

growth. 

γT3 downregulated microvessel 

density indicator CD31. 

γT3 downregulated NF-κB and NF-

κB-regulated cyclin D1, COX-2, 

survivin, Bcl-xL, XIAP, ICAM-1, 

MMP-9 and VEGF. 

(Manu et al., 

2012) 

Pancreas 

 

γT3  

 

γT3 inhibited cancer cell proliferation 

in tumour tissues. 

γT3 inhibited constitutive activation 

of NF-κB. 

γT3 significantly downregulated the 

expression of proinflammatory 

marker COX-2, suppressed the 

expression of invasion biomarker 

MMP-9, and inhibited the angiogenic 

biomarker VEGF in the tissues. 

γT3 reduced Bcl-2, cIAP1, CXCR4, 

NF-κB, c-Myc. 

(Kunnumakk

ara et al., 

2010) 

δT3  δT3 inhibited pancreatic tumour 

growth and metastasis. 

δT3 inhibited epithelial-to-

mesenchymal transition in pancreatic 

tumours as E-cadherin was 

(Husain et al., 

2017) 
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upregulated, N-cadherin, vimentin, 

VEGF, MMP-9 and CD44 were 

downregulated. 

δT3 inhibited cancer cell proliferation 

and increased cleaved caspase-3. 

δT3  δT3 inhibited cancer cell 

proliferation, decreased 

phosphorylated MAPK expression 

and induced expression of p27Kip1. 

(Hodul et al., 

2013) 

δT3  δT3 significantly enhanced the 

survival of mice. 

δT3 decreased levels of p-AKT, p-

MEK, p-ERK, NF-κB and Bcl-xL and 

increased levels of p27Kip1, Bax, 

CK18 and activated caspase-3. 

(Husain et al., 

2013) 

Prostate 

 

γT3 γT3 inhibited tumourigenicity of PC-

3 cells in mice. 

(Luk et al., 

2011) 

γT3  γT3 inhibited xenograft growth in 

nude mice. 

(Jiang et al., 

2012) 

γT3  γT3 inhibited the growth of xenograft. 

γT3 reduced PCNA, Ki-67 and Id1 in 

tumour tissues. 

γT3 increased cleaved PARP and 

cleaved caspase-3. 

γT3 increased expression levels for 

the tumour suppressor gene (E-

cadherin) and its repressor (Snail). 

(Yap et al., 

2010a) 

Tocomin Mixed-tocotrienols (Tocomin)-fed 

groups had a lower incidence of 

tumour formation. 

Tocomin significantly reduced the 

levels of high-grade neoplastic 

lesions. 

Tocomin associated with modulating 

cell cycle regulatory proteins and 

increasing expression of pro-

apoptotic proteins. 

(Barve et al., 

2010) 

Skin 

 

δT3  δT3 treatment disabled the formation 

of melanospheres completely in mice. 

(Marzagalli et 

al., 2018) 

δT3  δT3 inhibited the growth and 

progression of melanoma xenografts 

in nude mice. 

(Marelli et al., 

2016) 

  

 Despite several completed clinical trials were recorded in ClinicalTrials.gov 

website, only three clinical trials outcomes were published. All the three clinical trials 

reported positive effects for using tocotrienols for combined treatment. The first 
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clinical trial that involved 248 women showed that TRF in combination with 

tamoxifen improved breast-cancer-specific survival compared to the tamoxifen group 

(NCT01157026) (Nesaretnam et al., 2010). The second clinical trial conducted on 

pancreatic ductal neoplasia patients reported that δ-tocotrienol was well tolerated by 

patients at 200-1600mg/day for two weeks. The δ-tocotrienol was able to achieve 

bioactive level in blood and caused an elevated caspase-3 activity in the tumour 

samples, suggesting an enhanced apoptosis due to δ-tocotrienol intervention 

(NCT00985777) (Springett et al., 2015). A recent clinical study on recurrent ovarian 

cancer patients with δ-tocotrienol and bevacizumab demonstrated a prolonged lifespan 

without negative influence on quality of life (Thomsen et al., 2019). Of note, a number 

of clinical trials are currently in progress to study the anti-cancer effects of tocotrienols 

and/or in combination with other therapeutic agents (Table 2.5). These studies could 

provide a better understanding of clinical applications of tocotrienols with optimal 

benefits. 

Table 2.5 Recent clinical trials conducted using tocotrienols for various cancer 

treatments. 

Cancer 

Type 

Target 

Application(s) 

of Tocotrienols 

Drugs Involved Phase: 

Status 

ClinicalTrials.gov 

Identifier 

Breast 

 

Adjunct cancer 

treatment 

TRF and Tamoxifen Pilot trial: 

Completed 

in 2010 

NCT01157026 

Health 

supplement 

Gamma-Delta 

Tocotrienols and 

TRF 

1: 

Completed 

in 2013 

NCT01571921 

Neoadjuvant 

treatment 

Epirubicin, 

Cyclophosphamide, 

Docetaxel, 

Paclitaxel, 

Trastuzumab, 

Pertuzumab and 

Tocotrienols  

2: 

Ongoing 

NCT02909751 

Colon Adjunct cancer 

treatment 

 

Irinotecan, 

Oxaliplatin, 

Calcium Folinate, 5-

2: 

Ongoing 

NCT02705300 



39 

 

Fluorouracil and 

Tocotrienols 

Lung  Adjunct cancer 

treatment 

Cisplatin, 

Vinorelbine, 

Carboplatin and 

Tocotrienols 

3: 

Ongoing 

NCT02644252 

Ovary 

 

Adjunct cancer 

treatment 

 

Bevacizumab and 

Tocotrienols 

2: 

Completed 

in 2018 

NCT02399592 

Cancer 

treatment 

Cabazitaxel and / or 

Tocotrienols 

2: 

Ongoing 

NCT02560337 

Pancreas 

 

Cancer 

treatment 

δT3  1: 

Completed 

in 2016 

NCT00985777 

Health 

supplement 

δT3  1: 

Completed 

in 2016 

NCT01450046 

Health 

supplement 

δT3  1: 

Completed 

in 2016 

NCT01446952 

Note: Examples of clinical studies that are registered at https://clinicaltrials.gov 

showing status as accessed on 29th May 2019. 

 

 Having known that tocotrienols are capable of affecting enormous molecular 

targets, the underlying anti-cancer signalling pathways with respect to cancer 

hallmarks are hence presented. The anti-cancer properties of tocotrienols are found to 

be associated with multifaceted mechanisms such as anti-proliferation, apoptosis, anti-

angiogenesis and anti-invasion.  

2.5.2.1 Anti-proliferation 

 In cancer, the cell proliferation mechanism is subverted in such a way that the 

mitogenic signalling is hyperactive, leading to uncontrolled cell population expansion. 

For instance, the epidermal growth factor receptor (EGFR), namely ErbB receptor 

tyrosine kinases are overexpressed in some cancers. The ErbB receptors then signal 

through mitogenic pathways such as MAPK cascade consisting extracellular receptor 

kinase (ERK), c-Jun N-terminal kinase (JNK) or p38. Other signalling pathways such 
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as PI3K/Akt and Janus kinase (JAK)/ signal transducer and activator of transcription 

(STAT) could also be intricately related to proliferation. 

 A study revealed that TRF did not reduce the level of ErbB receptor in 

preneoplastic CL-S1 mouse mammary epithelial cells, but targeted at post-receptor 

event involving cyclic adenosine monophosphate (cAMP) production. As a result, the 

activation of downstream mitogenic signallings (PI3K/Akt and MAPK) were reduced, 

as evidenced by reduction in activated Akt and ERK1/2 (Sylvester et al., 2002). 

 On the contrary, another study found that the anti-proliferative effects of γ-

tocotrienol on neoplastic +SA mouse mammary epithelial cells were associated with 

the reduction in ErbB3 (but not ErbB1 or ErbB2) receptor tyrosine phosphorylation, 

subsequently leading to a reduced PI3K/ phosphoinositide-dependent protein kinase-

1(PDK-1)/Akt mitogenic signalling (Samant and Sylvester, 2006). Other than 

blocking ErbB receptor tyrosine kinase activation, γ-tocotrienol was reported to inhibit 

Met receptor tyrosine kinase activation in +SA cells via downregulation of Met 

expression at both transcriptional and post-transcriptional levels (Ayoub et al., 2011). 

It was later discovered that the anti-proliferative effect of γ-tocotrienol on mouse +SA 

and human MCF-7 mammary was directly associated with suppression of c-Myc, 

resulting from the increment in GSK-3a/b-dependent ubiquitination and degradation. 

Correspondingly, the reduction of Myc decreased in PI3K/Akt/mTOR and Ras/ 

mitogen-activated protein kinase kinase (MEK)/ERK mitogenic signalling (Parajuli et 

al., 2015a). 

 In pancreatic cancer cells, γ- and δ-tocotrienols were reported to disturb cancer 

cell proliferation via both PI3K/Akt and ERK/MAPK pathways (Shin-Kang et al., 

2011). The tocotrienols caused a reduction in phosphorylated Akt and upregulation of 

c-Jun. The suppression of Akt led to downregulation of p-GSK-3β and upregulation 
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accompanied by nuclear translocation of Foxo3. On the other hand, a reduction in total 

ERK and phosphorylated ERK was observed after treatment with γ- and δ-tocotrienols. 

The authors found that activation of PI3K/Akt and ERK/MAPK pathways were 

mediated by a downregulation of Her2/ErbB2 expression at post-transcriptional level 

(Shin-Kang et al., 2011).  

 Mitogen-dependent cell cycle regulation is another crucial part of cell 

proliferation. It is a series of tightly-controlled events to prepare for cell division. 

There are several checkpoints when a cell progresses from G1 to G2/M phase of the 

cell cycle, which are regulated by cyclin-dependent kinases (CDKs) and cell-

dependent kinases inhibitors (CDKIs). To further illustrate, cyclin D and E 

expressions are increased during early G1. Then, cyclin F activates CDK4/6 complex 

while cyclin E activates CDK2. These cyclin/CDK complexes phosphorylate to 

inactivate the cell cycle restriction protein, i.e., Rb protein. As a result, E2F 

transcription factors are released and cause the transcription of genes required for cell 

cycle progression from G1 to S. On the other hand, p21 and p27 are CDKIs that 

inactivate cyclin/CDK complexes to block cell cycle progression (Parajuli et al., 

2015b). Evidence showed that γ-tocotrienol significantly diminishes cyclin D1, CDK4, 

CDK2 and CDK6 levels and elevates the p27 protein expression. The study has 

suggested that the potential anti-proliferative effect of γ-tocotrienol could induce G1 

cell cycle arrest (Samant et al., 2010). Correspondingly, CDK4, cyclin D1, 

phosphorylated Rb, and E2F1 were reduced while p27 increased in +SA and MCF-7 

mammary tumour cells after γ-tocotrienol treatment. Likewise, the anti-cancer effect 

of TRF in prostate cancer cells was also found to associate with cell cycle arrest at 

G0/G1 phase (Srivastava and Gupta, 2006). On the other hand, δ-tocotrienol induces 

G1 cell cycle arrest in pancreatic cancer cells (Shin-Kang et al., 2011) and melanoma 
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cells (Fernandes et al., 2010). Lim et al. (2014a) reported G0/G1 cell cycle arrest of 

A549 lung and U87MG brain cancer cells after individually treated with δ- and γ-

tocotrienols. The arrest was postulated to be induced by the suppression of cyclin D1, 

the key regulator of the G1 to S phase progression, partly if not all (Wada, 2009). Of 

note, tocotrienols showed no effect on the cell cycle of normal cells (Wada, 2009).  

2.5.2.2 Apoptosis 

 Tocotrienols have been shown to initiate apoptosis via both intrinsic and/or 

extrinsic pathway(s) of apoptosis, depending on cancer cell types. TRF induced 

apoptosis via mitochondria-mediated mechanism through activation of caspase-9 and 

increased Bax/Bcl-2 ratio in RKO human colon carcinoma cell line (Agarwal et al., 

2004). Similarly in SKBR3 human breast cancer cell line, δ-tocotrienol was reported 

to induce reactive oxygen species (ROS) generation, downregulation of Bcl-2 and 

disruption of mitochondrial membrane potential, collectively supportive to the 

involvement of redox-dependent activation of the intrinsic pathway of apoptosis 

(Viola et al., 2013). 

 On the other hand, the involvement of the extrinsic pathway of apoptosis was 

either death receptor independent, or, coupled to the intrinsic pathway. For instance, 

γ-tocotrienol caused caspase-8 activation with a decrease in FLICE-inhibitory protein 

(FLIP) level, which is an anti-apoptotic protein that negatively regulates caspase-8 

activation. However, the study showed that the caspase-8 activation was independent 

of death receptor apoptotic signalling in +SA cells (Shah and Sylvester, 2004). In 

A549 lung and U87MG brain cancer cells, δ- and γ-tocotrienols were reported to cause 

apoptosis via caspase-8 activation coupled to the disturbance of mitochondrial 

potential, suggesting engagement of both apoptotic pathways (Lim et al., 2014a). 

Correspondingly in Hep3B human hepatoma cells, γ-tocotrienol elevated the activities 
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of caspase-8, -9, -3 and accompanied by the upregulation of truncated Bid, Bax and 

PARP cleavage, proving a concurrent activation of intrinsic and extrinsic pathways 

(Sakai et al., 2006). In addition, co-elicitation between intrinsic pathway by inducing 

Ca2+ release, loss of mitochondrial membrane potential and increase in Bax/Bcl-2 ratio, 

and extrinsic pathway via upregulating surface expression of Fas and FasL in γ-

tocotrienol-treated human T-cell lymphoma (Jurkat cells) was reported. Eventually, 

apoptosis was induced via the activation of caspase-8, -9, and -3 and PARP cleavage 

(Wilankar et al., 2011). 

2.5.2.3 Anti-angiogenesis 

 Angiogenesis is a process of new blood vessels formation from pre-existing 

vessels. In the context of cancer, this process is crucial for transporting blood-borne 

nutrients to the tumour for its growth and survival (De Silva et al., 2016). In vitro, δ-

tocotrienol inhibited the stimulatory effects of colorectal adenocarcinoma (DLD-1) on 

human umbilical vein endothelial (HUVEC) tube formation and migration (Miyazawa 

et al., 2008). To further elaborate, the inhibition of HUVEC adhesion was partly 

related to ROS generation in HUVEC (Miyazawa et al., 2008). Besides, δ-tocotrienol 

also significantly hindered in vivo tumour angiogenesis via the inhibition of 

endothelial cell invasion and neovessel formation (Miyazawa et al., 2008). γ-

tocotrienol-inhibited angiogenesis in HUVECs was reported to associate with the 

downregulations of β-catenin, cyclin D1, CD44, phospho-VEGFR-2 and MMP-9 

which has thus suggested a regulation of Wnt signalling (Li et al., 2011).  

2.5.2.4 Anti-invasion and anti-metastasis 

 Metastasis begins with the local invasion that tumour cells adhere to the 

adjacent cells and extracellular matrix (ECM), followed by the proteolytic degradation 
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of basement membrane for permitting the invasion into vessels. Hence, preventing cell 

adhesion and membrane degradation represent prospective approaches for suppressing 

tumour invasion and metastasis. It was reported that γ-tocotrienol caused a dose-

dependent inhibition of human gastric cancer cells attachment to fibronectin and 

laminin, the principal constituents of the ECM (Liu et al., 2010). Furthermore, γ-

tocotrienol-treated prostate cancer cells also led to the suppression of mesenchymal 

markers and restoration of E-cadherin and γ-catenin expression, which was associated 

with the suppression of cell invasion capability (Yap et al., 2008). Another study 

conducted on human gastric adenocarcinoma SGC-7901 cell line reported that γ-

tocotrienol caused a significant reduction in invasion capability through the 

downregulation of MMP-2 and MMP-9 and upregulation of tissue inhibitor of 

metalloproteinase-1 (TIMP-1) and TIMP-2, suggesting a potential γ-tocotrienol-

mediated anti-metastasis activity (Liu et al., 2010). 

2.5.3 Benefits of combined treatment with tocotrienols  

 Combination therapy is defined as a disease treatment involving two or more 

drugs to achieve the desired efficacy with lower doses or lower toxicity of drugs; 

chemosensitise cells so that an additional compound can be more potent, gain additive 

or synergistic effects; or combat expected acquired resistance or minimise the 

possibility for development of drug resistance (Karjalainen and Repasky, 2016). It is 

a promising approach whereby two or more drugs with compatible and 

complementary mode of actions are combined to give a beneficial synergy or additive 

effect (Mokhtari et al., 2017). Moreover, a synergistic combination would be able to 

(i) reduce the effective dose of the drugs without compromising the effectiveness, (ii) 

lessen the risk of adverse reaction associated with single high dose treatment, (iii) 
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target cancer stem cells, and (iv) lower the risk of drug resistance (Bell, 2013; Chang 

et al., 2017).  

 In fact, combined treatments with tocotrienols have been widely conducted 

previously. The reported benefits include (but not limited) modulating the apoptosis, 

reducing the side effects, targeting the cancer stem cells and activating 

chemosensitisation thereby inferring a prospective therapeutic avenue towards an 

enhanced treatment. 

2.5.3.1 Modulation of apoptosis sensitivity 

 Cellular response towards apoptosis dictates a successful therapeutic outcome 

of a therapy. In fact, apoptosis commitment relies on a balance between pro-apoptosis 

and anti-apoptosis signals that make up the apoptotic threshold. In an analogy, pro-

apoptosis signals can be regarded as an ‘acceleration pedal’ while anti-apoptosis 

signals as ‘brake pedal’. For apoptosis to take place, the acceleration pedal must be 

engaged while the brake pedal disengaged. A comparative magnitude between the pro-

death and pro-survival signals would dictate the degree of apoptosis. 

 Several studies demonstrated that tocotrienols combination treatment leads to 

the enhanced cell death via apoptosis. For instance, a combined treatment of tyrosine 

kinase inhibitors (erlotinib and gefitinib) with γ-tocotrienol resulted an enhanced 

apoptosis as demonstrated by more prominent expression in caspase-3 and cleaved 

PARP (Bachawal et al., 2010a). Combined treatment of δ-tocotrienol with jerantinine 

B induced a synergistic apoptosis via enhanced caspase-8 and caspase-3 activations in 

U87MG glioblastoma and HT29 colorectal adenocarcinoma (Abubakar et al., 2016). 

In vivo, combined treatment of γ-tocotrienol with capecitabine showed a prominent 

reduction in tumour volume. The xenografted-tumour treated with combined treatment 

showed the lowest expressions of anti-apoptotic proteins, including cIAP1, cIAP2, 
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Bcl-2, Bcl-xL and survivin, has suggested that apoptosis is enhanced as a result of the 

reduction in apoptotic threshold (Prasad et al., 2016). 

2.5.3.2 Reducing side effects of the treatment 

 Conventional chemotherapeutic drugs remain as a mainstay in current cancer 

treatment modalities. However, those drugs could cause detrimental side effects on 

the patients who receive the drugs. Some of the side effects can be life-threatening. 

For example, cardiotoxicity could lead to heart failure in patients receiving 

doxorubicin. Hence, novel approaches are imperative to cope with the side effects 

being generated during chemo-treatment.  

 A study demonstrated that hepatocyte-targeted nanoparticles consisting of 

epirubicin when co-administrated with tocotrienols, exhibited both anti-tumour 

activity and higher protection against oxidative stress and inflammation as compared 

to epirubicin nanoparticle alone in mice. The cardioprotection function was found to 

associate with a decrease in glutathione and superoxide dismutase levels as well as the 

thiobarbituric acid reactive substances (TBARS), nitrate/nitrite and tumour necrosis 

factor alpha (TNF-α) (Nasr et al., 2014). Another studies showed that γ-tocotrienol 

prevents 5-fluorouracil-induced ROS production in human oral keratinocytes through 

the activation of nuclear factor erythroid 2-related factor 2 (Nrf2), suggesting that the 

combined treatment could improve mucositis, the side effect of 5-fluorouracil 

treatment (Takano et al., 2015). Therefore, combined treatment could be feasible to 

alleviate the side effects and is hoped to improve patient performance during 

chemotherapy. 
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2.5.3.3 Targeting cancer stem cell population 

 Characterized by high CD44+ surface receptor, cancer stem cells are a 

subpopulation of cancer cells sharing similar characteristics as normal stem cells such 

as self-renewal and multi-lineage differentiation (Ayob and Ramasamy, 2018). The 

cancer stem cells can remain in quiescent and toxic exclusion (efflux). Due to its high 

resistant nature, it represents a crucial player in metastasis and recurrence. 

Challengingly, most of the conventional cancer treatments only target at debulking the 

tumour while leaving behind cancer stem cells which could potentially contribute to 

the cancer recurrence. 

 Promising research outcome reported that γ-tocotrienol could serve as an 

effective agent in targeting prostate cancer stem cell-like population (Luk et al., 2011). 

In addition, γ-tocotrienol inhibited colon and cervical mammospheres and spheres 

formation in a dose-dependent manner (Gu et al., 2015). Further analysis showed that 

γ-tocotrienol targets tyrosine phosphatase SHP2 and causes cell death via RAS/ERK 

pathway (Gu et al., 2015). More recently, δ-tocotrienol was reported to target 

melanoma stem cells (Marzagalli et al., 2018). Gopalan et al. (2013) showed that a 

combination of simvastatin and γ-tocotrienol can eliminate drug resistant breast cancer 

stem-like cells via the suppression of STAT-2 signalling mediators. Another study of 

combining γ-tocotrienol with simvastatin successfully eliminated breast cancer stem-

like cells via the suppression of STAT-3 signalling (Gopalan et al., 2013).  

2.5.3.4 Chemosensitisation  

 By definition, chemosensitisation means a process in which a previously 

ineffective chemotherapeutic drug is enhanced to become effective treatment by 

altering the susceptibility of a tumour. It is a strategy to overcome drug resistance by 
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enhancing the activity of another through the modulation of one or more mechanisms 

of resistance. In fact, using dietary agents to sensitize tumours to the 

chemotherapeutics remains one of the possibilities since natural products render 

attractive properties such as multiple targeting, relatively low toxicity and immediate 

availability (Gupta et al., 2011).  

 One of the promising criteria of opting tocotrienols to combine with 

chemotherapeutic drugs is its ability to chemosensitise the tumour cells to the chemo-

treatment. It was reported that δ-tocotrienol induces chemosesitisation through the 

inhibition of STAT3 pathway in human bladder cancer cell (Ye et al., 2015). In the 

study, bladder cancer cells co-treated with δ-tocotrienol and low-dose gemcitabine 

exhibited an enhanced apoptosis with decreased colony formation capacity and 

induction of Bax, proving that the presence of δ-tocotrienol has potentiated the 

apoptotic effect.  

 Moreover, γ-tocotrienol sensitises gastric cancer to capecitabine in vitro and in 

a xenograft mouse model (Manu et al., 2012). The study showed that γ-tocotrienol 

potentiated the apoptotic effects of capecitabine by inhibiting the activation of NF-B 

and suppressed its regulated gene expressions such as COX-2, cyclin D1, Bcl-2, C-X-

C Motif Chemokine Receptor 4 (CXCR4), VEGF and MMP-9. Additionally, the 

combination of γ-tocotrienol and capecitabine at minimal doses showed an enhanced 

apoptosis.  

 On the other hand, a combination of γ-tocotrienol and celecoxib synergistically 

inhibited the growth of neoplastic +SA mouse mammary epithelial cells mediated by 

COX-2-dependent mechanism (Shirode and Sylvester, 2011). The combination 

resulted in a significant reduction of COX-2 expression as compared to either agent 
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alone, suggesting COX-2 could be a factor of sensitising the cancer cells to cancer 

drugs.  

 Combination of γ-tocotrienol and statin treatments synergistically acted on 

anti-proliferative mechanism with a large reduction in MAPK, JNK, p38 and Akt 

intracellular levels (Wali and Sylvester, 2007). Triple combination study of 

atorvastatin, γ-tocotrienol and celecoxib also showed that human colon cancer HT29 

and HCT116 exhibited a synergism via the induction of G0/G1 phase cell cycle arrest 

and apoptosis (Yang et al., 2010).  

 Taken together, these evidences have suggested that tocotrienols could be a 

chemosensitiser to cancer drugs via various mechanisms including STAT3, NF-κB, 

COX-2, MAPK, JNK, and p38 signalling pathways. Notably, while many studies have 

reported the benefits of γ-tocotrienol combined treatments, only a few studies were 

reported in δ-tocotrienol (Table 2.6). The anti-cancer effect of δ-tocotrienol is 

comparable to even more potent that γ-tocotrienol (Husain et al., 2019; Kaneko et al., 

2018; Nesaretnam et al., 2012; Pierpaoli et al., 2010). Therefore, this underlines the 

importance of the study on the unexplored potential of δ-tocotrienol in the combined 

treatments of current research. 

2.5.4 Challenges of tocotrienols  

 Despite the promising anti-cancer effects of tocotrienols, poor oral 

bioavailability remains the main hurdle which limits the therapeutic efficacy in vivo. 

The initial tissue distribution via α-tocopherol transfer protein (α-TPP) in the liver 

represents the major obstacle (Aykin-Burns et al., 2019; Sen et al., 2006). This hepatic 

protein has a higher affinity for tocopherols than tocotrienols as the unsaturated 

isoprenoid side chains obstruct the binding pocket of α-TPP. The binding affinity of 

α-tocotrienol to α-TTP is 8.5-fold lower than α-tocopherol (Hosomi et al., 1997). The 
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saturable uptake in the transport mechanism within intestine and bloodstream has 

therefore conferred low bioavailability, leading to compromised efficacy and potency 

of tocotrienols via oral intake (Sen et al., 2006).  

 Additionally, it has been widely reported that the administration of high dose 

tocotrienols is a futile manoeuvre due to high metabolic degradation in vivo (Abubakar 

et al., 2018). Prominently, the hypomethylated forms of tocotrienols, i.e., δ-tocotrienol 

and γ-tocotrienol, show the highest cellular metabolism. The high metabolism of 

tocotrienols is associated with the induction of drug metabolizing enzymes, such as 

CYP450 cytochrome and glucuronosyltransferase 1A1 (UGT1A1) as well as the 

induction of multidrug resistance protein-1 (MDR1) via pregame-X-receptor (PXR) 

and steroid and xenobiotic receptor (SXR). These enzymes appear to deliver positive 

cytotoxic effects to cancer cells; however, co-administration of high dose tocotrienols 

with other drugs may potentially interfere the metabolism, thereby affecting the 

therapeutic efficacy of these drugs (Brigelius-Flohé, 2005; Viola et al., 2012; Zhou et 

al., 2004).  

 Based on the above-mentioned challenges, it is plausible to propose that 

synergistic combinations of tocotrienols with other anti-cancer agents at low doses can 

augment the therapeutic efficacy and potency (both bioactives) as well as reduce the 

dose-limiting toxicities (i.e., chemotherapeutic agents). Moreover, a combined 

treatment approach could potentially reduce the risk of developing drug resistance in 

cancer cells. As “one drug one target”-based targeted therapy (e.g., tyrosine kinase 

inhibitors) is inclined to drug resistance (Chen and Zhang, 2015), the combinatorial 

application of tocotrienols that concurrently targets multiple signalling pathways 

deemed a viable approach to effectively eradicate cancer cell population (Melisi et al., 

2013). 
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Table 2.6 Drug combinations studies of tocotrienols. 

Types of 

cancer 

Types of 

tocotrienols 

Combined agents Study cell 

line/ model 

Effects Reference 

Bladder 

Cancer 

δT3 Gemcitabine T24 

5637 

Low concentration of δT3 (25μM) enhanced the anti-

cancer effects of gemcitabine via reducing cell 

growth, increase apoptosis and inhibit STAT3 

activation. 

(Ye et al., 2015) 

Breast 

Cancer 

 

δT3 

 

Curcumin MCF-7 The δT3/curcumin nanoemulsion showed superior 

cytotoxicity, suppressed constitutive NF-κB 

activation and significantly induced apoptosis. 

(Steuber et al., 2016) 

γT3 Docosahexaenoic 

acid (DHA) 

MDA-MB-

231 

SUM 159 

SUM 149 

The combined treatment significantly reduced 

mammosphere formation, upregulated SHP-1 

protein and suppressed STAT3 signalling.  

(Xiong et al., 2016) 

γT3 Oridonin +SA  The combined treatment synergistically induces 

autophagy with suppression Akt/mTOR mitogenic 

signalling and corresponding increase in apoptosis. 

(Tiwari et al., 2015) 

γT3 PPARγ antagonist +SA The anti-cancer effect is associated with a mediated 

through PPAR γ -independent mechanisms via 

downregulation in COX-2, PGDS, and PGD2 

synthesis. 

(Malaviya and 

Sylvester, 2014) 

γT3  Met inhibitor 

(SU11274) 

+SA 

MCF-7 

MDA-MB-

231 

The combined treatment induced synergistic 

inhibition of cell growth, reduction in Akt STAT1/5 

and NFκB activation and suppression of epithelial-

to-mesenchymal transition. 

(Ayoub et al., 2013) 
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γT3 Sesamin +SA 

MCF-7 

MDA-MB-

231 

Combined treatment with sub-effective doses of γT3 

and sesamin was found to induce synergistic anti-

proliferation in a cytostatic, not cytotoxic effect, via 

G1 cell cycle arrest. 

(Akl et al., 2013) 

γT3 PPARγ antagonist 

(GW9662 or 

T0070907) 

MCF7 

MDA-MB-

231 

Combined low-dose treatment of γT3 and PPARγ 

antagonists act synergistically to inhibit cell 

proliferation, mediated through reduction in PPARγ 

expression and corresponding decrease in PI3K/Akt 

mitogenic signalling 

(Malaviya and 

Sylvester, 2014) 

γT3 Simvastatin Doxorubicin 

resistant 

MCF-7 

Tamoxifen 

resistant 

MCF-7 

Combination of simvastatin and γT3 at low doses 

enhanced the suppression of STAT3 signalling via 

the inhibition of mevalonate pathway to eliminate 

cancer stem-like cells. 

(Gopalan et al., 2013) 

γT3 Sesamin +SA The combined treatment of sub-effective doses of 

γT3 and sesamin caused a synergistic inhibition of 

cancer cell growth, which is associated with the 

suppression of EGF-dependent mitogenic signalling. 

 

(Akl et al., 2012) 

γT3 Met inhibitor 

(SU11274) 

+SA Combined treatment with sub-effective doses of γ-

tocotrienol and SU11274 resulted in significant 

inhibition of cancer cells in a cytostatic manner with 

a reduction in Met signalling. 

(Ayoub et al., 2011) 
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γT3 Celecoxib +SA The synergistic anti-cancer effects of combined 

celecoxib and γT3 therapy are mediated by COX-2 

dependent and independent mechanisms. 

(Shirode and 

Sylvester, 2011) 

γT3 Tyrosine kinase 

inhibitor (erlotinib 

or gefitinib) 

+SA Combined treatment with sub-effective doses of 

erlotinib or gefitinib with γT3 significantly inhibited 

the growth and induced apoptosis with a large 

decrease in ErbB3 and ErbB4 receptor level. 

(Bachawal et al., 

2010a) 

γT3 Gefitinib or 

erlotinib 

+SA Combined treatment of γT3 with erlotinib or 

gefitinib prevents ErbB receptor heterodimer 

cooperation and inhibits EGF-dependent mitogenic 

signalling. 

(Bachawal et al., 

2010b) 

γT3 Simvastatin +SA Combined treatment of γT3 with statins induced cell 

cycle arrest in G1 marked by increase p27 and 

decrease in cyclin D1, CDK2, and 

hypophosphorylation of Rb protein. 

(Wali et al., 2009b) 

γT3 Epigallocatechin 

gallate (EGCG) 

and/or resveratrol 

MCF-7 γT3 combined with either EGCG or resveratrol 

caused a significant additive effect in reducing cyclin 

D1 and bcl-2 expression. Functional synergism 

among the three phytochemicals was due to the 

induction of quinone reductase NQO1. 

(Hsieh and Wu, 2008) 

γT3 Simvastatin or 

lovastatin or 

mevastatin 

+SA γT3 with individual statins resulted in a synergistic 

anti-proliferative effect and large decrease in 

intracellular levels of phosphorylated (activated) 

MAPK, JNK, p38, and Akt. 

(Wali and Sylvester, 

2007) 
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 Tocomin® 3-methyladenine 

(3-MA) 

MDA-MB 

231 

The autophagy inhibitor, 3-MA, potentiated the 

apoptosis induced by Tocomin®. 

(Tran et al., 2015) 

TRF Dendritic cell and 

tumour lysate 

In vivo The combined therapy of using dendritic cell (DC) 

and tumour lysate (TL) injections and TRF 

supplementation (DC+TL+TRF) significantly 

inhibited tumour growth and metastasis 

(Abdul-Hafid et al., 

2013) 

Colorectal 

Cancer 

 

δT3 Jerantinine B HT29 Synergistic inhibition of cancer cell growth via 

disruption of the microtubule networks. 

(Abubakar et al., 

2016) 

γT3 Capecitabine In vivo Oral administration of γ-T3 inhibited tumour growth 

and enhanced the anti-tumour efficacy of 

capecitabine indicated by reduced expressions of Ki-

67, cyclin D1, MMP-9, CXCR4, NF-κB/p65, and 

VEGF in the tumour. 

(Prasad et al., 2016) 

γT3 Capecitabine HCT116 γT3 enhanced the anti-cancer effects of capecitabine 

by downregulating survival, proliferation and 

metastasis proteins. 

(Prasad et al., 2016) 

γT3 Atorvastatin 

(ATST) 

HT29 

HCT116 

γT3 and atorvastatin combination caused cell cycle 

arrest and apoptosis via modulation of HMG-CoA 

reductase and small G-protein geranylgeranylation 

(Yang et al., 2010) 

γT3 ATST and 

celocoxib 

HT29 

HCT116 

Triple combination of ATST, γ-TT, and CXIB 

synergistically induced G0/G1 phase cell cycle arrest 

and apoptosis. 

(Yang et al., 2010) 

Gastric 

Cancer 

 

γT3 Capecitabine SNU-5 

MKN45 

SNU-16 

Enhancement of apoptosis when used in 

combination. 

(Manu et al., 2012) 
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γT3 Capecitabine In vivo γT3 potentiated the anti-tumour effects of 

capecitabine in a xenograft gastric cancer model in 

nude mice. The combined treatment effectively 

downregulated various gene products regulated by 

NF-κB 

(Manu et al., 2012) 

Glioblasto

ma 

 

δT3 Jerantinine B U87MG Synergistic inhibition of cancer cell growth and 

upregulation of caspase activities. 

(Abubakar et al., 

2016) 

γT3 Hydroxychavicol 1321N1 

SW1783 

LN18 

Synergistic inhibition of cell proliferation through 

the induction of apoptosis 

(Abdul-Rahman et al., 

2014) 

Leukemia γT3 Lovastatin HL-60 γT3 enhanced the apoptotic effect of lovastatin 

through the down-regulation of GLO1 and HMG-

CoA reductase. 

(Chen et al., 2015) 

Liver 

cancer 

γT3 Doxorubicin or 

paclitaxel 

HepG2 γT3 significantly potentiated the apoptotic effect of 

doxorubicin and paclitaxel in HCC cells 

(Rajendran et al., 

2011) 

T3 mixture Epirubicin 

(nanoparticle) 

In vivo Combined therapy of epirubicin nanoparticles with 

tocotrienols further enhanced apoptosis and reduced 

VEGF level. Tocotrienols provided both anti-tumour 

activity and higher protection against oxidative stress 

and inflammation. 

(Nasr et al., 2014) 

Lung 

Cancer 

δT3 Cisplatin A549 

H1650 

Treatment with a combination of δT3 and cisplatin 

resulted significant inhibition of cell growth, 

migration, invasiveness, and induction of apoptosis, 

as compared to the single agents. 

(Ji et al., 2012) 
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Skin δT3 Lovastatin In vivo δT3 potentiated lovastatin-mediated growth 

suppression. 

(McAnally et al., 

2007) 

Mesotheli

oma 

 

γT3 Atrovastatin or 

simvastatin 

MSTO 

H2452 

Statin + γT3 combination induced greater cell 

growth inhibition more than each single treatment 

via inhibition of mevalonate pathway. 

(Tuerdi et al., 2013) 

TRF Cisplatin H28 Enhanced cytotoxicity by the combination treatment 

which was closely related to the inhibition of 

phosphatidylinositol 3-kinase (PI3K)-AKT 

signalling. 

(Nakashima et al., 

2010) 

Oral 

Cancer 

γT3 Docetaxel B88 γT3 enhanced the chemosensitivity of human oral 

cancer cells to docetaxel through the downregulation 

of the expression of NF-κB-regulated anti-apoptotic 

gene products associated with the inhibition of 

apoptosis. 

(Kani et al., 2013) 

Ovarian 

Cancer 

δT3 

 

Curcumin OVCAR-8 The δT3/curcumin nanoemulsion showed superior 

cytotoxicity, suppressed constitutive NF-κB 

activation and significantly induced apoptosis. 

(Steuber et al., 2016) 

Pancreatic 

Cancer 

δT3 Ferulic acid PANC-1 The combined treatment synergistically inhibit 

cancer cell growth via G1 cell cycle arrest. The 

synergy was associated with increased δT3 cellular 

concentration. 

(Eitsuka et al., 2014) 

δT3 Gemcitabine In vivo δT3 augmented gemcitabine activity with a 

significant suppression of NF-κB activity and the 

expression of NF-κB transcriptional targets. 

(Yap et al., 2010b) 
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δT3 Gemcitabine MiaPaCa-2 

AsPc-1 

δT3 significantly enhanced the efficacy of 

gemcitabine to inhibit pancreatic cancer growth and 

survival via suppression of NF-κB activity and the 

expression of NF-κB transcriptional targets. 

(Husain et al., 2011) 

γT3 Gemcitabine In vivo γT3 potentiated the effects of gemcitabine in 

downregulating the expression of NF-κB–regulated 

gene products with an enhancement of tumour 

apoptosis caspase activation. 

(Kunnumakkara et al., 

2010) 

Prostate 

Cancer 

 

γT3 Polysaccharopepti

de (PSP) 

PC3 The combined treatment induced a drastic activation 

of AMP-activated protein kinase (AMPK) 

accompanied by inactivation of acetyl-CoA 

carboxylase (ACC). 

(Liu et al., 2014) 

γT3 PSP In vivo PSP and γT3 treatments significantly reduced the 

growth of prostate tumour in vivo. 

(Liu et al., 2014) 

γT3 Docetaxel In vivo The combined treatment decreased cell proliferation, 

increased in the rate of cancer cell apoptosis. 

(Yap et al., 2010) 

Note: ACC- acetyl-CoA carboxylase; ALDH- Aldehyde dehydrogenase; AMPK-AMP-activated protein kinase; ATST- atorvastatin; COX-2- 

Cyclooxygenase2; CXB-Celecoxib; DC- dendritic cells; DHA- docosahexanoic acid; EGCG-Epigallocatechin gallate; EGF - Epidermal growth 

factor; G1- Gap1; HMG-CoA- 3-hydroxy-3-methyl-glutaryl-CoA reductase; JNK - Jun amino-terminal kinases; MAPK- Mitogen-activated protein 

kinases; mTOR- mechanistic target of rapamycin; NF-κB- nuclear factor kappa-light-chain-enhancer of activated B cells; NQO1- NAD(P)H 

dehydrogenase quinone 1; PGD2-prostaglandin D2; PGDS -prostaglandin synthase; PI3K -phosphoinositide 3-kinase; PPARγ- Peroxisome 

proliferator-activated receptor gamma; PSP-Polysaccharopeptide; STAT3-Signal transducer and activator of transcription 3; T3- Tocotrienol; TL- 

Tumour lysate; Tocomin- Mixed tocotrineols with tocopherols; TRF- Tocotrienol rich fraction; VEGF- Vascular endothelial growth factor
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3. Chapter Three:  Anti-proliferative and anti-survival effects of individual 

tocotrienols, chemotherapeutic drugs and combined 

treatments on cancer cell lines 

3.1 Introduction 

Chemotherapy remains as one of the most widely used systemic treatments for 

cancers. However, the effectiveness of these drugs is limited by several shortcomings 

such as unspecific killing activity, dose-associated toxicities and development of drug 

resistance by cancer (Alberts et al., 2002; Ayalew Sisay, 2015). Of note, the median 

time to develop a single new cancer drug is around 7.3 years at a median cost of $648.0 

million (Prasad and Mailankody, 2017). Taking the time and capital constraints of 

developing new cancer drugs into consideration, therapeutic options arise from novel 

drugs combination could serve as the most plausible approach and an immediate 

solution to address the critical medical need.  

Despite tremendous development in ‘omics’ technologies that have led to 

identification of aberrant molecular targets in cancers and venture into targeted drugs, 

however, many targeted drugs showed limited efficacy in clinical trials mostly due to 

variability in treatment responses and often rapidly emerging resistance (He et al., 

2018). Hence, immense research attention has been devoted towards multi-targeted 

drugs or drug combinations, which can potentially inhibit the growth of tumour,  

reduce toxicity and resistance of cancers via distinct mechanisms (He et al., 2018; 

Pemovska et al., 2018). In these aspects, tocotrienols appear as a potential candidate 

to be used in combination with chemotherapeutic drugs. The tocotrienols may offer 

several advantages to current chemotherapy regimen due to the cancer-selective, 
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apoptosis-inducing and multi-targeting properties (Aggarwal et al., 2010; Fernandes 

et al., 2010; Sylvester and Shah, 2005; Yap et al., 2008).  

In this chapter, a high-throughput screening (HTS) was performed to study the 

anti-proliferative effects of tocotrienols and chemotherapeutic drugs combinations in 

colorectal, lung and nasopharyngeal cancer cell lines. In a 384-well plate setting, 

arrays of cancer cell lines were seeded and treated concurrently on the same plate, 

enabling minimal plate-to-plate variations which usually occur when a 96-well plate 

format is used. Conventionally, cell viability is estimated based upon the ability of 

cells in reducing the tetrazolium. The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) is one of the most popular tetrazolium reduction assays 

(Riss et al., 2016). One of the major limitations of MTT is interference by tocotrienols, 

which can cause self-reduction of tetrazolium to formazan crystals without the 

presence of cells (Lim et al., 2015). Hence, current HTS employing an adenosine 

triphosphate (ATP)-based luminescence assay to estimate cell viability is deemed 

more suitable. This assay is sensitive (can detect as few as 15 cells/well in the 384-

well format), rapid (minimal incubation time) and less prone to artefact (not affected 

by tocotrienols) (Riss et al., 2016). 

Generally, a drug pharmacological interaction can be classified as synergistic, 

antagonistic or additive. The additive effect must first be identified in order to provide 

a basis for assessing the synergism and antagonism. To further illustrate, a drug 

combination is considered synergy when the combined effect is significantly greater 

than the expected additive effect. On the other hand, antagonism is meant to describe 

the combined effect which is lesser than the additive effect (Tallarida, 2011). This 

project adopted a combination index (CI) calculation based on Loewe additivity model, 

a well-established and widely used method for analysing drug-drug interaction in 
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previous tocotrienol combination studies (Abdul-Rahman et al., 2014; Shirode and 

Sylvester, 2011; Steuber et al., 2016). In addition, isobologram analysis evaluates and 

depicts the nature of interaction of two drugs at a given effect level graphically (Zhao 

et al., 2010). Other informative parameters such as drug reduction index (DRI) and 

selectivity index (SI) further describe the valuable pharmacological impacts in the 

combined treatments. As such, various aspects of the combined treatments can be fully 

explored. 

It was suggested that only certain drugs embracing complementary 

mechanisms of actions would produce a synergistic effect in the combination with 

tocotrienols (Sylvester et al., 2011). Grounding from the available literatures, current 

research has taken additional factors into consideration in determining the synergism 

of the combined treatment. It has been widely reported that tocotrienol isomers display 

differential biopotencies across various types of cancer (Wada, 2009). For instance, 

pure tocotrienol isomers or mixture tocotrienols might lead to diverse reactions in a 

cell. As such, current study involved three pure tocotrienol (T3) isomers, namely alpha 

(α)-, gamma (γ)-, delta (δ)-T3, one T3 mixture of tocotrienol rich fraction (TRF). 

Similarly, different classes of chemotherapeutic drugs possess diverse anti-cancer 

mechanisms which could contribute to different pharmacological interactions. Current 

study incorporated four distinct classes of chemotherapeutic drugs (anthracycline, 

alkylating agent, anti-metabolite and mitotic inhibitor), represented by doxorubicin 

(Dox), cisplatin (Cis), 5-fluorouracil (5FU) and vinblastine (Vin) (reviewed in Section 

2.4.1). These drugs were selected based on the application in existing chemotherapy 

regimens for three of the most commonest cancers in Malaysia, namely lung, 

nasopharyngeal and colorectal cancers (Abdul-Manan et al., 2016).  
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As the ATP-based anti-proliferative assay is a short-term screening assay 

(terminated at 72 hours), the clonogenic assay was employed to study the long-term 

effects on cell survival. The treatments were withdrawn after 72-hour treatment 

followed by a prolonged incubation (1-2 weeks) for assessing the cell ability to 

undergo sufficient proliferation to form colony (Menyhárt et al., 2016). Guided by 

HTS results, the selected combined treatments were subjected to clonogenic assay to 

further evaluate their anti-survival capabilities. 

 In order to elucidate the combinatorial effects of tocotrienols and conventional 

chemotherapeutic drugs, the current study specifically embarked the following 

objectives: 

i. To determine the in vitro anti-proliferative effects (IC50) induced by the 

individual tocotrienols (αT3, γT3, δT3 and TRF) and chemotherapeutic drugs 

(Dox, Cis, 5FU, Vin) on lung (H1299, A549, H23, Calu-1), colorectal (Caco-

2, HCT116, SW48, HCC2998) and nasopharyngeal (SUNE-1, HK-1, TW01, 

CNE-1) cancer cell lines. 

ii. To determine the in vitro anti-proliferative effects (IC50) induced by the 

tocotrienols (δT3 and TRF) and chemotherapeutic drugs (Dox, Cis, 5FU, Vin) 

on lung (H1299, A549, H23, Calu-1) and colorectal (Caco-2, HCT116, SW48, 

HCC2998). 

iii. To identify the types of interaction resulted from the combined treatments in 

term of synergism, additive effect and antagonism by quantitative combination 

index (CI) and qualitative isobologram analyses. 

iv. To determine the dose reduction of chemotherapeutic drugs induced by the 

combined treatments based on dose reduction index (DRI).  
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v. To determine the therapeutic selectivity of the combined treatments via 

selectivity index (SI). 

vi. To evaluate the anti-survival effect (clonogenicity) of selected groups of 

combined treatments on Caco-2 and SW48 colorectal cancer cell lines. 

3.2 Materials and Methods 

 The flowchart below illustrates an overview of the HTS used in the current 

study (Figure 3.1). The half-maximal growth inhibitory concentrations (IC50) for 

tocotrienols (e.g., αT3, γT3-, δT3, TRF) and chemotherapeutic drugs (e.g., Dox, Cis, 

5FU, Vin) were firstly determined. Following that, sub-effective concentrations of 

tocotrienols were combined with varying concentrations of chemotherapeutic drugs, 

the IC50 values were then be determined. The effects of combined treatments were 

evaluated by combination index (CI), dose reduction index (DRI), selectivity index 

(SI) and isobologram based on the previously reported methods (Wali and Sylvester, 

2007). 
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Figure 3.1 Overview of the workflow of high-throughput screening (HTS). 

3.2.1 Preparation of stock solution 

 The tocotrienols and chemotherapeutic drugs used in this chapter were 

prepared according to the manufacturer’s recommendation as enlisted in Table 3.1. 

The constituted stock solutions were kept in -20°C until further use. 

Table 3.1 Preparation of tocotrienols and chemotherapeutic drugs involved in HTS. 

Compound Chemical name Manufacturer Solvent Stock 

concentration 

αT3 Alpha-tocotrienol Davos Life 

Science, 

Singapore 

DMSO 100mM 
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δT3 Delta-tocotrienol Davos Life 

Science, 

Singapore 

DMSO 100mM 

γT3 Gamma-tocotrienol Davos Life 

Science, 

Singapore 

DMSO 100mM 

TRF - Carotech (M) 

Sdn. Bhd, 

Malaysia 

DMSO 100μg/ml 

Dox Doxorubicin 

hydrochloride 

Sigma-

Aldrich, USA 

DMSO 10mM 

Cis cis-

diaminedichloroplatinum 

(II) 

Merck 

Millipore, 

USA 

PBS 100mM 

5FU 2,4-Dihydroxy-5-

fluoropyrimidine 

Merck 

Millipore, 

USA 

DMSO 100mM 

Vin Vinblastine sulphate Merck 

Millipore, 

USA 

DMSO 10mM 

Note: DMSO, dimethyl sulfoxide; PBS, phosphate buffered saline. 

3.2.2 Culture and maintenance of cell lines 

 A total of 15 cell lines (Table 3.2) were cultured in appropriate medium 

conditions (Table 3.3). All cell lines were incubated in a 37°C humidified carbon 

dioxide (CO2) incubator (ESCO Life Sciences, Singapore). Routinely, subculture was 

performed whenever cells reached 80-90% confluence in a 100mm culture dish 

(Corning Life Sciences, USA). Briefly, culture medium was aspirated and added with 

2ml of 0.05% trypsin solution (Corning Life Sciences, USA) to sufficiently cover the 

surface of the culture dish. Then, the cells were returned to the incubator for about 5 

minutes to facilitate cell detachment. Two millilitres of complete medium was added 

to inactivate the trypsin before subjecting the cells to centrifugation at 1,500rpm for 5 

minutes. The cell pellet was resuspended in 2ml of complete medium and an 

appropriate ratio of cells was added into a new 100mm culture dish. 
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Table 3.2 Cell lines that were involved in the current study. 

Lung cancer type Colorectal cancer type Nasopharyngeal cancer 

type 

H1299 

(epidermoid carcinoma) 

HCT116 

(carcinoma) 

HK-1  

(squamous carcinoma) 

A549  

(adenocarcinoma) 

HCC2998  

(carcinoma) 

TW01 

(carcinoma) 

H23  

(adenocarcinoma) 

Caco-2 

(adenocarcinoma) 

SUNE1  

(carcinoma) 

Calu-1  

(epidermoid carcinoma) 

SW48 

(adenocarcinoma) 

CNE-1  

(carcinoma) 

MRC5  

(immortalized fibroblast) 

CCD-841-CoN 

(colon epithelial cells) 

NP460  

(nasopharyngeal 

epithelial cells) 

 

Table 3.3 Culture medium conditions for the respective cell lines. 

Medium Supplement Manufacturer Cell line 

RPMI-1640 10% fetal bovine serum 

(FBS) 

100 units/ml of penicillin 

100 µg/ml of streptomycin 

Corning Life 

Science, USA 

All cell lines 

except those are 

mentioned 

below 

DMEM 10% FBS 

100 units/ml of penicillin 

100 µg/ml of streptomycin 

Thermo Fisher 

Scientific, USA 

Calu-1 

DMEM 20% FBS 

100 units/ml of penicillin 

100 µg/ml of streptomycin 

Thermo Fisher 

Scientific, USA 

CCD-841-CoN 

EpiLife TM 1x EpiLife Defined Growth 

Supplement (EDGS) 

Thermo Fisher 

Scientific, USA 

NP460 

3.2.3 Cell seeding 

 Cells at 70-90% confluence were collected by trypsinisation procedure as 

described in the Section 3.2.2. Then, the cells were counted using Countless II FL 

automated cell counter (Invitrogen, USA). The cells were seeded at a density of 2000 
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cell/well in 20μL in opaque 384 well plates (Thermo Scientific, USA). The plates were 

incubated overnight in a CO2 incubator at 37°C to facilitate cell attachment. 

3.2.4 Experimental treatments 

3.2.4.1 Treatment with individual tocotrienols and chemotherapeutic drugs 

 To determine IC50 based on the dose-response curve, the range of final drug 

concentrations were set within 0.1-100μM for all the compounds. The treatment 

solutions were prepared in 10x higher concentration than that of the final concentration 

in a 96-well plate. All drugs were diluted to which the highest concentration of DMSO 

did not exceed 0.1%. A vehicle control containing DMSO 0.1% was included in the 

assay. On the treatment day, cells were replenished with 18μl/well of appropriate 

serum free medium and kept in the incubator until treatment solution was added. Using 

a multichannel pipette, two microliters of treatment solution (10x) was added into the 

well (containing 18μl of medium) and eventually diluted into the desired final 

concentration (1x). All cancer cells lines were exposed to 72 hours of individual 

compound treatments. This experiment was repeated three times independently (n = 

3).  

3.2.4.2 Treatment with tocotrienols and drugs combination  

 On the treatment day, cells were replenished with appropriate medium 

containing the respective sub-effective concentration of δT3 (10μM) or TRF (5μg/ml). 

Then, treatment solutions containing variable concentrations were added (Table 3.4). 

All cells were exposed to the combined treatments for 72 hours. A total of three 

independent experiments were conducted (n = 3). 
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Table 3.4 Final concentrations of the chemotherapeutic drugs that were combined with 

sub-effective concentrations of δT3 (10μM) or TRF (5μg/ml) in the dilution series 

tested. 

Dox  

(μM) 

Cis  

(μM) 

5FU  

(μM) 

Vin  

(μM) 

100 100 100 10 

50 50 50 1 

10 10 10 0.1 

5 5 5 0.01 

1 1 1 0.001 

0.5 0.5 0.5 0.0001 

0.1 0.1 0.1 0.00001 

1% DMSO 1% PBS 1% DMSO 1% DMSO 

3.2.5 CellTiter-Glo® luminescent cell viability assay 

 CellTitre-Glo® luminescent cell viability assay (Promega, USA) is a method 

of determining the number of viable cells based upon ATP quantification, which 

serves as an indicator of metabolically active cells. In principles, the ATP that is 

contained in viable cells will convert luciferin (present in CellTiter-Glo reagent) to 

oxyluciferin and light (luminescence) with the aid of Ultra-Glo™ rluciferase enzyme 

(present in CellTitre-Glo reagent). The luminescent signal can be measured by a 

luminometer.  

 After 72 hours of either individual or combined treatment, the media were 

removed; and followed by the addition of 40μl of 1x CellTitre-Glo® reagent (Promega, 

USA) into the wells. The plates were gently shaken for 2 minutes to induce cell lysis. 

Then, the plates were subjected to data acquisition using SpectraMax M3 luminometer 

(Molecular Devices, USA). 

3.2.6 Determination of IC50 values 

 Dose-response curves were plotted using Excel 2016 (Microsoft, USA), with 

the x-axis representing the drug concentration (dose) while y-axis representing the cell 

viability (response). A linear equation was fit into data points that span 50% of the cell 
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viability. The IC50 value of each independent experiment was calculated based on the 

equation generated. The IC50 values of three independent experiments were presented 

as mean IC50 ± standard deviation (S.D.) 

3.2.7 Determination of combination, selectivity and drug reduction indices  

 The level of interaction between tocotrienols and chemotherapeutic drugs was 

determined by combination index (CI) and isobologram methods (Wali and Sylvester, 

2007). The CI method is a quantitative representation of pharmacological interaction 

between two drugs. The CI values were calculated at 50% cell growth inhibition, as: 

CI = Tc/T + Dc/D  

where T and D represent IC50 of tocotrienols and chemotherapeutic drugs, respectively; 

Tc and Dc are IC50 of tocotrienols and chemotherapeutic drugs in a combination. 

Based on CI values, the extent of synergism/antagonism was determined. In brief, CI 

values between 0.85 and 0.9 suggest a moderate synergy, whereas those values which 

are in the range of 0.3 to 0.7 indicating a strong synergistic interaction between the 

drugs. CI values in the range of 0.9 to 1.10 suggest a near additive effect (Abdul-

Rahman et al., 2014). CI values beyond 1.10 indicate an antagonistic effect. 

 Additionally, isobologram is a graphical presentation of pharmacological 

interaction of a two-drug combination. The straight line in each isobologram was 

formed by plotting the individual IC50 values of tocotrienols and chemotherapeutic 

drugs on x- and y-axes, respectively. A data point locates on the line suggests an 

additive effect, whereas, below and above the line suggest synergistic and antagonistic 

effects of the combined treatment respectively. 
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 On the other hand, dose reduction index (DRI) values represent fold changes 

of each individual agent in a combination from its alone application at a given effect 

level. The DRI values for chemotherapeutic drugs were calculated as below: 

DRI = D/Dc 

where D represents the drug concentration when is applied individually to kill 50% of 

cancer cells; Dc represents the drug concentration in a combination used to achieve 

the same killing response. 

 Selectivity index (SI) is a parameter that measures the window between 

cytotoxicity towards the cancer cells and normal cells. To quantify this parameter, SI 

was calculated as the average IC50 value in the normal cell line divided by the IC50 

value in the cancer cell lines (Calderón-Montaño et al., 2018), as simplified in the 

equation: 

 SI = IC50 
normal / IC50

cancer 

where ‘normal’ represents normal cell lines and ‘cancer’ represents cancer cell lines. 

3.2.8 Clonogenic assay 

 Clonogenic assay is a gold standard to assess the survival of cancer cells after 

exposure to ionizing radiation or therapeutics (Citrin, 2016). In this study, clonogenic 

assay was performed on selected combinations identified in HTS (Table 3.5). Firstly, 

Caco-2 and SW48 cells were seeded at a density of 800 and 2,000, respectively into 

each well of a 6-well plate followed by overnight incubation to facilitate attachment. 

The cells were exposed to 72 hours of single and combined treatments. Guided by the 

IC50 values obtained from HTS, the combinations with 5FU were performed at 2-fold 

dilution series from respective original concentrations while combinations with Dox 

were performed at 10-fold dilution series. A vehicle control containing the respective 
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amount of DMSO in the drug was included. Then, the medium was removed and 

replenished with complete medium. The cells were allowed to grow for another 7-14 

days to form visible colonies which contained at least 50 cells. Upon colonies 

formation, the culture media were aspirated from 6-well plate and rinsed with 1x PBS. 

Next, 1ml of fixative solution containing methanol and acetic acid (4:1 ratio) was 

added and incubated for 5 minutes. Then, the fixative solution was removed and 2ml 

of 0.5% crystal violet solution was added to the well (LabChem Sdn Bhd, Malaysia) 

for 30 minutes. After that, the crystal violet solution was removed and subjected to 

rinsing under running tap water until purple colonies were visible. The colonies 

formed were enumerated and the percentage of colony formed was calculated based 

on (Colony number of treated cell/ Colony number of vehicle control) x 100%. One 

way analysis of variance (ANOVA) test was followed by Dunnett's multiple 

comparisons to identify the statistical significance levels between the mean 

percentages of treated groups and untreated vehicle control using GraphPad Prism 7 

software (GraphPad Prism, USA). The mean percentage was considered as statistically 

significant if p-value is less than 0.05 (*) or 0.01 (**). 

Table 3.5 Concentrations of selected combined treatments and their respective single 

treatments. 

Treatment groups Final concentration 

Caco-2 SW48 

Vehicle control 1% DMSO (v/v) 1% DMSO (v/v) 

δT3 10μM 10μM 

5FU 3.5μM 18μM 

*δT3 + 5FU 10μM + 3.5μM 10μM + 18μM 

Dox 2μM 1μM 

*δT3 + Dox 10μM + 2μM 10μM + 1μM 

* denotes selected combined treatment groups. 
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3.3 Results 

3.3.1 Anti-proliferative effect of single treatments 

3.3.1.1 IC50 values 

 The individual anti-proliferative effects of αT3, δT3, γT3, TRF, Dox, Cis, 5FU 

and Vin were tested against a panel of lung (H1299, A549, H23, Calu-1), 

nasopharyngeal (SUNE-1, HK-1, TW01, CNE-1) and colorectal (Caco-2, HCT116, 

SW48, HCC2998) cancer cell lines. The normal cell lines in lung (MRC5), 

nasopharyngeal (NP460) and colon (Con-841) were also included. Each respective 

half-maximal inhibitory concentration (IC50), which is a parameter to indicate anti-

proliferative potency (Griffiths and Sundaram, 2011) was then determined. A lower 

IC50 value represents a higher potency.  

 Tocotrienol isomers displayed differential anti-proliferative activities across 

different types of cancers (Table 3.6). Generally, the IC50 ranges of δT3 and γT3 were 

18.46 - 31.24μM and 17.12 - 32.08μM, respectively, demonstrating a similar anti-

proliferative potency to each other. In comparison, the IC50 range of αT3 was higher 

(28.25 - 66.53μM), indicating a lower anti-proliferative potency. The anti-proliferative 

potencies of δT3 and γT3 were higher in colorectal than lung and nasopharyngeal 

cancer cell lines. The specific biopotency orders of tocotrienol isomers for each cell 

line were summarised (Table 3.7).  

Table 3.6 IC50 values of tocotrienols under single treatment on various cell lines. The 

values are presented as mean ± SD, (n = 3). 

Cell line αT3 (µM) δT3 (µM) γT3 (µM) TRF (µg/ml) 

Lung     

MRC5  34.06 ± 4.97 39.68 ± 3.66 40.05 ± 5.99 39.67 ± 5.10 

H1299 47.91 ± 0.04 27.80 ± 2.76 29.20 ± 2.57 27.11 ± 3.02 

A549 50.20 ± 6.37 30.24 ± 0.77 32.08 ± 2.14 27.77 ± 3.08 
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H23 31.60 ± 1.73 28.28 ± 4.18 27.96 ± 1.48 8.97 ± 0.52 

Calu-1 32.91 ± 1.72 31.24 ± 3.10 17.20 ± 9.09 44.96 ± 2.64 

Nasopharyngeal     

NP460 51.52 ± 1.20 32.44 ± 5.62 30.16 ± 0.55 30.25 ± 2.47 

SUNE-1 34.63 ± 8.57 18.46 ± 7.67 17.12 ± 3.85 31.88 ± 3.42 

HK-1 28.25 ± 1.98 25.58 ± 3.14 31.31 ± 0.77 30.56 ± 0.97 

TW01 66.53 ± 3.44 27.40 ± 1.90 25.90 ± 1.36 26.81 ± 2.17 

CNE-1 40.14 ± 4.29 29.51 ± 2.47 31.93 ± 3.45 32.31 ± 1.00 

Colorectal     

Con-841 75.04 ± 2.42 65.76 ± 1.33 48.04 ± 0.98 42.38 ± 1.24 

Caco-2 32.75 ± 2.50 25.46 ± 1.20 20.24 ± 2.90 24.01 ± 1.93 

HCT116 29.44 ± 2.49 25.84 ± 3.64 27.40 ± 2.75 24.22 ± 2.73 

SW48 29.66 ± 3.00 22.78 ± 3.36 18.62 ± 4.81 17.98 ± 0.73 

HCC2998 33.16 ± 1.89 25.03 ± 5.62 23.97 ± 5.99 8.28 ± 0.17 

 

Table 3.7 Biopotency ranking orders of tocotrienols on each cancer cell line. 

Cell line first order second order third 

Lung      

H1299 δ ≈ γ > α 

A549 δ ≈ γ > α 

H23 γ > δ > α 

Calu-1 γ > δ ≈ α 

Nasopharyngeal      

SUNE-1 γ ≈ δ > α 

HK-1 δ ≈ α > γ 

TW01 γ ≈ δ > α 

CNE-1 δ ≈ γ > α 

Colorectal      

Caco-2 γ > δ > α 

HCT116 δ ≈ γ ≈ α 

SW48 γ ≈ δ > α 

HCC2998 γ ≈ δ > α 
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 The chemotherapeutic drugs, Dox and Vin displayed higher anti-proliferative 

potencies (lower IC50 values), ranging from 0.54µM to 8.99µM and from 0.007µM to 

24.8µM, respectively. The IC50 values of Cis ranged from 4.78µM to 56.53µM, which 

potency is considered moderate as compared to 5FU (IC50 values ranged from 8.14µM 

to >100µM) (Table 3.8). 5FU showed differential potencies in the four colorectal cell 

lines, which the potencies were ranked in a descending order (increasing IC50 values) 

as: HCT116 > HCC2998 > Caco-2 > SW48. Similarly, the potencies of Dox and Cis 

on the four lung cancer cell lines were ranked in a descending order (with increasing 

IC50 values) as: H23 > A549 > Calu-1 > H1299. 

Table 3.8 IC50 values of chemotherapeutic drugs under single treatment on various cell 

lines. The values are presented as mean ± SD, (n = 3). 

Cell line Dox (µM) Cis (µM) 5FU (µM) Vin (µM) 

Lung     

MRC5 3.55 ± 2.92 41.69 ± 4.79 >100 7.00 ± 3.60 

H1299 3.35 ± 0.41 46.14 ± 2.90 43.27 ± 6.02 0.064 ± 0.01 

A549 1.73 ± 0.75 22.43 ± 3.76 15.09 ± 0.12 0.39 ± 0.01 

H23 0.66 ± 0.09 20.44 ± 1.25 >100 0.061 ± 0.01 

Calu-1 2.60 ± 0.01 24.28 ± 1.91 >100 24.8 ± 1.44 

Nasopharyngeal     

NP460 29.64 ± 11.68 7.29 ± 1.37 >100 0.08 ± 0.01 

SUNE-1 8.99 ± 0.33 56.53 ± 0.94 >100 1.45 ± 0.11 

HK-1 2.57 ± 0.17 26.82 ± 1.57 59.46 ± 15.36 1.92 ± 0.12 

TW01 0.54 ± 0.068 8.85 ± 6.29 8.14 ± 0.11 0.07 ± 0.02 

CNE-1 0.72 ± 0.054 4.78 ± 1.24 33.96 ± 0.71 0.05 ± 0.00 

Colorectal     

Con-841 34.5 ± 7.64 14.55 ± 0.15 >100 4.68 ± 1.26 

Caco-2 5.67 ± 0.75 24.66 ± 3.23 54.37 ± 0.63 0.07 ± 0.01 

HCT116 1.76 ± 0.45 27.72 ± 1.98 15.70 ± 3.84 0.06 ± 0.01 

SW48 0.73 ± 0.09 24.29 ± 3.93 63.50 ± 8.06 0.007 ± 0.01 
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HCC2998 2.80 ± 0.17 32.76 ± 2.61 21.68 ± 1.39 0.05 ± 0.01 

Note: >100 = beyond tested range          <0.1 = below tested range 

3.3.1.2 SI values 

 SI demonstrates the differential cytotoxicity of a pure compound; the greater 

the index, the more selective the anti-cancer drug is. It was suggested that SI value 

less than 2 indicates general toxicity of a pure compound (Badisa et al., 2009). Hence, 

SI values equal to or greater than 2 were bolded (Table 3.9 & 3.10). Of note, in 

referring Table 3.9, tocotrienols display two-fold selectivity in all colorectal cancer 

cell lines, but only two in lung and none in nasopharyngeal cancer cell lines. In 

particularly, αT3 and δT3 exhibited SI > 2 on all the colorectal cancer lines tested in 

this study, whereas lower selectivity of γT3 and TRF was observed on Caco-2 (SI = 

1.77) and HCT116 colorectal cell lines (SI = 1.75).  

 Based on Table 3.10, the SI values of Dox were above 2 in all tested cancer 

cell lines, except H1299 and Calu-1 lung cancer cell lines. The SI values of Vin were 

remarkably high on all the colorectal cancer cells tested (in a range of SI > 67-670). 

Being the first line chemotherapeutic drug for colorectal cancer, 5FU displayed 

selectivity only on HCT116 (SI = 6.37) and HCC2998 (SI = 4.67) cell lines. On the 

other hand, Cis is the first line chemotherapeutic drug for lung cancer exhibited a 

general selectivity only on H23 cell line (SI = 2.04). 

Table 3.9 SI values of tocotrienol isomers and TRF on various cancer cell lines. 

Cell line αT3 (µM) δT3 (µM) γT3 (µM) TRF (µg/ml) 

Lung     

H1299 0.71 1.43 1.37 1.46 

A549 0.68 1.31 1.25 1.43 

H23 1.08 1.40 1.43 4.42 

Calu-1 1.03 1.27 2.33 0.88 

Nasopharyngeal     
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SUNE-1 1.49 1.76 1.76 0.95 

HK-1 1.82 1.27 0.96 0.99 

TW01 0.77 1.18 1.16 1.13 

CNE-1 1.28 1.10 0.94 0.94 

Colorectal     

Caco-2 2.29 2.58 2.37 1.77 

HCT116 2.55 2.54 1.75 1.75 

SW48 2.53 2.89 2.58 2.36 

HCC2998 2.26 2.63 2.00 5.12 

Note: SI > 2 indicates general selectivity (in bold) 

 

Table 3.10 SI values of chemotherapeutic drugs on various cancer cell lines. 

Cell line Dox (µM) Cis (µM) 5FU (µM) Vin (µM) 

Lung     

H1299 1.06 0.90 2.31 115.63 

A549 2.05 1.86 6.63 18.97 

H23 5.38 2.04 NA 121.31 

Calu-1 1.37 1.72 NA 0.30 

Nasopharyngeal     

SUNE-1 3.30 0.13 NA 0.06 

HK-1 11.53 0.27 1.68 0.04 

TW01 54.89 0.82 12.29 1.14 

CNE-1 41.17 1.53 2.94 1.60 

Colorectal     

Caco-2 6.08 0.59 1.84 67.00 

HCT116 19.60 0.52 6.37 78.17 

SW48 47.26 0.60 1.57 670.00 

HCC2998 12.32 0.44 4.67 93.80 

Note: SI > 2 indicates general selectivity (in bold)  
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3.3.2 Anti-proliferative effect of combined treatments 

3.3.2.1 IC50 values 

The tables below summarise the IC50 values of the combined treatments with 

δT3 (Table 3.11) and TRF (Table 3.12). In lung cancer cell lines, there were a 

consistently higher relative IC50 values of H1299 and Calu-1 when compared to H23 

and A549 across all the combined treatments with δT3 and TRF (Table 3.11 & 3.12). 

The decreasing potencies of the combined treatments in the four lung cancer cell lines 

were ordered as: H23 > A549 > H1299 ≥ Calu-1. Generally, the combined IC50 values 

with δT3 were lower as compared to TRF, signifying a higher potency in δT3. For 

instance, the combined IC50 values of Dox ranged between 0.26 – 3.28μM in δT3, 

which was lower than 0.54 - >10μM in TRF. In Cis, combined treatment with δT3 

showed the lowest IC50 value of 10.23μM versus 23.34μM in TRF. In 5FU, the lowest 

combined IC50 values of δT3 and TRF were 3.35μM and 6.37μM respectively.   

Table 3.11 IC50 values of the combined treatments on selected cancer cell lines.   

Cell line δT3 + Dox δT3 + Cis δT3 + 5FU δT3 + Vin 

Lung     

MRC5 0.83 ± 0.04 19.54 ± 3.61 >100 0.87 ± 0.44 

H1299 3.06 ± 0.38 >100 >100 0.20 ± 0.01 

A549 0.67 ± 0.15 37.39 ± 2.13 67.22 ± 2.01 0.06 ± 0.03 

H23 0.26 ± 0.02 24.83 ± 0.70 49.20 ± 1.73 <0.0001 

Calu-1 3.28 ± 0.14 >100 >100 >100 

Colorectal     

Con-841 43.43 ± 8.25 91.74 ± 2.45 >100 >10 

Caco-2 2.03 ± 0.25 10.23 ± 1.76 3.35 ± 0.22 0.08 ± 0.01 

HCT116 0.93 ± 0.19 35.55 ± 2.25 15.02 ± 0.14 0.73 ± 0.26 

SW48 0.77 ± 0.03 47.50 ± 4.28 17.93 ± 1.81 0.99 ± 0.18 

HCC2998 1.02 ± 0.07 27.64 ± 3.32 27.81 ± 3.97 0.38 ± 0.12 

Note: >100 / >10 = beyond tested range           <0.0001 = below tested range 

Table 3.12 IC50 values of the TRF combined treatments on selected cancer cell lines.   
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Cell line TRF + Dox TRF + Cis TRF + 5FU TRF + Vin 

Lung     

MRC5 3.88 ± 0.12 65.84 ± 11.88 >100 3.12 ± 0.89 

H1299 3.38 ± 0.16 >100 >100 0.15 ± 0.03 

A549 2.03 ± 0.76 34.89 ± 3.95 63.53 ± 5.42 0.067 ± 0.03 

H23 0.54 ± 0.09 28.80 ± 2.03 66.88 ± 15.14 <0.0001 

Calu-1 >10 >100 >100 >10 

Colorectal     

Con-841 12.04 ± 1.31 58.03 ± 18.35 >100 >10 

Caco-2 2.51 ± 0.26 27.63 ± 2.53 >100 0.85 ± 0.02 

HCT116 1.55 ± 0.33 32.45 ± 1.56 6.37 ± 1.47 4.93 ± 1.21 

SW48 2.04 ± 0.71 30.09 ± 3.31 21.41 ± 2.87 2.32 ± 1.69 

HCC2998 2.35 ± 0.25 23.34 ± 0.56 37.88 ± 3.58 0.68 ± 0.34 

Note: >100 / >10 = beyond tested range          <0.0001 = below tested range 

3.3.2.2 CI values 

CI value less than 0.9 indicates a synergism, a range between 0.85 - 1.10 

suggests an additive effect and more than 1.10 designates an antagonism. δT3 + Dox 

combined treatment resulted mostly synergistic interactions in all the cancer cell lines 

tested, except for H1299 (CI = 1.27), Calu-1 (CI =1.58) and SW48 (CI = 1.50) (Table 

3.13). δT3 + Cis combined treatment resulted mostly antagonistic interactions except 

in Caco-2 (CI = 0.81). δT3 + 5FU combined treatment showed synergisms in H23 (CI 

= 0.81), Caco-2 (CI = 0.45) and SW48 (CI = 0.72) cell lines. δT3 + Vin combined 

treatment exhibited synergisms only in A549 (CI = 0.49) and H23 (CI = 0.37) cell 

lines. In total, ten combined treatments involving δT3 were detected with synergistic 

effects. 

  



78 

 

Table 3.13 CI values of δT3 combined treatment on selected cancer cell lines. 

Cell lines δT3 + Dox δT3 + Cis δT3 + 5FU δT3 + Vin 

Lung     

H1299 1.27 2.53 2.67 3.53 

A549 0.72* 2.00 3.82 0.49* 

H23 0.75* 1.57 0.85* 0.37* 

Calu-1 1.58 ND 1.32 ND 

Colorectal     

Caco-2 0.75* 0.81* 0.45* 48.20 

HCT116 0.91# 1.67 1.34 12.62 

SW48 1.50 2.39 0.72* 142.07 

HCC2998 0.76* 1.24 1.70 8.01 

Note: *synergistic effect       #additive effect      ND = not determined    

 

 For drugs combination with TRF, fewer synergisms were detected (Table 3.14). 

TRF + Dox combined treatment resulted in a synergism only in Caco-2 (CI = 0.65). 

TRF + Cis combined treatment showed an antagonism in all the cell lines tested. In 

addition, the TRF + 5FU combined treatment showed synergisms in HCT116 (CI = 

0.66) and SW48 (CI = 0.62). TRF + Vin combined treatment demonstrated mostly 

antagonistic interactions, except for A549 (CI = 0.49) and H23 (CI = 0.37). In total, 

there were five combined treatments involving TRF identified with synergistic effects. 

Table 3.14 CI values of TRF combined treatment on selected cancer cell lines. 

Cell lines TRF + Dox TRF + Cis TRF + 5FU TRF + Vin 

Lung     

H1299 1.19 ND ND 2.55 

A549 1.35 1.76 1.65 0.35* 

H23 1.38 1.97 1.23 0.57* 

Calu-1 1.48 ND ND ND 

Colorectal     
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Caco-2 0.65* 1.33 2.05 12.29 

HCT116 1.13 1.53 0.66* 82.38 

SW48 3.09 2.23 0.62* 331.68 

HCC2998 1.36 1.37 2.29 14.10 

Note: *synergistic effect       #additive effect      ND = not determined      

3.3.2.3 Isobologram profiles 

 Herein, the isobologram profiles of combined treatments with δT3 on a panel 

of lung (Figure 3.2) and colorectal (Figure 3.3) cancer cell lines were generated. The 

isobologram profiles of combined treatments with TRF are presented in Figures 3.4 

and 3.5 for lung and colorectal cancer cell lines, respectively. 

 Regardless of types of tocotrienols, there was a collective of ten synergisms 

(below the line of additivity) detected in colorectal cancer cell lines, but only seven 

synergistic effects were found in lung cancer cell lines. When types of tocotrienols 

were taken into consideration, the combined treatments with δT3 (Figures 3.2 & 3.3) 

generated two-fold more synergistic combination (below the line of additivity) than 

that of TRF (Figures 3.4 & 3.5). The combination effects depicted in isobologram in 

fact were consistent to findings generated in the CI findings (as summarised in Tables 

3.15 & 3.16) 
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Figure 3.2 Isobologram profiles of δT3 combined treatments with A, Dox; B, Cis; C, 5FU; D, Vin on lung cancer cell lines. Data points 

appearing below, above and on top of the diagonal line indicate synergistic (), antagonistic () and additive () effects of the 

combined treatments, respectively. ND denotes not determined. 
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Figure 3.3 Isobologram profiles of δT3 combined treatments with A, Dox; B, Cis; C, 5FU; D, Vin on colorectal cancer cell lines. Data 

points appearing below, above and on top of the diagonal line indicate synergistic (), antagonistic () and additive () effects of the 

combined treatments, respectively. ND denotes not determined. 
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Figure 3.4 Isobologram profiles of TRF combined treatments with A, Dox; B, Cis; C, 5FU; D, Vin on lung cancer cell lines. Data points 

appearing below, above and on top of the diagonal line indicate synergistic (), antagonistic () and additive () effects of the 

combined treatments, respectively. ND denotes not determined. 
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Figure 3.5 Isobologram profiles of TRF combined treatments with A, Dox; B, Cis; C, 5FU; D, Vin on colorectal cancer cell lines. Data 

points appearing below, above and on top of the diagonal line indicate synergistic (), antagonistic () and additive () effects of the 

combined treatments, respectively. ND denotes not determined.  
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Table 3.15 A summary of δT3 combination effects on lung and colorectal cancer cell lines. 

Cell lines δT3 + Dox δT3 + Cis δT3 + 5FU δT3 + Vin 

Lung CI Isobologram CI Isobologram CI Isobologram CI Isobologram 

H1299 1.27  2.53  2.67  3.53  

A549 0.72*  2.00  3.82  0.49*  

H23 0.75*  1.57  0.85*  0.37*  

Calu-1 1.58  ND ND 1.32  ND ND 

Colorectal         

Caco-2 0.75*  0.81*  0.45*  48.20  

HCT116 0.91#  1.67  1.34  12.62  

SW48 1.50  2.39  0.72*  142.07  

HCC2998 0.76*  1.24  1.70  8.01  

CI values of <0.9 denote a synergistic effect*; CI values of 0.9-1.10 represent an additive effect#; while CI values of >1.1 represent an 

antagonistic effect; combination effects of isobologram were marked  for synergistic,  for antagonistic and  for additive effects of the 

combined treatments. ND denotes not determined. 
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Table 3.16 A summary of TRF combination effects on lung and colorectal cancer cell lines. 

Cell lines TRF + Dox TRF + Cis TRF + 5FU TRF + Vin 

Lung CI Isobologram CI Isobologram CI Isobologram CI Isobologram 

H1299 1.19  ND ND ND ND 2.55  

A549 1.35  1.76  1.65  0.35*  

H23 1.38  1.97  1.23  0.57*  

Calu-1 1.48  ND ND ND ND ND ND 

Colorectal         

Caco-2 0.65*  1.33  2.05  12.29  

HCT116 1.13  1.53  0.66*  82.38  

SW48 3.09  2.23  0.62*  331.68  

HCC2998 1.36  1.37  2.29  14.10  

CI values of <0.9 denote a synergistic effect*; CI values of 0.9-1.10 represent an additive effect#; while CI values of >1.1 represent an 

antagonistic effect; combination effects of isobologram were marked  for synergistic,  for antagonistic and  for additive effects of the 

combined treatments. ND denotes not determined. 
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3.3.2.4 DRI values 

 DRI measures fold reduction of IC50 in combinations as compared to the 

individual dose to achieve the same therapeutic effect level. DRI equals to 1 indicates 

no dose reduction, whereas DRI >1 or <1 suggests a favourable and unfavourable dose 

reduction, respectively. The IC50 values of δT3 + Dox combined treatment were 

reduced in two lung cancer cell lines (A549 and H23) and two colorectal cancer cell 

lines (Caco-2 and HCC2998) by 2.55 - 2.80 folds. On the other hand, δT3 + 5FU 

combined treatment showed a great concentration reduction of 16.25 and 3.54 folds in 

Caco-2 and SW48 colorectal cancer cells, respectively (Table 3.17). Generally, δT3 + 

Cis displayed poor DRI with only HCC2998 displayed a slight increase of DRI at 1.19. 

δT3 + Vin combined treatment reduced its dose by 6.14 and 61 folds, respectively in 

A549 and H23 lung cancer cell lines. 

 The DRI values of TRF combined treatments were tabulated in Table 3.18. As 

compared to δT3 combinations, the magnitude of dose reduction in combined 

treatment with TRF was smaller, ranging from 1.14 to 5.86 folds. Dox, Cis, 5FU and 

Vin showed the highest reductions of 2.26-fold (Caco-2 cell line), 1.4-fold (HCC2998 

cell line), 2.97-fold (SW48 cell line) and 5.86-fold (A549 cell line), respectively when 

combined with TRF. 

Table 3.17 DRI values of δT3 combined treatments on selected cancer cell lines. 

Cell lines δT3 + Dox δT3 + Cis δT3 + 5FU δT3 + Vin 

Lung     

H1299 1.10 0.46 ND 0.32 

A549 2.56 0.60 0.64 6.14 

H23 2.55 0.82 0.39 61.00 

Calu-1 0.79 ND ND ND 

Colorectal     
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Caco-2 2.80 0.89 16.25 0.021 

HCT116 1.90 0.78 1.05 0.082 

SW48 0.95 0.51 3.54 0.0071 

HCC2998 2.76 1.19 0.77 0.13 

Note: ND denotes ‘not determined’ by which the IC50 values of normal cells and 

cancer cells were beyond detection range, hence, it is impossible to estimate the DRI. 

Table 3.18 DRI values of TRF combined treatments on selected cancer cell lines. 

Cell lines TRF + Dox TRF + Cis TRF + 5FU TRF + Vin 

Lung     

H1299 0.99 0.46 ND 0.42 

A549 0.85 0.64 0.68 5.86 

H23 1.21 0.71 0.29 ND 

Calu-1 0.73 ND ND ND 

Colorectal     

Caco-2 2.26 0.89 0.54 0.83 

HCT116 1.14 0.85 2.47 0.01 

SW48 0.36 0.81 2.97 0.01 

HCC2998 1.19 1.40 0.57 0.07 

ND denotes ‘not determined’ by which the IC50 values of normal cells and cancer 

cells were not detected, hence, it is impossible to estimate the DRI. 

3.3.2.5 SI values 

 In terms of SI, combined treatments of δT3 with Dox, Cis and 5FU showed an 

improved selectivity on all the tested colorectal cancer cell lines except HCC2998 

receiving δT3 + 5FU treatment (Table 3.19). Of note, δT3 + Vin did not improve 

selectivity in all the tested colorectal cancer cell lines. In comparison, SI values for 

TRF combined treatments were lesser in terms of the degree of reduction (Table 3.20). 
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Table 3.19 SI values of combined treatments with δT3 on various cancer cell lines. 

Cell line δT3 + Dox δT3 + Cis δT3 + 5FU δT3 + Vin 

Lung     

H1299 0.27 0.20 ND 4.32 

A549 1.23 0.52 1.49 13.71 

H23 3.21 0.79 2.03 ND 

Calu-1 0.25 ND ND ND 

Colorectal     

Caco-2 21.44 ↑ 3.32 ↑ 29.88 ↑ 2.99 

HCT116 46.92 ↑ 2.58 ↑ 6.66 ↑ 13.62 

SW48 56.55 ↑ 1.93 ↑  5.58 ↑ 10.09 

HCC2998 42.74 ↑ 3.32 ↑ 3.60 26.28 

Note: SI > 2 indicates general selectivity (in bold). The improved SI values in 

combined treatments as compared to the individual chemotherapeutic drug treatments 

are marked with ↑. ND denotes ‘not determined’ by which the IC50 values of normal 

or cancer cells were not detected, hence, it is impossible to estimate the SI.  

 

Table 3.20 SI values of combined treatment with TRF on various cancer cell lines. 

Cell line TRF + Dox TRF + Cis TRF + 5FU TRF + Vin 

Lung     

H1299 1.15 0.66 ND 20.77 

A549 1.92 1.89 1.57 46.84 

H23 7.13 ↑ 2.29 1.50 ND 

Calu-1 1.09 0.66 ND ND 

Colorectal     

Caco-2 4.80  2.10 ↑ ND 118.20  ↑ 

HCT116 7.76 1.79 15.70  ↑ 2.03 

SW48 5.88 1.93 4.67  ↑ 4.31 

HCC2998 5.12 2.49 ↑ 2.64 14.73 

SI > 2 indicates general selectivity (in bold). The improved SI values in combined 

treatments as compared to the individual chemotherapeutic drug treatments are 

marked with ↑. ND denotes ‘not determined’ by which the IC50 values of normal or 

cancer cells were not detected, hence, it is impossible to estimate the SI.  
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3.3.3 Anti-survival effect of single and combined treatments  

 The treated cells which retain the capacity to proliferate into visible colonies 

signify the survived cells. Generally, the cells treated by single and combined 

treatments at their original (1x) concentrations showed inhibited clonogenicity 

(Figures 3.6 - 3.9). When serial dilutions were performed, δT3 + 5FU combined 

treatment prominently inhibited colonies formation in Caco-2 (Figure 3.6) and SW48 

(Figure 3.8) cells, as compared to their individual single treatments.  

Caco-2 1x 0.5x 0.25x 

Vehicle control 

   
δT3 

(10μM) 

   

5FU  

(3.5μM) 

   

δT3 + 5FU 

(10μM + 

3.5μM) 

   
Figure 3.6 Representative images of colonies formation of Caco-2 cells at 2-fold 

dilutions of single and combined treatments of δT3 and 5FU.   
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SW48 1x 0.5x 0.25x 

Vehicle control 

   
δT3 

(10μM) 

   
5FU  

(18μM) 

   
δT3 + 5FU  

(10μM + 

18μM) 

   
Figure 3.7 Representative images of colonies formation of SW48 cells at 2-fold 

dilutions of single and combined treatments of δT3 and 5FU. 
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 Likewise, δT3 + Dox combined treatment exhibited a notable effect in 

inhibiting colonies formation in Caco-2 (Figure 3.8) and SW48 (Figure 3.9) cells, as 

compared to their individual treatments alone. 

Caco-2 1x 0.1x 0.01x 

Vehicle control 

   
δT3 

(10μM) 

   
Dox 

(2μM) 

   
δT3 + Dox 

(10μM + 2μM) 

   
Figure 3.8 Representative images of colonies formation of Caco-2 cells at 10-fold 

dilutions of single and combined treatments of δT3 and Dox. 
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SW48 1x 0.1x 0.01x 

Vehicle control 

   

δT3 

(10μM) 

   

Dox 

(1μM) 

   

δT3 + Dox 

(10μM + 1μM) 

   

Figure 3.9 Representative images of colonies formation of SW48 cells at 10-fold 

dilutions of single and combined treatments of δT3 and Dox.  
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 The inhibition of colonies formation induced by δT3 + 5FU combined 

treatment (Figure 3.10) was statistically significant (p < 0.01) over the vehicle control 

in both Caco-2 and SW48 cells. On the other hand, the δT3 + Dox combined treatment 

(Figure 3.11) also induced a significant inhibition of clonogenicity in Caco-2 (p < 0.05) 

and SW48 (p < 0.01) cells, as compared their respective vehicle control. 

 

Figure 3.10 Clonogenic survival percentage after receiving single and combined 

treatments of δT3 and 5FU. Panel A, Caco-2 cells; Panel B, SW48 cells. VC, vehicle 

control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil. * p < 0.05; ** p < 0.01. 

 

Figure 3.11 Clonogenic survival percentage after receiving single and combined 

treatments of δT3 and Dox. Panel A, Caco-2 cells; Panel B, SW48 cells. VC, vehicle 

control; δT3, δ-tocotrienol; Dox, doxorubicin * p < 0.05; ** p < 0.01. 
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3.4 Discussion 

There is a compelling need for affordable, effective and immediate cancer 

therapeutic options. In fact, tocotrienols can offer valuable anti-cancer benefits but the 

therapeutic effects are hindered by low oral bioavailability. Chemotherapeutic drugs 

although is effective when used at high dose, the corresponding side effects and 

toxicities are relatively higher to endure. Hence, the combined treatment of 

tocotrienols and chemotherapeutic drugs at lower doses of their respective effective 

concentrations may offer an augmented therapeutic effectiveness while reducing the 

high dose associated limitations. As such, the current project embarked on elucidating 

the combinatorial effects of tocotrienols and chemotherapeutic drugs as the first 

manoeuvre towards exploring the potential anti-cancer effects in combination.  

In this study, three tocotrienols isomers (i.e., αT3, γT3, δT3), one tocotrienol 

mixture (i.e., TRF), four distinct classes of chemotherapeutic drugs (i.e., Dox, Cis, 

5FU and Vin) and three different types of cancers (i.e., lung, colorectal and 

nasopharyngeal cancers) were involved. Based on the cancer types involved in this 

study, the corresponding chemotherapeutic drugs were carefully selected according to 

existing chemotherapy regimens for lung, nasopharyngeal and colorectal cancers 

(Table 3.21). This selection is to ensure the applicability and reflectivity of current 

work to the actual clinical practice.  

Unlimited proliferation is a predominant characteristic of cancers, hence the 

evaluation of the anti-proliferative potential of anti-cancer candidates is seen as the 

highest priority. To study the anti-proliferative effect, the metabolic status of treated 

cells was determined using an ATP-based assay, namely the CellTitre-Glo® assay. 

This assay is deemed a more sensitive and higher reliability platform as compared to 
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the conventional MTT assay (Menyhárt et al., 2016). In fact, MTT assay should be 

avoided due to the interference by tocotrienols, which will contribute to error in 

estimating the cell viability (Lim et al., 2015). In embracing the trustworthiness of this 

research through selecting an appropriate assay platform, the associated parameters 

such as combination index (CI), drug combination index (DRI) and selectivity index 

(SI) can be generated with higher reliability. Following an affirmative (short-term) 

anti-proliferative effect as suggested by ATP-based assay, clonogenic assay was 

performed to assess the long-term anti-proliferative (or survival) effect of the selected 

combined treatments. 

Table 3.21 Chemotherapeutic drugs used in the existing chemotherapy regimen. 

Cancer type Drugs Acronym 

Lung 

 

Cyclophosphamide, doxorubicin, vincristine CAV 

Cisplatin, vinorelbine NP 

Colorectal  Mitomycin, vinblastine, cisplatin MVP 

5-fluorouracil, folinic acid, oxaliplatin FOLFOX 

5-fluorouracil, leucovorin FL 

5-fluorouracil, folinic acid, irinotecan FOLFIRI 

Nasopharynx  Cisplatin, 5-fluoruracil CF 

 

The IC50 values generated by the CellTitre-Glo® assay infer the potencies of 

anti-cancer agents, in such a way that the lower the IC50 is, the higher the drug potency 

will be and vice versa. On the other hand, high SI also infers a high selectivity for 

cancers over normal cells. Hence, it is imperative to understand the potency and 

selectivity of the individual tocotrienols and chemotherapeutic drugs before 

proceeding into the combination study.  

https://en.wikipedia.org/wiki/Lung_cancer
https://en.wikipedia.org/wiki/Cyclophosphamide
https://en.wikipedia.org/wiki/Doxorubicin
https://en.wikipedia.org/wiki/Vincristine
https://en.wikipedia.org/wiki/Colorectal_cancer
https://en.wikipedia.org/wiki/5-fluorouracil
https://en.wikipedia.org/wiki/Folinic_acid
https://en.wikipedia.org/wiki/Oxaliplatin
https://en.wikipedia.org/wiki/5-fluorouracil
https://en.wikipedia.org/wiki/Folinic_acid
https://en.wikipedia.org/wiki/Oxaliplatin
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Out of the three tocotrienols isomers, current results on the anti-proliferative 

effects demonstrated that δT3 and γT3 were more potent (lower IC50) than αT3 on 

most of the cell lines tested (Table 3.7). In fact, this result is in agreement with many 

previous studies (Constantinou et al., 2009; Parker et al., 1993; Pierpaoli et al., 2010; 

Wada, 2009). For instance, δT3 and γT3 were reported to have stronger anti-cancer 

effects as compared to αT3 and α-tocopherol in HER-2/neu breast cancer cells 

(Pierpaoli et al., 2010). From the structure-function perspective, the stronger anti-

proliferative effects of δT3 and γT3 could be attributed to their hypomethylated 

chroman ring. The decreased methylation in chroman ring therefore allows the 

molecule to be easily incorporated into the cell membrane (Palozza et al., 2006). In 

cancer cells, these hypomethylated forms of tocotrienols showed a higher uptake rate 

(Viola et al., 2012), suggesting a cellular concentration-dependent effect. In addition, 

higher number of hydroxyl groups in the hypomethylated chroman ring rendering a 

greater anti-oxidant capacity and potential interactions with biomolecules (i.e. proteins 

and lipids). As a result, an array of biochemical reactions and signalling routes can be 

triggered. Of note, δT3 and γT3 demonstrated higher potencies in colorectal as 

compared to lung and nasopharyngeal cancer cell lines (Table 3.6). Although the 

underlying reason is currently unknown, it is postulated that the colon cells may have 

better absorption of tocotrienols than lung and nasopharyngeal cancers. 

Apart from tocotrienol isomers, TRF also exhibited a consistent trend to 

tocotrienol isomers in which a greater potency was observed in colorectal cancer cell 

lines than lung and nasopharyngeal cancer cell lines (Table 3.6). Typically, TRF 

contains approximately 70% of αT3, δT3 and γT3 mixtures and 30% of α-tocopherol. 

This anti-proliferative effect could solely be attributed to the tocotrienol mixtures 

contained in TRF as α-tocopherol does not possess anti-cancer properties (Yu et al., 
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2009). The multiple compounds when existing together, could act differently as a new 

bioactive, therefore the potential of TRF is worthwhile to be further explored. 

Moreover, taking the market availability of TRF as an added advantage, it is treasured 

to investigate its potency under combinatorial application with chemotherapeutic 

drugs. 

Other than anti-proliferative potency, selective toxicity is another concern in 

drug discovery. Several lines of evidence reported that tocotrienols display selective 

toxicity towards cancer cells without affecting normal cells (Comitato et al., 2017; Har 

and Keong, 2005; Lim et al., 2014a). Specifically, δT3 and γT3 were accumulated in 

in vivo tumour but not the normal tissue, inferring that selective accumulation of 

tocotrienols is a critical factor for anti-tumour activity (Hiura et al., 2009). In a human 

clinical study, δT3 was proven safe when consumed at 3,200mg per daily intake 

without causing any adverse effect (Mahipal et al., 2016). Additionally, tocotrienols 

had been recognised as Generally Recognised As Safe (GRAS) by FDA (Schauss et 

al., 2008). Current study conformed to previous studies that tocotrienols exhibited a 

varying degree of selectivity, where the IC50 values of normal cells were higher than 

cancer cells (SI > 1) (Table 3.9). However, guided by the general guideline of 

selectivity, SI < 2 is considered as poor selectivity. Tocotrienols appeared to have 

better selectivity (SI > 2) in colorectal cancer cells and lung than nasopharyngeal 

cancers. Despite the anti-proliferative potency of γT3 and δT3 is comparable, the 

selectivity of δT3 is better than γT3. Hence, δT3 was chosen as the combination 

candidate for the subsequent combined treatment study. 

The chemotherapeutic drugs, Dox and Vin exhibited a greater anti-

proliferative potency (lower IC50) than that of Cis and 5FU (Table 3.8). The 
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differential drug potency could be attributed by their respective mechanisms of actions. 

For instance, both Dox and Vin target G2/M phase of the cell cycle by inhibiting DNA 

replication and division machinery, namely the topoisomerase II and tubulin 

respectively (Kumar et al., 2014; Sajó, 1977; Thorn et al., 2011). In contrast, Cis and 

5FU target S-phase of the cell cycle by directly intercalating the DNA to block DNA 

biosynthesis (Dasari and Tchounwou, 2014; Longley et al., 2003). Of note, S-phase 

requires 10-12 hours to complete, which constitutes a relatively larger proportion of a 

cell cycle as compared to M-phase that takes less than an hour to complete in 

mammalian cells (Alberts et al., 2002). As such, it is plausible to speculate that higher 

amount of drugs are needed for incorporation/saturation into DNA (higher abundancy) 

at a longer S-phase, while lower amount of drugs to inhibit the mitosis machinery 

which is effective at a shorter M-phase.  

Based on SI, Dox and Vin appeared superior to Cis and 5FU by displaying 

higher SI (Table 3.10). Due to lower IC50 values of Dox and Vin, the selectivity is 

higher. However, in the actual clinical setting, chemotherapy has been traditionally 

administrated at the maximum tolerated dose to ensure the highest therapeutic 

response, which however has led to toxicity-associated complications and deaths 

(Chan et al., 2016). Hence, it is of importance to reduce an effective dose required yet 

with an increase the therapeutic window. As such, prolonged treatment is feasible to 

ensure complete eradication of cancer cells population. Therefore, these 

considerations have led to subsequent combined treatment experimental design on 

studying the dose reduction and selectivity indices of the chemotherapeutic drugs by 

combinatorial application of δT3 and TRF. 
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Based on the superior anti-proliferative potency and selectivity of single 

treatments as described above, δT3 and TRF were selected as tocotrienol agents to be 

combined with the chemotherapeutic drugs on colorectal and lung cancer cell lines. 

Sub-effective concentrations of δT3 (10μM) and TRF (5μg/ml) lying within IC10-IC20 

were chosen, as suggested by several previous studies (Abdul-Rahman et al., 2014; 

Abubakar et al., 2017, 2016; Shirode and Sylvester, 2011; Tiwari et al., 2015), to 

combine with varying concentrations of chemotherapeutic drugs with an anticipation 

that a low amount of tocotrienol could reduce the required effective concentration and 

improve the cancer selectivity of the chemotherapeutic drugs. 

After combining chemotherapeutic drugs with the sub-effective concentration 

of δT3, a synergism was detected in cancer type-dependent and chemotherapeutic 

drug-dependent manners. In general, δT3 + Dox combined treatment resulted in 

mostly synergistic interaction while δT3 + Cis combined treatment was mostly 

antagonistic (Table 3.13). δT3 + 5FU combined treatment exhibited a strong 

synergism only in colorectal cancer cell lines (Table 3.13). On the other hand, δT3 + 

Vin combined treatment gave rise to synergism only in lung cancer cell lines (Table 

3.13). These cancer types and drug specific effects were similar in TRF combinations.  

The current results suggested that δT3 is more effective than TRF when 

combined with chemotherapeutic drugs. For instance, δT3 combined treatments 

showed a total of ten synergistic interactions on various cancer cell lines (Table 3.15 

& 3.16). In comparison, TRF only resulted in five combined treatments showing 

synergistic effects. TRF contains a mixture of tocotrienols and α-tocopherol, which is 

highly expected to lead to diverse biological and pharmacological responses. 

Therefore, it is difficult to explicate the potential interactions with chemotherapeutic 

drugs. Moreover, the presence of α-tocopherol in TRF could be another reason for 
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reducing the chemosensitising properties. To further illustrate, it was reported that α-

tocopherol blocks the multidrug-resistance-reversal activity of chemosensitising 

agents and preventing the restoration of sensitivity to both Dox and Vin (Van 

Rensburg et al., 1998). Therefore, TRF combinations were not considered for 

subsequent investigations in the current work. 

Serving as the first line chemotherapeutic drug in lung cancer, Dox showed 

synergisms in three lung cancer cell lines. However, these combinations did not 

exhibit a general selectivity (SI<2) (Table 3.19). As such, combined treatments of lung 

cancer cell lines were ruled out from the current work as well. 

Of note, δT3 + 5FU combined treatment resulted synergism in Caco-2 and 

SW48 cells, in which the IC50 values of 5FU were reduced by approximately 16-fold 

and 4-fold, respectively as compared to individual 5FU single treatment (Table 3.17). 

Remarkably, the SI was improved by at least 25-fold and 4-fold (Table 3.19), 

respectively as compared to their individual chemotherapeutic drug treatments (Table 

3.10). Considering the clinical relevance of 5FU for colorectal cancer treatment, these 

combinations warrant a continual investigation. 

Additionally, it was reported that Dox treatment is in fact effective against 

colorectal cancer which can be used clinically provided that the high dose associated 

toxicities are reduced (Sonowal et al., 2017). In the present study, δT3 + Dox 

combined treatment showed dose reduction (Table 3.17) and improved selectivity 

(Table 3.19). Hence, it is prospective to study the potential of δT3 + Dox combined 

treatment as a second line treatment, providing an alternative treatment if the first line 

treatment fails. Although δT3 + Dox combined treatment was identified as an 

antagonistic effect in SW48 cell line (Table 3.13), the combined treatment 
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demonstrated improvement in selectivity therefore it was taken one step further to 

evaluate for its anti-survival effect. Collectively, both δT3 + 5FU and δT3 + Dox 

combined treatments were further investigated in Caco-2 and SW48 cells for exploring 

their feasibility to be used as primary and alternative treatments for colorectal cancer 

which combinations are summarised in Table 3.5. 

Following that, clonogenic assay was performed to study the survival effect of 

Caco-2 and SW48 cell lines after receiving the individual single and combined 

treatments. From the results, it was clearly demonstrated that both the single and 

combined treatments inhibited cell survival, inferring a cytotoxic rather than cytostatic 

effect was exerted (Figures 3.6 – 3.9). In the presence of a cytostatic effect, the treated 

cells may not undergo mitotic death but were temporarily suppressed from 

proliferating. A withdrawal of treatment followed by prolonged incubation in 

complete media should foster the regrowth of cancer cells and establishment of visible 

colonies. On the contrary, the cytotoxic effect renders a reproductive death on the 

treated cancer cells in such a way that they lose their proliferation capacity to form 

colonies. Notably, the cytotoxic effects of the combined treatments were significantly 

stronger even after 4-fold (5FU) and 100-fold (Dox) dilutions (Figures 3.10 & 3.11). 

The cytotoxic effect in fact is seen as a favourable outcome, as a cytostatic effect could 

be easily overcome by cancer and reserves a potential of cancer recurrence. It is 

noteworthy that the combined treatment with tocotrienols were may not necessarily 

cytotoxic, as it was previously reported that combination of γT3 and statins imparting 

a cytostatic but not cytotoxic effect (Sylvester, 2012; Wali and Sylvester, 2007). 

Despite an antagonistic effect was initially suggested for δT3 + Dox combined 

treatment on SW48 cells, the combined treatment could undeniably improve 

cytotoxicity than the individual single treatments, which therefore deserves a further 
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investigation. All together, these combinations (δT3 + 5FU and δT3 + Dox) conferred 

prospective therapeutic outcomes that are worthwhile to be further investigated in the 

subsequent chapters. 

3.5 Conclusion 

 In summary, the current study identified that anti-proliferative potencies of 

tocotrienol isomers are δT3 ≈ γT3 > αT3. In colorectal cancer, δT3 showed a superior 

selectivity, hence it was chosen for the combined treatment study. Combined 

treatments of chemotherapeutic drugs with δT3 are more effective than the 

combinations with TRF. In Caco-2 and SW48 colorectal cancer cell lines, δT3 + 5FU 

remarkably reduced the effective dose of the chemotherapeutic drug by 16-fold and 4-

fold, respectively. This could potentially contribute to the reduction in dose-

association toxicities. In addition, the synergistic combined treatments with improved 

SI as compared to single agent treatment have shown that these combinations were 

cancer-selective. Besides, δT3 + 5FU and δT3 + Dox combined treatments exerted a 

cytotoxic rather than cytostatic effect on Caco-2 and SW48 cell lines. Taken together, 

current work serves as a solid foundation to embark in the subsequent objectives to 

investigate the apoptotic effects and the underlying mechanisms as described in the 

next chapters.  
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4. Chapter Four: Characterisation of cell death responses induced by individual 

and combined treatments of δ-tocotrienol and/or 

chemotherapeutic drugs (5-fluorouracil and doxorubicin) 

4.1 Introduction 

 Green and Evan (2002) proposed that the fundamental alterations for 

transforming a normal cell into a malignant one are through an increase in cell 

proliferation and a decrease in cell death. For instance, cancer drives normal cells 

impervious toward cell death stimuli to be able to undergo uncontrolled cell division. 

Hence, an effective anti-cancer strategy should be able to reverse the perturbed state 

by decreasing proliferation and increasing death in cancer cells (Tham et al., 2019). 

Guided by promising anti-proliferative effects of δ-tocotrienol and 5-fluorouracil (δT3 

+ 5FU) and δ-tocotrienol and doxorubicin (δT3 + Dox) in Caco-2 and SW48 cells as 

described in Chapter Three, current chapter further characterises the cell death 

responses induced by the single and combined treatments.  

 Elimination of cancer cells via activation of cell death programs remains an 

attractive and promising approach in cancer therapy. Generally, there are three forms 

of widely accepted cell death modalities, namely apoptosis, autophagy and necrosis 

(Galluzzi et al., 2007). Depending on the nature of therapeutic interventions and the 

underlying molecular identity of cancer cells, cell death can occur through different 

mechanism(s) leading to differential therapeutic responses.  

 Literatures widely reported that apoptosis is convened as an anti-cancer 

mechanism for δ-tocotrienol (δT3), 5-fluorouracil (5FU) and doxorubicin (Dox) in 

various types of cancer cells such as breast, lung and colon (Loganathan et al., 2013; 

Park et al., 2010; Phutthaphadoong et al., 2012; Xu et al., 2012). Apoptosis, also 

known as type II PCD, is a physiological process of cell death. Morphologically, the 
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manifestation of apoptosis is reflected by cell shrinkage, nuclear chromatin 

condensation (nuclear pyknosis), nuclear fragmentation (karyorrhexis), plasma 

membrane blebbing and/or apoptotic bodies formation (Galluzzi et al., 2018, 2007). 

At biochemical level, externalization of phosphatidylserine (PS) and DNA 

fragmentation are an early and late event of apoptosis, respectively. Collectively, the 

morphological and biochemical assessments are important for characterisation of 

apoptosis, as recommended by the Nomenclature Committee on Cell Death (NCCD) 

(Galluzzi et al., 2018).  

 With reference to the morphological and biochemical criteria of apoptosis, 

current study was designed to encompass the both aspects. Phase-contrast and 

fluorescence microscopies were adopted to assess morphological changes of treated 

cells at 24 hours and with an interval up to 72 hours. Phase-contrast microscopy 

deduces gross morphological changes associated with apoptosis, which include cell 

shrinkage and membrane blebbing. The supplementary 4, 6-Diamidino-2-

phenylindole (DAPI) staining enables observation of nuclear changes while acridine 

orange/propidium iodide (AO/PI) dual staining differentiates apoptosis at different 

stages, namely early/late apoptosis or secondary necrosis. On the other hand, flow 

cytometric detection of PS exposure was conducted to quantify cells undergoing 

apoptosis. In addition, single-cell gel electrophoresis (comet assay) was performed to 

study the DNA damage patterns (i.e., DNA single-stranded or double-stranded breaks) 

caused in the treated cells while cell cycle analysis was conducted to assess potential 

involvement of DNA-damage induced cell cycle arrest. Moreover, sub-G1 population 

detection using flow cytometry was performed to quantify the fragmented DNA, 

which is accepted as a late-stage event of apoptosis.  
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 The apoptosis-inducing capacity and actions of the single and combined 

treatments were equally important in order to decipher the underlying synergistic 

actions. Hence, the respective concentrations of single agents applied in the 

combinations were studied, similar to those previous combined treatment studies 

involving tocotrienols (Bachawal et al., 2010b; Malaviya and Sylvester, 2014; Prasad 

et al., 2016; Shirode and Sylvester, 2011). In fact, assessing and quantifying apoptosis 

at a single time point may underestimate the population of apoptotic cells. Hence, 

experiments were designed and performed in several time points (24-72 hours in this 

study) as cell death is a kinetics process (Queiroz et al., 2014); monitoring the changes 

over an appropriate period of time may help to unveil differential capacity between 

single and combined treatments.  

 A correct identification of cell death modality induced by the treatments is 

crucial for cancer therapy success. Hence, the motivation of the current chapter was to 

study the kinetic cell death responses on Caco-2 and SW48 colorectal cancer cells 

after single (δT3, 5FU, Dox) and combined (δT3 + 5FU and δT3 + Dox) treatments. 

The specific objectives as indicated herein:  

i. To morphologically characterise the cell death response induced by the 

single and combined treatments. 

ii. To quantify apoptosis induced by the single and combined treatments. 

iii. To evaluate the DNA damage profiles induced by the single and 

combined treatments. 

iv. To study the cell cycle profiles induced by the single and combined 

treatments. 

v. To quantify the DNA fragmentation induced by the single and 

combined treatments. 
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4.2 Materials and Methods 

 Generally, the experimental design of current chapter was divided into two 

parts. The cell death morphologies induced by single and combined treatments were 

initially observed under phase-contrast (for unstained cells) and (for DAPI and AO/PI 

stained cells) fluorescence microscopes. Following the confirmation on apoptosis 

induction, a series of apoptosis-related evaluations were performed, including 

Annexin V-FITC/PI apoptosis quantification assay, comet assay, cell cycle analysis 

and sub-G1 assay (Figure 4.1). 
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Figure 4.1 An overview of experiments involved in Chapter Four for characterising 

the induced cell death responses by the single and combined treatments on Caco-2 and 

SW48 cells. 
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4.2.1 Cell seeding and experimental treatment 

 An optimal cell density for 6-well plate (90% confluence by 72 hours) was 

identified and used in the actual experiment. Six-well plate format was used in 

experiments throughout this chapter unless otherwise stated. A total 1.5 x 105 and 3 x 

105 cells/well of the respective Caco-2 and SW48 cells were seeded into 6-well plates 

and incubated overnight to allow cell attachment. Following that, the plates were 

replaced with the treatment media containing single and combined treatments as 

presented (see Table 3.5). Untreated wells containing medium and equivalent amount 

of DMSO were included as a vehicle control.  

4.2.2 Microscopy  

 For more than 150 years, morphological features play a significant role in cell 

death identification (Ziegler and Groscurth, 2004). Using microscopy, cellular and 

nuclear morphologies can be appropriately assessed based on the currently available 

knowledge on cell death. 

4.2.2.1 Phase-contrast 

 Phase-contrast microscopy is an optical microscopy technique that produces 

high-contrast images of transparent (unstained) specimens. It reveals cellular structure 

that is not visible under brightfield microscopy. Hence, it was employed to inspect the 

morphologies of live cells (e.g., adherent/detached, cell size and shape changes). In a 

6-well plate, Caco-2 and SW48 colorectal cancer cells were seeded, treated and cell 

morphologies were captured using the Nikon Eclipse TiU phase-contrast microscope 

(Nikon, Japan) at 100x and 200x magnifications after 24, 48 and 72 hours of treatment. 

4.2.2.2 4′,6-Diamidino-2-phenylindole (DAPI) staining 

  DAPI is a fluorescent stain that preferentially binds to adenine–thymine rich 

region of DNA strands. As a result, blue fluorescence is emitted and visualisation of 
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nuclear changes during apoptosis such as chromatin condensation and nuclear 

fragmentation (Taatjes et al., 2008). The treated cells were fixed in freshly prepared 

3.7% (v/v) formaldehyde (Sigma-Aldrich, USA) for 10 minutes. Next, the cells were 

washed with 1x phosphate buffered saline (PBS) for three times at 5-minute interval 

to remove the fixative. Next, the cells were permeabilised with 0.2% (v/v) Triton-

X100 (Sigma-Aldrich, USA) in PBS for 5 minutes. Subsequently, the cells were 

washed as previously mentioned and stained with 20μg/ml of DAPI in PBS for 5 

minutes. Lastly, the cells were washed with PBS for three times to remove the 

unbound DAPI. The cell images were captured by Axio Observer 7 (Zeiss, Germany) 

with DAPI filter (365/460nm). 

4.2.2.3 Acridine orange (AO) and propidium iodide (PI) dual fluorescent staining 

 AO/PI double stains help to differentiate between viable, apoptotic and 

necrotic cells. Viable cells are stained green by acridine orange; late apoptotic cells 

appear orange and necrotic cells are stained red by propidium iodide. Caco-2 and 

SW48 cells were cultured on sterile gelatin-coated cover slips placed in a 6-well plate 

and subjected to the respective treatments. A 10µl of AO (10µg/ml) and PI (10µg/ml) 

mixture at 1:1 ratio was applied as reported previously (Lim et al., 2014a). Using the 

Nikon Eclipse 80i fluorescence microscope (Nikon, Japan) supplemented with 

appropriate filter for AO (502/525nm) and PI (535/617nm), morphologies of cells 

under single and combined treatments were assessed within 20 minutes at the 

magnification of 200x. 

4.2.3 Single cell gel electrophoresis (comet) 

 Single cell gel electrophoresis or comet assay is commonly used to detect DNA 

damage at single cell level (Olive and Banáth, 2006). Cells are embedded in agarose 

onto a microscope slide and lysed with high salt detergent to obtain nucleoids. Comet 
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assay performed under alkaline condition (pH >13) is capable of detecting DNA 

single-stranded breaks (SSBs); neutral comet predominantly detects DNA double-

stranded DNA breaks (DSBs) (Olive and Banáth, 2006). In the presence of DNA 

breaks, the DNA will migrate away from the nucleoid ‘head’ during gel 

electrophoresis resembling comets. On the other hand, undamaged DNA remains in 

the ‘head’ with little/no tail formation. The slides were visualised using the Nikon 

Eclipse Ti-U fluorescence microscope (Nikon, Japan) upon staining with SYBR™ 

Safe DNA binding fluorescent stain (Invitrogen, USA). The protocol of this assay was 

developed from Olive and Banáth (2006) with slight modifications. 

4.2.3.1 Alkaline comet 

 Caco-2 and SW48 cells were treated for 24, 48 and 72 hours. Thereafter, cells 

were harvested by trypsinisation and washed with PBS. Then, the cells were re-

suspended in 0.5ml PBS. The cell suspensions were mixed with 1% (w/v) low-melting 

agarose at 1:1 ratio and transferred onto a microscopic slide pre-coated with 1% (w/v) 

normal melting agarose. The slides were immersed in alkaline lysis solution [2.5M 

NaCl, 100mM EDTA, 1% sodium lauryl sarcosinate (w/v), 10mM Tris, 0.5% Triton 

X-100 (v/v) and 10% DMSO (v/v)] with pH adjusted to 13 for 2 hours. Following that, 

the slides were equilibrated in alkaline electrophoresis buffer (300mM NaOH, 1 mM 

EDTA, pH 13.5) at 4°C for 20 minutes. The slides were subjected to electrophoresis 

at 20V for 20 minutes. After that, the slides were rinsed with neutralisation buffer 

(0.4M Tris, pH 7.5) for three times. One hundred microliters of diluted (1:10,000) 

SYBR Safe (Thermo Scientific, USA) was dropped onto the slide and incubated for 5 

minutes. The slides were visualised using the fluorescence microscope. Ten images 

were captured at different fields for each slide. At least 50 comets were analysed using 

OpenComet software v1.3.1 (Gyori et al., 2014).  
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4.2.3.2 Neutral comet 

 The single cell suspensions were harvested and embedded in agarose on 

microscope slides as mentioned in the alkaline comet preparation (Section 4.2.3.1). 

Following that, the cells were lysed in neutral lysis buffer [2.5M NaCl, 1% (w/v) N-

lauroylsarcosine sodium, 10mM Na2EDTA (pH 8), 10mM Tris-HC1 (pH 8), 1% (v/v) 

Triton X-100] for 2 hours. Following that, the slides were equilibrated in Tris-Boric 

Acid buffer at 4°C for 20 minutes. The slides were subjected to electrophoresis at 20V 

for 20 minutes. Next, the slides were stained, visualised and analysed similar to 

alkaline comet preparation (Section 4.2.3.1) 

4.2.4 Flow cytometry 

 Flow cytometry is a laser-based technology that can be used to analyse the 

characteristics of cells or particles. Cells stained with fluorochromes are taken by the 

flow cytometer in a stream of fluid to generate a single cell suspension. A laser module 

in the flow cytometer excites the fluorochrome labels and the emitted signals are 

detected by the detectors and converted into digital data for analyses. Hence, it is a 

powerful method for analysis at a single cell level. 

4.2.4.1 Annexin V-fluorescein isothiocyanate (FITC)/PI apoptosis detection assay 

 PS externalisation to the outer leaflet of plasma membrane due to the loss of 

lipid symmetry has been widely recognised as a biochemical hallmark of apoptosis 

(Crowley et al., 2016). Annexin V labelled with fluorescein isothiocyanate (Annexin 

V-FITC) binds specifically to the PS and emits green fluorescence. On the other hand, 

PI membrane impermeant dye stains only dead cells with the compromised plasma 

membrane. Hence, Annexin V-FITC positive cells indicate an early apoptosis, 

Annexin-V FITC/PI positive cells indicate a late apoptosis whereas PI only positive 

cells indicate dead cells. After 24, 48 and 72 hours of treatment, the cells were 
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detached by 0.5ml of 0.05% trypsin (Corning, USA) and centrifuged (Eppendorf, 

Germany) at the speed of 500xg for 5 minutes. The cells were washed with ice-cold 

PBS for twice and re-suspended in 0.1ml of 1x binding buffer (1.4M NaCl and 25mM 

CaCl2, pH 7.4). Then, 5μl of Annexin V-FITC and PI were added into each sample 

respectively. No-stain and single-stained controls (individually with Annexin V-FITC 

or PI) were included for colour compensation purpose. All the stained samples were 

incubated for 10 minutes before subjected to data acquisition using BD Accuri C6 

flow cytometer (BD Biosciences, USA). The data were collected at FL1 channel (for 

FITC) and FL2 channel (for PI) and analysed using BD Accuri C6 software.  

4.2.4.2 Cell cycle analysis   

 The cell cycle consists of two specific and distinct phases: interphase, 

consisting of G1 (Gap 1), S (synthesis), and G2/M (Gap 2/mitosis) phases. Cell cycle 

analysis by flow cytometry quantifies the cell population at different stages of cell 

cycle. The corresponding cellular DNA content of the PI-stained cells is reflected in 

DNA content frequency histogram. 

 Both floating and attached cells were collected at 800xg for 5-minute 

centrifugation. Briefly, cells were washed twice with 1x PBS and fixed in 70% ice-

cold ethanol at -20°C overnight. Subsequently, the cells were suspended in 500µl of 

1x PBS then treated with 0.1mg/ml of RNase A (Nacalai Tesque, Japan) for 15 

minutes at room temperature. Following that, 50µg/ml of PI (Sigma-Aldrich, USA) 

was added and incubated for 30 minutes at 37°C. DNA content was acquired and 

analysed by using BD Accuri C6 flow cytometer (Becton Dickinson, USA). At least 

12,000 events were collected after gated out the doublets.  
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4.2.4.3 Nicoletti (sub-G1) assay 

 Nicoletti and co-workers (1991) developed a modified protocol of cell cycle 

analysis to detect DNA fragmentation. During apoptosis, DNA fragmentation results 

in DNA hypodiploidy owing to the degradation by endonucleases. As a result, nuclei 

of apoptotic cells will contain lesser DNA than the healthy cells. Under PI staining, 

the fragmented DNA gives rise to sub-G1 DNA population and was quantified during 

flow cytometry. The sub-G1 assay was adapted from Riccardi and Nicoletti (2006).  

 Caco-2 and SW48 cells were treated, detached and washed with PBS as 

described previously. After washing with ice-cold PBS, 0.5ml of ice-cold 70% (v/v) 

ethanol was added to re-suspend the cells. The samples were incubated on ice for 30 

minutes. Then, the cells were collected at 800xg of centrifugation and washed twice 

with sub-G1 phosphate-citrate buffer (0.2M Na2HPO4, 0.1M citric acid, pH 7.8). 

Subsequently, the cells were re-suspended in 0.5ml of PBS containing 25μg/ml PI and 

0.1mg/ml RNase A. The cells were incubated at 37°C for 30 minutes to facilitate 

staining. The stained cells were analysed using BD Accuri C6 flow cytometer (BD 

Biosciences, USA). Cells appeared before G1 peak were regarded as sub-G1 fraction.  

4.2.5 Statistical analysis 

 All statistical analyses in this chapter were performed using GraphPad Prism 

7 (GraphPad Software, USA). One way analysis of variance (ANOVA) test was 

followed by Dunnett's multiple comparisons to identify the statistical significance 

levels between the mean values of treated groups and untreated vehicle control. P-

values < 0.0001 (****), p < 0.001 (***) p < 0.01 (**) and p < 0.05 (*) were considered 

as statistically significant.  
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4.3 Results 

4.3.1 Morphological changes of colorectal cancer cells treated with individual single 

and combined treatments 

4.3.1.1 Phase-contrast microscopy 

 Under a phase-contrast microscope, morphological changes of live cells 

including cell size, shape and detachment were observed. Generally, healthy cells 

possessed a defined cell shape and still attached to the surface of cultureware. In 

contrast, stressed cells underwent shrinkage (loss of cell volume), rounding up, 

vacuolisation (vacuole formation in cytoplasm) and eventually detached from the 

surface of cultureware in response to death stimuli.  

 Caco-2 cell micrographs portrayed a time-dependent increase in cell rounding 

and detachment after treatments (Appendices: Figures A4.1 – A4.4). These 

morphologies found the most prominent at 72-hour treatment, were therefore selected 

for representation (Figures 4.2 – 4.5). In Figure 4.2c, it shows that 5FU single 

treatment induced cell detachment as compared to the vehicle control. In comparison, 

the cell detachment occurred in δT3 + 5FU combined treatment (Figure 4.2d) was 

greater than that of the individual single treatments. In SW48 cells, δT3 and 5FU single 

treatments caused cell rounding. In comparison, δT3 + 5FU combined treatment 

(Figure 4.3d) resulted in a substantial rounding and detachment as compared to vehicle 

control and the respective individual single treatments (Figure 4.3a,b,c).  

 On the other hand, δT3 + Dox combined treatment resulted in a prominent cell 

detachment in Caco-2 cells (Figure 4.4d), as compared to vehicle control and the 

respective individual single treatments (Figure 4.4a,b,c). Likewise, enhanced cell 

detachment was observed in SW48 cells receiving δT3 + Dox combined treatment 
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(Figure 4.5d) when compared to the vehicle control and the respective individual 

single treatments (Figure 4.5a,b,c). 

 

Figure 4.2 Representative phase-contrast micrographs of Caco-2 after receiving 72-

hour treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; 

c, 5FU; d, δT3 + 5FU. Magnification at 100x. Scale bar represents 100μm.  
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Figure 4.3 Representative phase-contrast micrographs of SW48 after receiving 72-hour 

treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; c, 5FU; d, δT3 

+ 5FU. Magnification at 100x. Scale bar represents 100μm. 

 

Figure 4.4 Representative phase-contrast micrographs of Caco-2 after receiving 72-

hour treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, 

Dox; d, δT3 + Dox. Magnification at 100x. Scale bar represents 100μm. 
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Figure 4.5 Representative phase-contrast micrographs of SW48 after receiving 72-

hour treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, 

Dox; d, δT3 + Dox. Magnification at 100x. Scale bar represents 100μm. 

 At a higher magnification of 200x, it was observed that δT3 + 5FU combined 

treatment exhibited cell shrinkage in conjunction with cytoplasmic extension in both 

Caco-2 and SW48 cells after receiving 24-hour treatments. After getting 48- and 72-

hour δT3 + 5FU combined treatments, Caco-2 and SW48 exhibited cytoplasmic 

vacuolisation and cell membrane blebbing (Figure 4.6). Similarly, δT3 + Dox 

combined treatment also caused cell shrinkage associated with cytoplasmic extension, 

cytoplasmic vacuolisation and membrane blebbing (Figure 4.7). Taken together, these 

morphological changes suggest an induction of apoptotic cell death. 
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Figure 4.6 Representative phase-contrast micrographs of Caco-2 and SW48 cells receiving δT3 

+ 5FU combined treatment at various time points. Black box, enlarged images; Yellow arrow, 

cytoplasmic extension; black arrow, cytoplasmic vacuolisation; red arrow, membrane blebbing. 

Magnification at 200x. Scale bar represents 10μm. 
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Figure 4.7 Representative phase-contrast micrographs of Caco-2 and SW48 cells receiving δT3 

+ Dox combined treatment at various time points. Black box, enlarged images; Yellow arrow, 

cytoplasmic extension; black arrow, cytoplasmic vacuolisation; red arrow, membrane blebbing. 

Magnification at 200x. Scale bar represents 10μm. 

4.3.1.2 DAPI nuclear staining 

 The DAPI staining was performed after 24-72 hours of treatments (see 

Appendices: Figure A4.5 – A4.8 for the complete time point profiles). For clearer 

presentation, only 48-hour profiles are presented in this section. Under DAPI staining, 

condensed nuclei appeared bright-blue and smaller in size as compared to 

uncondensed nuclei. It showed that single and combined treatments of δT3 and 5FU 
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caused nuclear condensation in Caco-2 after 48-hour treatment. Of note, the combined 

treatment caused an enhanced nuclear fragmentation as compared to the single 

treatments (Figure 4.8). Similarly, δT3 + 5FU combined treatment exhibited both 

nuclear condensation and fragmentation in SW48 cells (Figure 4.9). 

 On the other hand, despite δT3 and Dox single treatments could cause nuclear 

condensation and fragmentation in Caco-2 and SW48, δT3 + Dox combined treatment 

had caused more pronounced changes in nuclei (Figures 4.10 & 4.11).  

Figure 4.8 Representative nuclear morphologies of Caco-2 after receiving 48-hour 

treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; c, 5FU; 

d, δT3 + 5FU. Yellow arrow, nuclear condensation; white arrow, nuclear 

fragmentation; * represents uncondensed nucleus. Scale bar represents 50μm. 
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Figure 4.9 Representative nuclear morphologies of SW48 after receiving 48-hour 

treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; c, 5FU; 

d, δT3 + 5FU. Yellow arrow, nuclear condensation; white arrow, nuclear 

fragmentation. * represents uncondensed nucleus. Scale bar represents 50μm. 

 

Figure 4.10 Representative nuclear morphologies of Caco-2 after receiving 48-hour 

treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, Dox; 

d, δT3 + Dox. Yellow arrow, nuclear condensation; white arrow, nuclear 

fragmentation. * represents uncondensed nucleus. Scale bar represents 50μm. 
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Figure 4.11 Representative nuclear morphologies of SW48 after receiving 48-hour 

treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, Dox; 

d, δT3 + Dox. Yellow arrow, nuclear condensation. * represents uncondensed nucleus.  

Scale bar represents 50μm. 

4.3.1.3 AO/PI staining 

 The AO/PI staining reveals apoptotic changes in treated cells by colour and 

morphology. The control cells displaying green colouration and intact nuclear 

structure indicate their healthy and viable state. In contrast, treated cells exhibited 

bright green (nuclear condensation), demonstrating an early apoptosis phase. The 

orange coloration signifies the presence of late apoptotic cells, meanwhile, a red 

nucleus suggests dead or secondary necrotic cells (Mai et al., 2014). The membrane 

blebbing, which is characterised by spherical and bulky “bubble-like” appearance 

could also be observed.  

 AO/PI profiles demonstrated that all the treatments groups induced early 

apoptosis (bright green condensed nucleus) at 24-hour post treatment and an 

increasing late apoptosis (orange nucleus) after 48-hour treatments on Caco-2 (Figure 
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4.12) and SW48 cells (Figure 4.13). Notably, membrane blebbing was evident in δT3 

+ 5FU and δT3 + Dox combined treatments on SW48 cells (Figure 4.13). These 

observations further conformed to the apoptotic morphological changes as shown in 

phase-contrast and DAPI micrographs.  
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Figure 4.12 Micrographs of Caco-2 under AO/PI staining at various time points after receiving 

treatments. a, vehicle control; b, δT3; c, 5FU; d, δT3 + 5FU; e, Dox; f, δT3 + Dox. Blue arrow, 

condensed nucleus; yellow arrow, dead/secondary necrosis; pink arrow, membrane blebbing. 

Scale bar represents 100μm. 
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Figure 4.13 Micrographs of SW48 under AO/PI staining at various time points after 

receiving treatments. a, vehicle control; b, δT3; c, 5FU; d, δT3 + 5FU; e, Dox; f, δT3 

+ Dox. Blue arrow, condensed nucleus; pink arrow, membrane blebbing; yellow arrow, 

dead/secondary necrosis. Scale bar represents 100μm. 
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4.3.2 Quantitative assessment of apoptosis  

 Morphological profiles demonstrate the presence of apoptosis qualitatively. A 

flow cytometric approach was employed to detect PS externalisation by Annexin V-

FITC and PI to quantify and monitor the progression of apoptosis (Brauchle et al., 

2015). A flow cytometry dot plot presents live cells as Annexin V/PI double negative 

(Annexin V-FITC−/PI−), early apoptotic cells as Annexin V-positive and PI-negative 

(Annexin V-FITC+/PI−), late (end-stage) apoptotic cells as Annexin V/PI double-

positive (Annexin V-FITC+/PI+) (Brauchle et al., 2015). Meanwhile, dead cells are 

Annexin V-negative and PI-positive (Annexin V-FITC−/PI+). Upon receiving single 

and combined treatments, Caco-2 and SW48 cells demonstrated a shift toward early 

apoptosis and/or late apoptosis (Appendix: Figure A4.9), indicating an apoptosis 

induction. The dot plots were analysed and presented in bar graphs in Figures 4.14 & 

4.15. 

 Albeit the induction of apoptosis by δT3 and 5FU single treatments were non- 

significant as compared to the vehicle control after receiving 24-hour treatment, δT3 

+ 5FU combined treatment induced a modest but significant apoptosis in both treated 

cell lines, over their respective vehicle control (p < 0.05) (Figure 4.14). Notably, the 

combined treatment consistently induced higher apoptotic cell populations than 

vehicle control, δT3 and 5FU single treatments throughout the three time points tested 

on Caco-2 and SW48 cells.  

 On the other hand, δT3 + Dox combined treatment induced a significantly 

higher apoptosis (p < 0.0001) in Caco-2 as early as 24 hours after treatment (Figure 

4.15). For SW48, δT3 + Dox combined treatment induced a significant apoptosis (p < 

0.0001) after 48 hours, and was becoming more prominently after 72 hours of 

treatment (Figure 4.15) 
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Figure 4.14 Apoptosis profiles of treated colorectal cancer cells at various time points 

after receiving treatments of δT3, 5FU and the combination. Caco-2 (left); SW48 

(right); A&D, 24-hour post treatment; B&E, 48-hour post treatment; C&F, 72-hour 

post treatment * p < 0.05; *** p < 0.001; **** p < 0.0001. 
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Figure 4.15 Apoptosis profiles of treated colorectal cancer cells at various time points after 

receiving treatments of δT3, Dox and the combination. Caco-2 (left); SW48 (right); A&D, 24-

hour post treatment; B&E, 48-hour post treatment; C&F, 72-hour post treatment. * p < 0.05; 

*** p < 0.001; **** p < 0.0001. 

4.3.3 DNA damage profiles of single and combined treatments 

 DNA single-stranded breaks (SSBs) will cause migration of DNA to form 

‘comet’ appearance in alkaline condition. The percentage of DNA in the tail showed 
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a good linearity to magnitude of DNA damage, hence was chosen as the parameter for 

analysis. It was demonstrated that the combined treatments induced prominent tails in 

earlier time point, hence the 24-hour profiles and analyses were presented in Figures 

4.16 - 4.19 (see Appendices: Figures A4.10 – A4.17 for comet profiles of all time 

points). 

 In Caco-2 cells, δT3 and 5FU single treatments did not induce significant SSBs 

as compared to vehicle control after 24-hour treatment (p > 0.05). Tail formation 

gradually appeared after 48 and 72 hours of δT3 and 5FU single treatments 

(Appendices: Figures A4.10 & A4.11). In comparison, δT3 + 5FU combined treatment 

rapidly induced significant SSBs after 24-hour treatment (p < 0.05) (Figure 4.16). Dox 

single treatment and δT3 + Dox combined treatment also induced significant SSBs 

over the vehicle control (p < 0.05) (Figure 4.16). Notably, δT3 + Dox combined 

treatment displayed an enhanced DNA damage as compared to Dox single treatment. 

 In SW48 cells, the SSBs induced by 5FU single treatment (p < 0.05) and δT3 

+ 5FU combined treatment (p < 0.01) were significantly higher as compared to the 

vehicle control (Figure 4.17). Meanwhile, Dox single and δT3 + Dox combined 

treatments induced significant SSBs over the vehicle control (p < 0.01) (Figure 4.17), 

of which the DNA damage in the combined treatment is higher than Dox single 

treatment. 

 On the other hand, double-stranded breaks (DSBs) will cause migration of 

DNA to form ‘comet’ appearance in a neutral condition. In both cell lines, δT3 and 

5FU single, as well as δT3 + 5FU combined treatments were unable to induce 

significant DSBs (Figure 4.18 & 4.19). However, δT3 + Dox combined treatment 

caused significant DSBs on Caco-2 and SW48 cells (p < 0.05) (Figure 4.18 & 4.19) 
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Figure 4.16 Representative alkaline comet images (A) and analysis of alkaline comet profiles 

(B) of Caco-2 after receiving 24 hours of treatments. i, vehicle control (VC); ii, δT3; iii, 5FU; iv, 

δT3 + 5FU; v, Dox; vi, δT3 + Dox. Scale bar represents 100μm. * p < 0.05. 
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Figure 4.17 Representative alkaline comet images (A) and analysis of alkaline comet profiles 

(B) of SW48 after receiving 24 hours of treatments. i, vehicle control (VC); ii, δT3; iii, 5FU; iv, 

δT3 + 5FU; v, Dox; vi, δT3 + Dox. Scale bar represents 100μm. * p < 0.05; ** p < 0.01.  
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Figure 4.18 Representative neutral comet images (A) and analysis of neutral comet profiles (B) 

of Caco-2 after receiving 24 hours of treatments. i, vehicle control (VC); ii, δT3; iii, 5FU; iv, 

δT3 + 5FU; v, Dox; vi, δT3 + Dox. Scale bar represents 100μm. * p < 0.05. 
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Figure 4.19 Representative neutral comet images (A) and analysis of neutral comet profiles (B) 

of SW48 after receiving 24 hours of treatments. i, vehicle control (VC); ii, δT3; iii, 5FU; iv, δT3 

+ 5FU; v, Dox; vi, δT3 + Dox. Scale bar represents 100μm. * p < 0.05. 
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4.3.4 Cell cycle profiles of single and combined treatments 

 DNA damage induced by cytotoxic agent may halt cell cycle progression, 

leading to cell cycle arrest at various checkpoints. Cell cycle profiling allows the 

determination of cell distribution across various phases, namely G0/G1, S and G2/M. 

The DNA content at post replicative state (G2/M) was found twice higher than cells 

that were at G1 state as conformed to Darzynkiewicz et al. (2010). Meanwhile, the 

DNA content in between G1 and G2/M phases was referred to as S-phase as depicted 

in DNA histograms (see Appendix: Figure A4.18).  

 Cell cycle analyses demonstrated that distributions of cells treated with δT3 

were similar to the vehicle control throughout the study for Caco-2 (Figures 4.20 & 

4.22) and SW48 (Figures 4.21 & 4.23). There was a non-significant increase in G0/G1 

was observed at 48-hour (Caco-2) and 72-hour’s (SW48) profile. Of note, 5FU single 

and δT3 + 5FU combined treatments resulted in a significant S-phase arrest (p < 

0.0001) over vehicle control (Figures 4.20 & 4.21). On the other hand, Dox single and 

δT3 + Dox combined treatments caused a significant G2/M arrest (p < 0.0001) over 

vehicle control on Caco-2 and SW48 cells (Figures 4.22 & 4.23). Notably, the cell 

cycle arrest induced by the individual chemotherapeutic drugs (5FU and Dox) had no 

significant difference as compared to the respective combined treatment with δT3. 
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Figure 4.20 Cell cycle profiles of Caco-2 at various time points after receiving 

treatments of δT3, 5FU and the combination. **** p < 0.0001; n.s., not significant. 
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Figure 4.21 Cell cycle profiles of SW48 at various time points after receiving 

treatments of δT3, 5FU and the combination. ** p < 0.01; n.s., not significant. 
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Figure 4.22 Cell cycle profiles of Caco-2 at various time points after receiving 

treatments of δT3, Dox and the combination. **** p < 0.0001; n.s., not significant. 
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Figure 4.23 Cell cycle profiles of SW48 at various time points after receiving 

treatments of δT3, Dox and the combination. **** p < 0.0001; n.s., not significant. 
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4.3.5 DNA fragmentation effect of single and combined treatments 

 DNA fragmentation is a late stage event of apoptosis (Collins et al., 1997). Due 

to losing a substantial amount of DNA, the fractional DNA appeared as sub-G1 

population, which was located to the left of the G1 peak in a DNA histogram (see 

Appendix: Figure A4.20). 

 Herein, the result demonstrated that δT3 + 5FU combined treatment caused a 

time-dependent increase of nuclear fragmentation in Caco-2 (Figure 4.24) and SW48 

(Figure 4.25). The fragmentation was most prominent after 72-hour treatment. The 

effect was significant against the vehicle control, individual δT3 and 5FU single 

treatments (p < 0.001). 

 On the other hand, combined treatment of δT3 + Dox caused significant DNA 

fragmentation in Caco-2 throughout the study period of 24 hours to 72 hours (p < 

0.001), as compared to the vehicle control and single treatments (Figure 4.26). For 

SW48, δT3 + Dox combined treatment produced a significantly prominent nuclear 

fragmentation (p < 0.001) as compared to the single treatments, at only after 48 hours 

after treatment (Figure 4.27), correspondingly to apoptosis detection. 
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Figure 4.24 Sub-G1 population of treated Caco-2 cells at various time points after receiving 

treatments of δT3, 5FU and the combination. *** p < 0.001; n.s., not significant. 

 

 

Figure 4.25 Sub-G1 population of treated SW48 cells at various time points after receiving 

treatments of δT3, 5FU and the combination. *** p < 0.001; n.s., not significant. 
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Figure 4.26 Sub-G1 population of treated Caco-2 cells at various time points after receiving 

treatments of δT3, Dox and the combination. * p < 0.05; *** p < 0.001; **** p < 0.0001; n.s., 

not significant. 

 

 

Figure 4.27 Sub-G1 population of treated SW48 cells at various time points after receiving 

treatments of δT3, Dox and the combination. * p < 0.05; *** p < 0.001; n.s., not significant. 
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4.4 Discussion  

 Human body maintains homeostasis state by keeping the rate of cell 

proliferation and cell death in the balance. However, the homeostasis is disturbed in 

cancer, leading to an increased proliferation and reduced cell death (Green and Evan, 

2002). Therapeutics that target at reversing the perturbed state leading to decreased 

proliferation and enhanced cell death, may serve as a promising intervention for cancer 

management. Following the determination of anti-proliferative and cytotoxic effects 

of the combined treatments in Chapter Three, current chapter focuses on studying the 

cell death responses induced by the single and combined treatments. Various aspects 

of cell death including type(s) and magnitude of cell death, DNA damage patterns, cell 

cycle arrest profiles and DNA fragmentation percentage were characterised and 

evaluated. Given that the combinations involved in current study are novel, these 

parameters are important to shed a light on cell killing effects of the combined 

treatments.  

 Morphological changes of cells upon treatments exposure were monitored for 

a defined period as a kinetic assessment of the drug-induced responses. Current study 

revealed that the single and combined treatments with 24-hour exposure did not show 

apparent morphological changes in Caco-2 and SW48 cells. Until 48-hour post 

treatment, the cells appeared to experience changes in cell morphologies (i.e., cell 

rounding and detachment), indicating a reflection on cellular stress. These 

morphological changes were the most remarkable after 72-hour treatments, suggesting 

a time-dependent increase of cellular stress (Appendices: Figures A4.1 – A4.4). Hence, 

the selection of study period of 24-72 hours was justifiable for conducting the 

subsequent assays.  



143 

 

 

 In current study, the Caco-2 and SW48 cells receiving single and combined 

treatments were apparently smaller in size, rounded and lost adherence as compared 

to the vehicle control, signifying these cells were undergoing regulated cell death 

(Figures 4.2 – 4.5 ). Primarily, loss of cell volume or cellular shrinkage has been a 

morphological hallmark of apoptosis (Bortner and Cidlowski, 2007). A study 

demonstrated that a reduction in cytoplasmic volume is necessary and sufficient to 

trigger apoptotic cell death in human malignant glioma (Ernest et al., 2008) further 

establish a connection of cell shrinkage to apoptosis. These phenomena could 

potentially associate with ionic regulation of apoptosis. The cells, which are 

committed to apoptosis requires K+ and CI- efflux, leading to cell shrinkage that 

termed apoptotic volume decrease (AVD). As a result, this phenomenon gives rise to 

a round-up morphology for cells pursuing AVD. Eventually, the cells lose contact with 

the neighbouring cells and detach from the extracellular matrix (ECM). On the 

contrary, cells undergoing necrosis will lead to swelling (increase in volume) as a 

result of Na+ efflux, an active response termed necrotic volume increase (NVI) 

(Barros et al., 2001). Based on the critical difference between apoptosis and necrosis, 

the findings shed the prima facie evidence in supporting the presence of apoptosis. 

 It was demonstrated that δT3-treated A549 lung adenocarcinoma appeared 

bright-green in the nucleus due to chromatin condensation, suggesting an early 

apoptosis event as revealed by AO/PI staining (Lim et al., 2014a). In addition, the 

authors also showed that the treated cells underwent membrane blebbing and nuclear 

margination/fragmentation. In addition, with the aid of DAPI staining, it was reported 

that 5FU induced nuclear condensation and fragmentation in HCT116, HT29 and 

LOVO colon cancer cell lines, concluding a significant increment in apoptosis (Das et 

al., 2014). In another study, Dox-treated T24 bladder carcinoma exhibited apoptotic 
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morphologies of chromatin condensation and cytoplasm shrinkage (Mizutani et al., 

1997). In relation to the current study, the single and combined treatments also 

displayed similar apoptotic features of cell shrinkage, membrane blebbing, nuclear 

condensation and fragmentation on Caco-2 and SW48 cells. Hence, the current results 

inevitably confirmed the induction of apoptosis by single and combined treatments. 

 Notably, the combined treatments appeared to induce a higher proportion of 

apoptotic cells when compared to single treatments individually, with greater cellular 

detachment (Figures 4.2 – 4.5), enhanced nuclear chromatin condensation and 

fragmentation (Figures 4.8 – 4.11). Correspondingly, the AO/PI profiles demonstrated 

an enhanced nuclear condensation and/or membrane blebbing (Figures 4.12 & 4.13) 

in the combined treatments. Collectively, these morphological observations therefore 

suggested that δT3 + 5FU and δT3 + Dox combined treatments lead to apoptosis 

enhancement. 

 The results from apoptosis detection demonstrated a corresponding agreement 

to morphological changes, which δT3, 5FU and Dox single treatments induced 

apoptosis increasingly in a time-dependent manner in both Caco-2 and SW48 cells 

(Figures 4.14 & 4.15). Of note, δT3 + 5FU and δT3 + Dox combined treatments 

resulted in elevated apoptosis on Caco-2 and SW48 cells, rendering a more effective 

apoptosis through combinations. The current finding is in agreement with two γ-

tocotrienol (γT3) combination studies on colorectal cancer cells (Prasad et al., 2016; 

Yusof et al., 2015). Of which, a combination of γT3 with 6-gingerol synergistically 

increased apoptosis in HT-29 and SW837 cell lines (Yusof et al., 2015), whereas a 

combination of γT3 and capecitabine prominently increased apoptotic cells in HCT-

116 cell line (Prasad et al., 2016). Notably, the sub-effective concentrations of γT3 

used were 163μM (HT-29), 48μM (SW837) and 25μM (HCT116), which were higher 
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than the 10μM of δT3 used in the current study. Therefore, the current study suggests 

that δT3 may be superior to γT3 to be used in drug combinations to enhance apoptosis 

in colorectal cancer.  

 Other than the kill-more (effective) apoptotic effect of the combined treatments, 

the current study also observed a kill-fast (efficient) apoptotic effect in Caco-2. For 

instance, it is noticeable that δT3 + 5FU and δT3 + Dox combined treatments caused 

a drastic apoptosis increment at earlier time points (i.e., after 48-hour and 24-hour 

treatments, respectively) as compared to the individual single treatments, implying a 

rapid induction of apoptosis in Caco-2 cells. In SW48 cells, the time taken for 

apoptosis induction was longer (after 72-hour treatments) as compared to Caco-2 cells, 

suggesting that SW48 cells are more resistant to apoptosis. This observation could be 

explained by the origin of SW48 (Broder’s Grade IV) which was derived from a 

metastatic site (Abbasi et al., 2012), denoting a more invasive cancer behaviour and 

therefore less prone to apoptosis. In comparison, Caco-2 cell line was established from 

a low-grade tumour (Broder’s Grade II), indicating a less invasive nature (see 

Appendix A7.1). Despite a lower apoptosis susceptibility nature of SW48 cells, an 

augmented apoptotic rate in the combined treatments than that of individual single 

treatments was noted and therefore highlighting the potential apoptosis-enhancing 

properties of the combined treatments. 

 In fact, there is a wide array of external or internal stimuli that can pull the 

apoptotic trigger. DNA damage (generated by toxic agents or cell-cycle checkpoint 

defects) is one of the common factors of apoptosis (Lowe and Lin, 2000). Previous 

studies reported that δT3 induced DSBs in A549 lung adenocarcinoma, U87MG 

neuroblastoma and HT29 colon adenocarcinoma (Abubakar et al., 2016; Lim et al., 

2014a). In addition, Dox and 5FU were widely reported as cytotoxic agents that disturb 
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DNA replication, potentially leading to DNA damage (Adamsen et al., 2011; De 

Angelis et al., 2006; Yang et al., 2014). Hence, studying the DNA damage and cell 

cycle profiles are important to gain insights on actions and targets of the combined 

treatments. 

 For DNA damage detection, comet assay was selected over the terminal 

deoxynucleotidyl transferase dUTP nick end labelling (TUNEL) assay because the 

latter was intended to detect apoptotic cells that undergo extensive DNA degradation 

during the late stages of apoptosis (Kyrylkova et al., 2012). The detection of DNA 

fragmentation by TUNEL assay can be achieved by labelling the 3’hydroxyl termini 

of DSBs generated during apoptosis. In other words, DNA damage generated by SSBs 

is unable to be detected. In contrast, comet assay is more appropriate as it can detect 

both SSBs (alkaline comet) and DSBs (neutral comet) at a single cell level (Collins, 

2004; Pu et al., 2015).  

 The comet profiles demonstrated that δT3 can neither cause a significant SSBs 

nor DSBs after 24-hour treatment, could be due to its sub-effective concentration used 

in the current study. However, an enhanced DNA damage was observed in all the 

combined treatments, suggesting that the application of δT3 in the combination 

sensitises cancer cells to DNA damage induced by chemotherapeutic drugs. From this 

perspective, δT3 may provide an additive role/function for enhancing DNA damage 

in the combination. Notably, 5FU single treatment and δT3 + 5FU combined treatment 

induced only SSBs in both cell lines (Figures 4.16 – 4.19). Whereas, Dox single 

treatment and δT3 + Dox combined treatment generated both SSBs and DSBs in Caco-

2 (Figures 4.16 & 4.18) and SW48 cells (Figures 4.17 & 4.19). These findings 

therefore suggest a chemotherapeutic drug-driven effect in the combined treatments. 
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 Contrary to the previous finding of 5FU’s capacity in generating SSBs and/or 

DSBs breaks (Adamsen et al., 2011), only SSBs were detected in the current study. 

The authors demonstrated a high concentration (380μM, continuously every 4 hours 

up to 24 hours) of 5FU induced DSBs in HCT116 and HCT15 colon cancer cells. 

Additionally, a bolus concentration (500μM, two-fold dilution performed at 4-hour 

interval up to 24 hours) of 5FU induced a sequential induction of SSBs and DSBs in 

HT29 colon cells (Adamsen et al., 2011). This study therefore implies that 5FU’s 

concentration and duration of exposure are the key determinants to DNA damage 

patterns. In comparison, the concentrations of 5FU used in current study were 

considerably lower, i.e., at 3.5μM (Caco-2 cells) and 18μM (SW48 cells). Hence, it is 

plausible to explain that only SSBs were triggered at low 5FU treatment concentration.  

 On the other hand, the SSBs and DSBs generated by Dox single and δT3 + 

Dox combined treatments are likely to be caused by the malfunctioned topoisomerase 

II. During DNA replication, Dox intercalates into DNA and forms a stable complex 

with topoisomerase, leading to the collapse of replication forks. As a result, the stalling 

of replication leaves the DNA backbone broken on the single strand, that can be often 

converted to DSBs (Zhang et al., 2016). Another line of evidence also suggested that 

chemotherapeutic agents that poison topoisomerase II are known to induce persistent 

protein-mediated DSBs (De Campos-Nebel et al., 2010).  

 In the presence of DNA damage, the DNA damage checkpoints will be 

activated, causing a delayed cell cycle progression (namely cell cycle arrest) which is 

awaiting the potential repair to take place (Harrington et al., 1998). In the current study, 

cell cycle profiles revealed that 5FU induced S-phase arrest while Dox induced G2/M 

arrest, as early as 24-hour post treatment. In fact, these findings are aligned with 

several previous studies (Bilim et al., 2000; Focaccetti et al., 2015; Liu et al., 2008). 
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However, δT3 did not induce a prominent G1 phase arrest as suggested by two 

previous studies (Fernandes et al., 2010; Ye et al., 2015), albeit a mild increment at 

G1 phase was observed after 48 hours of treatment in Caco-2 cells. Probably, this is 

due to the application of a sub-effective concentration of δT3 which causes a delayed 

action.  

 In the event of late apoptosis, extensive DNA fragmentation gives rise to 

fractional DNA that appears as ‘sub-G1’ population. From this study, it showed that 

all single and combined treatments caused a time-dependent increase of DNA 

fragmentation. Notably, DNA fragmentation of combined treatments was 

considerably higher as compared to the single treatments individually, inferring an 

enhanced fragmentation caused by combined agents. DNA fragmentation was peaked 

at 72-hour post treatment, coherently suggests that the cells have entered a final demise 

of apoptosis following DNA damages and cell cycle arrests.  

 In fact, literature has suggested DNA damage will induce cell cycle arrest to 

allow repair of mutations before the commencement of DNA replication (Harrington 

et al., 1998). Prolonged DNA damage which is unrepairable will eventually lead to 

apoptosis (Norbury and Zhivotovsky, 2004). Based on the abovementioned findings, 

it is plausible to propose that the combined treatments have exerted an unrepairable 

DNA damage (via SSBs and/or DSBs), thereby leading to a prolonged cell cycle arrest 

which enhances apoptosis with particular weight placed on the late apoptosis DNA 

fragmentation event as illustrated in Figure 4.28. 
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Figure 4.28 A proposed explanation for the chemotherapeutic drug-driven apoptosis 

effects induced by the combined treatments. A, δ-tocotrienol + 5-fluorouracil (δT3 + 

5FU); B, δ-tocotrienol + doxorubicin (δT3 + Dox). 

 The manifestations of stereotypical apoptotic cell death features induced by 

the combined treatments such as DNA cell shrinkage, nuclear condensation, DNA 

fragmentation, blebbing and phosphatidylserine externalization signify a potential 

involvement of a family of cysteine proteases called caspases (Thornberry and 

Lazebnik, 1998). This clue has therefore necessitated an investigation on caspase-

mediated apoptosis.  

 Of note, the combined treatments also induced morphological changes, which 

are not typical features of apoptosis, such as cytoplasmic vacuolisation. Cytoplasmic 

vacuolisation could indicate a cellular stress response. For instance, autophagic 

vacuolisation is a common feature of autophagy involving in the stress adaptive 

response and quality control mechanism (Elmore, 2007; Murrow and Debnath, 2013; 

Ravanan et al., 2017). On the other hand, cell death could possibly be induced by non-

autophagic cytoplasmic vacuolisation. For example, it was reported that curcumin 

induced endoplasmic reticulum stress with cytoplasmic vacuolisation appearance 
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mediated by oxidative stress and was independent of autophagy in prostate cancer cells 

(Lee et al., 2015). Regardless of autophagy or non-autophagy mediated cytoplasmic 

vacuolisation, this observation suggests that the cells treated with combined treatments 

experience a greater cellular stress, which may potentially evoke an additional cell 

death modality other than apoptosis. At this point, the potential involvement of other 

cell death modalities alongside with apoptosis can neither be ruled out nor confirmed, 

which definitely necessitates a further investigation.  

4.5 Conclusion 

 In conclusion, the manifestations of cell shrinkage, nuclear condensation, 

nuclear fragmentation and membrane blebbing upon treatments undoubtedly 

confirmed an induction of apoptosis in Caco-2 and SW48 colorectal cancer cells. δT3 

+ 5FU and δT3 + Dox combined treatments exhibited an enhanced apoptosis. In 

addition, δT3 + 5FU combined treatment only induced SSBs whereas δT3 + Dox 

combined treatment induced both SSBs and DSBs. Of note, the DNA damage induced 

by the combined treatments was higher compared to the individual single treatments. 

5FU single and δT3 + 5FU combined treatments caused S-phase arrest; Dox single 

and δT3 + Dox combined treatments resulted G2/M arrest. DNA fragmentation of all 

treatment groups increased in a time-dependent manner. The DNA fragmentation in 

combined treatments was significantly higher as compared to that of all single 

treatments. Collectively, it is suggested that combined treatments caused an enhanced 

DNA damage, leading to cell cycle arrest and heightened apoptosis. These interesting 

findings have undeniably exhilarated the next elucidation of mechanisms of action on 

these combined treatments. 
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5. Chapter Five: Investigations on underlying pro-apoptotic mechanisms induced 

by individual single and combined treatments of δ-tocotrienol 

and/or chemotherapeutic drugs (5-fluorouracil and doxorubicin) 

5.1 Introduction 

 Previous findings in Chapter Four have demonstrated that single and combined 

treatments manifested apoptosis, by which the apoptotic response induced by 

combined treatments were enhanced. Hence, it was hypothesised that combined 

treatment may differentially regulate the apoptosis pathways. In this regard, 

investigations on the underlying apoptotic mechanisms triggered by the single and 

combined treatments are justifiably necessitated. 

 There are two principal pathways of apoptosis, namely mitochondria-mediated 

(intrinsic), and death receptor-mediated (extrinsic) pathways. As the names suggest, 

intrinsic pathway predominantly originates from mitochondria which cognate internal 

cellular stress to activate apoptosis. Briefly, the intrinsic pathway happens via 

cytochrome c release from mitochondria, which subsequently leads to caspase-9  

activation and thus triggers the downstream signalling of apoptosis (Elmore, 2007; 

Kiraz et al., 2016). Whereas, the extrinsic pathway is stimulated through the 

transmembrane death receptors in response to external stress. The extrinsic pathway 

of apoptosis is principally mediated by membrane-bound death receptors under TNF 

(tumour necrosis factor) receptor superfamily. Upon ligation of death domains to these 

receptors, caspase-8 is activated to trigger mitochondria-mediated pathway, or, 

directly activate the executioner caspases (caspase-3 or -7) (Elmore, 2007; Kiraz et al., 

2016). Hence, caspase-9 and caspase-8 represent an activation of intrinsic and 

extrinsic pathways of apoptosis respectively, which take place at the upstream of 

caspase-3/7 activation. 
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 Previously, it was reported that tocotrienols triggered both caspase-8- and 

caspase-9-dependent apoptosis in different studies (Lim et al., 2014a; Park et al., 2010; 

Sun et al., 2009). Additionally, 5FU was reported to engage a TNF-related apoptosis-

inducing ligand (TRAIL)-death-inducing signalling complex (DISC)-dependent 

extrinsic apoptosis pathway axis as well as caspase-9-dependent apoptosis in colon 

cancer cells (Akpinar et al., 2015; Mhaidat et al., 2014). On the other hand, Dox 

showed altered Bax/Bcl-xL ratio, caspase-9 as well as caspase-8 levels in breast cancer 

cells (Sharifi et al., 2015). Overall, these evidences suggested that there is an equal 

possibility of intrinsic and/or extrinsic pathway(s) engagement. Hence, it is of great 

importance to identify the apoptotic pathways that are triggered by the combined 

treatments in this study. 

 Apoptosis antibody array was adopted as a preliminary approach for 

concurrent detection of pro-apoptotic and anti-apoptotic protein markers to hope for 

shedding a light on the potential mechanisms of action. Guided by strong synergism 

of δT3 + 5FU combined treatment in Caco-2 cells (Table 3.13), this combination was 

taken as a representative to identify the key molecular changes in apoptosis. 

 As suggested by the results obtained in apoptosis array, mitochondria-

mediated apoptosis pathway was firstly studied in both Caco-2 and SW48 cells. To 

ascertain the involvement of mitochondria as a target site, it is of importance to detect 

the mitochondrial membrane permeabilisation (MMP). Current study adopted 

5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolocarbocyanine (JC-1) staining to 

assess the apoptosis-associated mitochondrial membrane potential (ΔΨm) loss, which 

is an indicator of inner mitochondrial permeabilisation. 

 Additionally, mitochondrial outer membrane permeabilisation (MOMP) is 

also a critical event which leads to the release of many important apoptosis inducing 
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molecules. MOMP is triggered by pro-apoptotic B cell lymphoma (Bcl)-2 family 

proteins (e.g., Bax protein), while the integrity of mitochondrial membrane is 

maintained by anti-apoptotic members of Bcl-2 family (e.g., Bcl-2 protein). In cytosol, 

cytochrome c, apoptotic protease activating factor-1 (Apaf-1) and procaspase-9 form 

a complex called apoptosome, resulting in activations of caspase-9 and subsequently 

caspase-3. Therefore, Bax, Bcl-2 and cytochrome c, caspase-9 and caspase-3 were 

studied to identify the activation of mitochondria-mediated apoptosis pathway.  

 Additionally, serving as the endogenous apoptosis inhibitors, the inhibitor of 

apoptosis (IAP) proteins play significant roles in blocking apoptosis. It was previously 

reported that γT3 downregulated the expression of survivin and X-linked inhibitor of 

apoptosis protein (XIAP) in human gastric cancer cells and enhanced by combined 

treatment with capecitabine (Manu et al., 2012), suggesting an apoptosis sensitisation 

effect of the combined treatment. Hence, expressions of IAP proteins, namely XIAP, 

cellular inhibitor of apoptosis protein-1 (cIAP1), survivin and livin were assessed in 

this study.  

 Other than the intrinsic apoptosis pathway, the involvement of the extrinsic 

pathway was also studied by assessing the caspase-8 activation. Caspase-8 is a 

cysteine protease that is important in triggering extrinsic apoptotic signalling pathway 

via death receptors. Unlike caspase-9 which can be activated without proteolytic 

processing (Stennicke et al., 1999), the full activation of caspase-8 however requires 

a two-step proteolytic cleavage to i) separate the large and small subunits and ii) to 

separate the large submit and the prodomain (Chang et al., 2003). Hence, Western 

blotting was performed to assess the cleavage of caspase-8 and its relation to caspase-

3 cleavage at various time points. 
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 Lastly, pharmacological inhibition studies were performed with the aids from 

several chemical compounds to block the function of proteins/events in various 

pathways of interest. As such, the treatment associated pathway/process can be 

identified. In line with this motivation, cyclosporine A was used to block the opening 

of mitochondrial permeability transition pore (MPTP), while caspase-8 and caspase-3 

inhibitors were employed to inhibit the caspase-8 and caspase-3, respectively. In 

addition, a pan-caspase inhibitor was used as a broad spectrum inhibitor to block 

‘general’ caspases, to cross validate the caspase-8 and caspase-3 inhibitions.  

 Overall, it is of importance to delineate the apoptotic mechanisms and 

molecular events in apoptosis of single (δT3, 5FU, Dox) and combined (δT3 + 5FU 

and δT3 + Dox) treatments in Caco-2 and SW48 colorectal cancer cells. Hence, the 

study as described in this chapter specifically aimed: 

i. To identify the changes of apoptosis-related proteins induced by the single and 

combined treatments in the representative Caco-2 cells. 

ii. To assess the changes of ΔΨm on Caco-2 and SW48 cells induced by the single 

and combined treatments. 

iii. To monitor the kinetic changes of mitochondrial pathway-related proteins, 

namely Bcl-2, Bax and cytochrome c in Caco-2 and SW48 cells induced by 

the single and combined treatments. 

iv. To evaluate the changes of IAP proteins in Caco-2 and SW48 cells upon 

receiving the single and combined treatments. 

v. To evaluate the caspase-9, -3 and -8 activities in Caco-2 and SW48 cells 

induced by the single and combined treatments. 

vi. To examine the dependency of caspase enzymes and mitochondrial 

permeability transition for apoptosis in conjunction with the cell death 
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manifestations in Caco-2 and SW48 cells induced by the single and combined 

treatments. 

5.2 Materials and Methods 

 The experimental design of current chapter can be divided into three parts, 

namely screening, mitochondrial pathway study and pathway validation (Figure 5.1). 

Initially, apoptosis array was employed to identify the changes of pro-apoptotic and 

anti-apoptotic proteins upon treatments. Guided by the indication, the mitochondrial 

pathway was investigated by i) assessing the mitochondrial membrane potential 

(ΔΨm), ii) identifying changes of mitochondrial pathway-related proteins and iii) 

caspases activations and level of endogenous caspase inhibitors. Following that, 

pharmacological inhibitors were employed to identify the dependence of 

mitochondrial permeability transition or caspases in determining cell death. 
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Figure 5.1 An overview of experiments involved in Chapter Five for investigating the 

underlying pro-apoptotic mechanisms. Dark blue boxes represent the research 

motivations; light blue boxes represent the approaches taken to address the research 

motivations.  

5.2.1 Apoptosis antibody array  

 The RayBio® G-Series Human Apoptosis Antibody Array used in the current 

study adapted the design principle of sandwich enzyme-linked immunosorbent assay 

(ELISA). Multiple ‘sub-arrays’ containing apoptosis antibodies pre-printed on a 

standard-size microscopic glass slide (75mm x 25mm) were supplied. Briefly, the 

methodical procedures involved non-specific blocking, incubation with samples, 

washing, incubations with biotinylated detection antibodies and fluorophore 

conjugated-streptavidin and lastly, detection using a fluorescence laser scanner.  

 In this study, Caco-2 cells at a density of 1.5 x 105 per well were seeded in 6-

well plates and incubated overnight to allow cell attachment. After that, the culture 

media were removed and supplied with the respective treatment media (see Table 3.5) 
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for 48 hours. Floating cells in the treatment media were harvested and centrifuged at 

500xg for 5 minutes. The attached and floating cells were washed with PBS to remove 

traces of trypsin. One time of lysis buffer supplemented with 1x protease inhibitor 

cocktail (supplied in Human Apoptosis Array G1 kit) was added to the cells 

(RayBiotech, USA). The lysates were centrifuged at 10,000xg for 10 minutes and the 

supernatants were collected. The protein concentration was determined by Bradford 

protein assay (Bio-Rad, USA). Two microliters of protein sample was added to 1ml 

of 1x Bradford reagent in a cuvette. The cuvettes were then subjected to 595nm 

wavelength reading using Lambda 25 UV/Vis Spectrometer (PerkinElmer, Singapore). 

The protein lysates were stored at -80°C until further use. 

 To begin, the array chamber slide (pre-coated with apoptosis antibodies) was 

equilibrated to room temperature and air-dried for an hour. For blocking, as much as 

100μl of 1x blocking buffer was added into each well and incubated at room 

temperature for 30 minutes. Next, the blocking buffer was decanted and added with 

0.5μg of protein samples in appropriate volume into the respective wells. The array 

chamber slide containing samples was incubated overnight at 4°C to facilitate 

hybridisation. Next, the samples were removed and washed five times with 150μl of 

1x Wash Buffer I at room temperature. Following that, the slide was washed twice 

with 150μl of 1x Wash Buffer II at room temperature. Subsequently, each well was 

added with 70μl of Biotin-conjugated Antibody Mix and incubated for 2 hours at room 

temperature. The washing steps involving Wash Buffer I and II were repeated. After 

that, each well was added with 70μl of HiLyte Plus™-conjugated streptavidin. 

Covered with adhesive film to avoid light exposure, the chamber slide was incubated 

for 2 hours at room temperature. Next, the chamber slide was washed with Wash 

Buffer I twice. The slide was then disassembled from the chamber and placed into a 
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50-ml centrifuge tube. Covering with 30ml Wash Buffer I, the slide was gently 

agitated for 10 minutes. Similar washing steps were repeated once using Wash Buffer 

I and II again. Ensuing the washing steps, the slide was rinsed with distilled water 

followed by centrifugation at 180xg for 3 minutes to remove excess water droplets. 

The slide was air-dried for 30 minutes (protected from light). Finally, the slide was 

sent for signal scanning service using a compatible laser scanner (Genomax 

Technologies Pte Ltd, Singapore). 

 The data of apoptosis antibody array were collected from two replicates on 

Caco-2 cells. The results obtained were plotted in histogram in relative intensity unit 

from different treatment groups.  

5.2.2 Mitochondrial membrane potential (ΔΨm) assay 

 JC-1 (5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolocarbocyanine 

iodide) is a potential-dependent fluorochrome which incorporates into mitochondria. 

In healthy cells, JC-1 forms J-aggregates, emitting red fluorescence at 590nm. By 

contrast, JC-1 forms monomers in apoptotic cells exhibiting green fluorescence at 

527nm. Hence, qualitative estimation of ΔΨm changes can be performed with the aid 

from fluorescence microscopy by observing the shift from green to red fluorescence 

in JC-1 (Kroemer et al., 2007; Sivandzade et al., 2019). 

 Caco-2 and SW48 cells were seeded and treated in 6-well plates as previously 

discussed. The ΔΨm assay was conducted as described by Soo et al. (2017). Briefly, 

2ml staining media containing 5μg/ml of JC-1 (Sigma-Aldrich, USA) was added into 

each well and incubated for 30 minutes in a CO2 incubator. Thereafter, the wells were 

washed with PBS twice at 5 minutes each. The cells were viewed under Nikon Ti-U 

fluorescence microscope (Nikon, Japan) with the aids of FITC (485/535nm) and 
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TRITC (590/610nm) filters. At least ten images were captured for each well. The ΔΨm 

assay was conducted every 24 hours up to 72 hours post treatment.  

5.2.3 Caspase activation assays 

 Caspase-Glo® assay systems were employed in this study to measure activities 

of different caspases, namely caspase-9, caspase-8 and caspase-3/7. These systems, 

based on luminescence are less prone to compound interference unlike fluorescent- 

and calorimetric-based assays. In addition, each system offers a simple “add-mix-

measure” workflow. Briefly, addition of the Caspase-Glo® reagent induces cell lysis, 

followed by caspase cleavage of the luminogenic substrate and generation of 

luminescence signal, produced by luciferase. The luminescence signal measured is 

therefore directly proportional to the amount of caspase activity present. 

 A cell number of 2,000 Caco-2 and SW48 cells were seeded in each well of an 

opaque 384-well plate (Thermo Scientific, USA) and incubated overnight for cell 

attachment. After that, the cells were subjected to appropriate single and combined 

treatments (see Table 3.5), followed by 24 and 48 hours of incubation. At each time 

point, cells were terminated with Caspase-Glo® 9 Assay Systems, Caspase-Glo® 3/7 

Assay Systems and Caspase-Glo® 8 Assay Systems (Promega, USA) by adding an 

equal volume of the respective caspase reagent to each sample (1:1). Then, the plates 

were incubated for 30 minutes to induce cell lysis. Next, the luminescence signal was 

measured using SpectraMax® M3 Multi-Mode Microplate Reader (Molecular Devices, 

USA). Three independent experiments were conducted to ensure consistency and 

reproducibility. 

5.2.4 Western blotting technique 

 Western blotting is a crucial technique in cell and molecular biology to identify 

specific proteins from a complex mixture of proteins. Briefly, the extracted proteins 
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are firstly separated by size via electrophoresis, then transferred to a solid support (i.e., 

blotting membrane), followed by the detection of protein band(s) using primary 

antibody that can recognise the specific protein of interest. Lastly, the secondary 

antibody conjugated to an enzyme is added to bind to the primary antibody. When an 

appropriate substrate is added, the chemical reaction takes place and the protein band(s) 

can be visualised or detected. The chemiluminescent signal intensity of the protein 

band is proportional to the amount of protein present in the sample. Inclusion of 

GAPDH as a loading control is important to validate the equal loading of protein 

samples in each well so that protein expression can be interpreted fairly.  

5.2.4.1 Protein harvest and quantification 

 A total of 1.5 x 105 Caco-2 and 3 x 105 SW48 cells were seeded in 6-well plates 

and incubated overnight to allow cell attachment. Following that, the culture media 

were replaced with the treatment media containing individual concentrations of δ-

tocotrienol (δT3), 5-fluorouracil (5FU), doxorubicin (Dox) and the (δT3 + 5FU and 

δT3 + Dox) combinations (see Table 3.5). Floating cells in the treatment media were 

pelleted at 500xg for 5 minutes. Both the attached and floating cells were washed with 

ice-cold PBS to remove traces of trypsin. One hundred fifty microliters of 1% NP40 

(v/v) lysis buffer supplemented with 1x cOmplete™ Protease Inhibitor Cocktail 

(Roche, Switzerland), 1x phosphatase inhibitor 1 and 2 (Sigma-Aldrich, USA), was 

added into each sample in the 6-well plates. The lysis of the cells was facilitated by 

mechanical scrapping. The lysates were collected and centrifuged at 10,000xg for 10 

minutes at 4°C. Following that, the supernatants were collected. The protein 

concentration was determined by Bradford protein assay (Bio-Rad, USA) as 

previously described in Section 5.2.1. The protein lysates were stored at -80°C until 

further use.  
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5.2.4.2 Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 

 Fifty micrograms of protein samples added with 1x sample buffer (see 

Appendix: Table A5.1 for recipe) were subjected to denaturation at 95°C for 5 minutes. 

The samples were loaded into a 4-12% gradient gel (see Appendix: Table A5.2 for 

recipe). Eight microliters of Spectra™ Multicolour Broad Range Protein Ladder 

(Thermo Fisher Scientific, USA) was loaded to serve as a molecular weight marker. 

Then, the polyacrylamide gels were run at a condition of 200V for 45 minutes in 1x 

Tris-Glycine SDS running buffer (see Appendix: Table A5.3 for recipe).  

5.2.4.3 Immunoblotting and immunodetection 

 Initially, each polyvinylidene difluoride (PVDF) membrane (7cm x 8cm) was 

activated in methanol for 2 minutes. Then, extra thick blot absorbent filter papers (Bio-

Rad, USA) and the activated PVDF membrane were equilibrated in 1x transfer buffer 

(see Appendix: Table A5.4 for recipe) for 15 minutes. The gel was sandwiched within 

filter papers and PVDF membrane on the Trans-blot® SD Semi-Dry Transfer Cell 

(Bio-Rad, USA). Next, the proteins on polyacrylamide gel were transferred/blotted 

onto the PVDF membrane (Bio-Rad, USA) at 12V for an hour.  

 Thereafter, the blots were blocked with 5% bovine serum albumin (BSA, w/v) 

dissolved in phosphate buffered saline-Tween 20 (PBST, see Appendix: Table A5.5 

for recipe) for 2 hours. Following that, the blocking buffer was removed and added 

with the respective primary antibodies (Table 5.1) for overnight incubation at 4°C. 

Next, the primary antibodies were removed and washed with PBST for three times at 

5-minute intervals. Then, horseradish peroxidase (HRP)-linked anti-mouse (1: 5,000) 

or anti-rabbit (1: 25,000) secondary antibodies (Bio-Rad, USA) were added to the 

respective blots for 1-hour incubation (Bio-Rad, USA). Lastly, the blots were washed 

thrice with PBST, each for 5 minutes to remove unbound secondary antibodies. The 
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blots were added with 200μl of ECL Select™ Western Blotting Detection Reagent 

(GE Healthcare, USA) and chemiluminescent signals were detected using 

ChemiDoc™ XRS+ Imaging System (Bio-Rad, USA). 

Table 5.1 Various primary antibodies used in the assays described in Chapter Five. 

Primary 

antibody 

Molecular 

weight (kDa) 

Dilution Manufacturer Host species of 

primary 

antibody  

Bcl-2 26 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Bax 21 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Cytochrome c 14 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Pro-caspase-3 35 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Cleaved 

caspase-3 

17, 19 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Pro-caspase-8 57 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Cleaved 

caspase-8 

43, 41, 18 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Survivin 16 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

XIAP 55 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

cIAP1 62 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

Livin 36,34 1:1,000 Cell Signaling 

Technology, USA 

Rabbit 

GAPDH 37 1:2,500 Santa Cruz 

Biotechnology, USA 

Mouse 
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5.2.5 Pharmacological inhibition assays 

 Pharmacological inhibition agents can be used as a research tool to define the 

role or criticality of biomolecules or an event in culminating apoptosis. Herein, 

caspase inhibitors were recruited in this study, which could irreversibly bind to the 

catalytic site of caspase proteases to inhibit apoptosis induction. Meanwhile, 

cyclosporine A is an agent to block the opening of MPTP, which can attenuate 

mitochondrial permeability transition. 

 Approximately 2,000 cells were seeded into each well of 384-well plates and 

incubated overnight for cell attachment. Thereafter, the culture media were removed 

and replenished with fresh media containing the pharmacological inhibitors (Table 

5.2). The inhibitors were pre-incubated for 2 hours prior to drug treatment. Next, 5μl 

of treatment solution was added to the respective wells (see Table 5.3). Cell viability 

was assessed after 24, 48 and 72 hours of treatment using CellTitre-Glo® Luminescent 

Cell Viability Assay (Promega, USA) as previously described in Section 3.2.5 of 

Chapter Three. The cell viability was obtained by normalizing luminescence signal of 

treated samples with an average of luminescence signal of untreated (vehicle) control 

and multiplying by 100%. The experiment was repeated for three times independently. 

Table 5.2 Pharmacological inhibitors used in Chapter Five. 

Inhibitor Peptide sequence Final 

concentration  

Manufacturer 

Caspase-8 Z-IETD-FMK 10μM R&D Systems, USA 

Caspase-3 Z-DEVD-FMK 10μM R&D Systems, USA 

Pan-caspase Z-VAD-FMK 10μM R&D Systems, USA 

Cyclosporine A - 1μM Tocris Bioscience, UK 
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5.2.6 Statistical analyses 

 One-way analysis of variance (ANOVA) was performed in Section 5.2.1 

(apoptosis antibody array) and Section 5.2.3 (caspase-9, caspase-8 and caspase-3 

activations) to compare the differences of means among the experimental groups. 

Turkey’s multiple comparisons test was conducted to identify the statistical 

significance between the treatment groups while Dunnett’s multiple comparisons test 

was performed to identify statistical significance between treated groups and vehicle 

control. 

 Two-way ANOVA was performed to compare the differences of means 

between treatment groups, with or without the presence of apoptosis inhibitors used 

(Section 5.2.5). Dunnett's multiple comparisons test was conducted to identify the 

statistical significance levels between the respective groups with the use of apoptosis 

inhibitors and those without. The differences were marked as significant when p < 

0.05 (*), p <0.01 (**), p < 0.001 (***), p < 0.0001 (****).  
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5.3 Results 

5.3.1 Effects of single and combined treatments on cellular apoptosis markers as 

detected by apoptosis antibody array  

 The changes of anti-apoptosis and pro-apoptosis proteins in Caco-2 cells after 

treatments with δT3 and 5FU single treatments, as well as the δT3 + 5FU combined 

treatment, were detected using apoptosis array. The signal intensities detected by 

antibodies on the apoptosis array correspond to the abundancy of the respective 

proteins. The profiles of anti-apoptotic proteins (Section 5.3.1.1) and pro-apoptotic 

proteins (Section 5.3.1.2) are presented in the following sections.  

5.3.1.1 Evaluation of anti-apoptotic protein expressions  

 The results demonstrated that δT3 + 5FU combined treatment caused a general 

downregulation of anti-apoptotic proteins. The affected anti-apoptotic protein families 

include anti-apoptotic Bcl-2 family (Figure 5.2), IAP family (Figure 5.3), heat shock 

protein (HSP) family (Figure 5.4) and insulin-like growth factor binding protein 

(IGFBP) family (Figure 5.5) in Caco-2 cells.  

 In the Bcl-2 anti-apoptotic proteins, δT3 + 5FU combined treatment caused 

significant downregulation of Bcl-2 protein expression in Caco-2 cells,  as compared 

to vehicle control (p<0.01), and its level was lower than that of δT3 and 5FU single 

treatments. Although statistically non-significant, it is noteworthy to mention that the 

Bcl-w protein expression of Caco-2 cells which subjected to combined treatment was 

the lowest when compared to the individual single treatments (Figure 5.2). 

 Notably in the IAP family, the lowest expressions in cIAP2, livin, survivin and 

XIAP were observed Caco-2 cells which were treated with combined treatment. The 

downregulations were significant in XIAP over vehicle control (p<0.0001); livin 



166 

 

 

(p<0.05) and cIAP2 (p<0.01) were significantly downregulated when compared to 

δT3 alone (Figure 5.3). 

  Additionally, δT3 + 5FU combined treatment induced general 

downregulations in HSP27, HSP60 and HSP70. However, only the downregulation in 

HSP70 was statistically significant when compared to δT3 (p<0.01) and 5FU (p<0.01) 

single treatments individually (Figure 5.4). 

 Moreover, IGF-1 was significantly downregulated in Caco-2 cells which were 

treated with δT3 + 5FU combined treatment, as compared to vehicle control (p<0.05), 

δT3 and 5FU single treatments (p<0.001) (Figure 5.5). However, there was no 

significant difference in other proteins under the same family. 

 

Figure 5.2 Apoptosis array protein expression of Bcl-2 anti-apoptotic proteins in Caco-

2 cells. * p < 0.05; ** p < 0.01. 
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Figure 5.3 Apoptosis array protein expression of IAP family in Caco-2 cells. * p < 

0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001. 

 

Figure 5.4 Apoptosis array protein expression of HSPs in Caco-2 cells. * p < 0.05; ** 

p < 0.01. 
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Figure 5.5 Apoptosis array protein expression of IGF and IGFBP proteins in Caco-2 

cells. * p < 0.05; ** p < 0.01; *** p < 0.001. 

5.3.1.2 Evaluation of pro-apoptotic protein expressions 

 All the treatment groups displayed non-significant changes in pro-apoptotic 

proteins family such as pro-apoptotic Bcl-2 family (Figure 5.6), mitochondrial 

proteins (Figure 5.7) and tumour suppressor proteins (Figure 5.8). Albeit statistically 

non-significant, there was a consistent trend of showing a slight increase in Bid, Bim, 

Bax (Figure 5.6), HTRA (Figure 5.7) and p27 (Figure 5.8) in Caco-2 cells subjected 

to treatments of δT3, 5FU or δT3 + 5FU. 
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Figure 5.6 Apoptosis array protein expression of Bcl-2 pro-apoptotic family in Caco-

2 cells. 

 

Figure 5.7 Apoptosis array protein expression of mitochondrial proteins in Caco-2 

cells.  
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Figure 5.8 Apoptosis array protein expression of tumour suppressor proteins in Caco-

2 cells. 

5.3.2 Effects of single and combined treatments on mitochondria-mediated apoptosis 

pathway 

 In the following sections, the mitochondria-mediated apoptosis pathway was 

evaluated by from four aspects. In Section 5.3.2.1, the JC-1 profiles that demonstrate 

changes of mitochondrial membrane potential (ΔΨm) were presented. In Section 

5.3.2.2, Western blotting profiles of mitochondrial pathway-related proteins were 

showed. The activations of caspase-9 and -3, as well as the endogenous caspase 

inhibitor (IAP family) were exhibited in the Western blotting profiles in Sections 

5.3.2.3 & 5.3.2.4 respectively.  

5.3.2.1 Qualitative detection of ΔΨm changes  

 The changes of ΔΨm on Caco-2 and SW48 cells were monitored for 24, 48 

and 72 hours after treatment. Generally, there was an increase in green intensity and a 

decrease in red intensity observed after 48-hour treatments, which indicate a loss of 

ΔΨm. The ΔΨm profiles upon receiving the single and combined treatments at 48 and 

72 hours are represented in Figures 5.19 – 5.12. 
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 In Caco-2 cells, treatments with δT3, 5FU and δT3 + 5FU caused an increase 

in green signal at 48 hours. At 72 hours, green signal augmentation was obviously 

observed in δT3 single treatment (Figure 5.9). Based on the upsurge of green signal 

and a corresponding decline in red signal, the increased green/red ratio in δT3 + 5FU 

combined treatment signifies a loss of ΔΨm (Figure 5.9). Similarly in SW48 cells, a 

loss of ΔΨm was resulted in δT3 single treatment and δT3 + 5FU combined treatment 

due to the noticeable increment of green/red ratio (Figure 5.10).  

 On the other hand, Dox only disturb ΔΨm after 72 hours of treatments in both 

Caco-2 and SW48 cells. In comparison, δT3 single treatment and δT3 + Dox combined 

treatment caused loss of ΔΨm as evidenced by the increase in green signal after 48 

and 72 hours of treatments in Caco-2 (Figure 5.11) and SW48 cells (Figure 5.12). 
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Figure 5.9 Mitochondrial membrane potential (ΔΨm) profiles of Caco-2 cells after 

receiving 48- and 72-hour treatments from δT3, 5FU and the combination. δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol and 5-fluorouracil 

combined treatment. 
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Figure 5.10 Mitochondrial membrane potential (ΔΨm) profiles of SW48 cells after 

receiving 48- and 72- hour treatments from δT3, 5FU and the combination. δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol and 5-fluorouracil 

combined treatment. 
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Figure 5.11 Mitochondrial membrane potential (ΔΨm) profiles of Caco-2 cells after 

receiving 48- and 72-hour treatments from δT3, Dox and the combination. δT3, δ-

tocotrienol; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol and doxorubicin combined 

treatment. 
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Figure 5.12 Mitochondrial membrane potential (ΔΨm) profiles of SW48 after 

receiving 48- and 72- hour treatments from δT3, Dox and the combination. δT3, δ-

tocotrienol; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol and doxorubicin combined 

treatment. 
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5.3.2.2 Western profiling of mitochondrial pathway-related proteins 

 At 24 hours, Bax was upregulated in Caco-2 cells receiving 5FU single 

treatment and δT3 + 5FU combined treatment, and a corresponding increase in 

cytochrome c level. After 48 hours of treatments, Bax and cytochrome c levels of 

Caco-2 cells were enhanced in the combined treatment group as compared to those of 

vehicle control, δT3 and 5FU individually. However, these effects were not observed 

after 72 hours of treatments (Figure 5.13). 

 For SW48 cells, a downregulation of Bcl-2 level was detected in 5FU single 

treatment and δT3 + 5FU combined treatment after 24 and 48 hours, comparing to the 

expressions in vehicle control and δT3 single treatment. Interestingly, Bax expression 

of SW48 cells was unable to be detected in this study. Following that, the level of 

cytochrome c of SW48 cells was enhanced after 48 and 72 hours of δT3 + 5FU 

combined treatment, comparing to the expressions in vehicle control, δT3 and 5FU 

single treatments (Figure 5.14). 

 

Figure 5.13 Representative Western blotting profiles of mitochondrial pathway-

related proteins for Caco-2 cells at various time points after receiving treatments of 

δT3, 5FU and the combination. GAPDH serves as a loading control. VC, vehicle 

control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil.  
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Figure 5.14 Representative Western blotting profiles of mitochondrial pathway-

related proteins for SW48 cells at various time points after receiving treatments of δT3, 

5FU and the combination. GAPDH serves as a loading control. VC, vehicle control; 

δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil. 

 In Caco-2 cells, individual Dox single treatment and δT3 + Dox combined 

treatments caused elevated expressions of Bax and cytochrome c after 24- and 48-hour 

treatments (Figure 5.15). In SW48 cells, a downregulation of Bcl-2 was observed 

when subjected to δT3 + Dox combined treatment for 24 hours, as compared to vehicle 

control and δT3 single treatment. However, the Bax expression in SW48 was unable 

to be detected. An elevated cytochrome c expression was also detected after 48-hour 

treatment with δT3 + Dox. Notably, the cytochrome c expression induced by the 

combined treatment was the highest after 72 hours (Figure 5.16). 
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Figure 5.15 Representative Western blotting profiles of mitochondrial pathway-

related proteins for Caco-2 cells at various time points after receiving treatments of 

δT3, Dox and the combination. GAPDH serves as a loading control. VC, vehicle 

control; δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

 

Figure 5.16 Representative Western blotting profiles of mitochondrial pathway-

related proteins for SW48 cells at various time points after receiving treatments of δT3, 

Dox and the combination. GAPDH serves as a loading control. VC, vehicle control; 

δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

5.3.2.3 Evaluation of caspase-9 and caspase-3/7 activations  

 In Caco-2 cells, it was demonstrated that individual δT3, 5FU and Dox single 

treatments did not induce caspase-9 activation. Albeit there was an increase in caspase-

9 activity in Caco-2 cells which subjected to δT3 + 5FU combined treatment after 24 

and 48 hours, the increment was not statistically significant (Figure 5.17 A & C). 



179 

 

 

Similarly, δT3 + Dox combined treatment slightly increased the caspase-9 activation 

over the vehicle control and single treatments in Caco-2 cells after 24 hours, but it was 

also not statistically significant (Figure 5.17 A & C). 

 In SW48 cells, all treatment groups did not show a significant difference in 

caspase-9 activation after 24 hours of treatments (Figure 5.17 B). However, the 

caspase-9 activation was significantly decreased in 5FU (p < 0.001), δT3 + 5FU (p < 

0.01), Dox (p < 0.0001) and δT3 + Dox (p < 0.0001) when compared to vehicle control 

after 48-hour treatment (Figure 5.17 D), suggesting that caspase-9 activation is not 

involved in SW48 cells. 

 

Figure 5.17 Caspase-9 activation profiles of Caco-2 and SW48 cells after 24 hours (A 

& B) and 48 hours (C & D) of treatments. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + 

F, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

** p < 0.01; *** p < 0.001; *** p < 0.0001. 
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 In Caco-2 cells, the increases in caspase-3/7 activation of δT3, 5FU and Dox 

single treatments were not significant when compared to vehicle control in both 24- 

and 48-hour treatments. In contrast, δT3 + 5FU and δT3 + Dox combined treatments 

induced a significantly higher (p < 0.0001) caspase-3/7 activation over vehicle control, 

for both 24- and 48-hour treatments (Figure 5.18 A & C).  

 In SW48 cells, δT3 and 5FU single treatments did not induce a significant 

caspase-3/7 activation. On the contrary, δT3 + 5FU combined treatment caused a 

significantly higher (p < 0.0001) caspase-3/7 activation after 24- and 48-hour 

treatments (Figure 5.18 B & D). Notably, a significantly higher caspase-3/7 activation 

was observed in SW48 cells receiving Dox single treatment (p < 0.0001) and δT3 + 

Dox combined treatment (p < 0.01) over the vehicle control after 24 hour-treatment  

(Figure 5.18 B). After 48-hour treatment, the capase-3/7 activation was significantly 

higher in δT3 + 5FU (p < 0.0001) and δT3 + Dox combined treatments (p < 0.05) 

when compared to vehicle control (Figure 5.18 D). 
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Figure 5.18 Caspase-3/7 activation profiles of Caco-2 and SW48 cells after 24 hours 

(A & B) and 48 hours (C & D) of treatments. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δ + F, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δ + D, δ-tocotrienol + 

doxorubicin. * p < 0.05; ** p < 0.01; *** p < 0.001; *** p < 0.0001. 

5.3.2.4 Western profiling of IAP family 

  Western blotting profiles revealed that 5FU single treatment upregulated 

expression of survivin in Caco-2 cells after 48 and 72 hours of treatment; in 

comparison, a lower expression of survivin was detected in δT3 + 5FU combined 

treatment. Of note, the expressions of other proteins in IAP family, namely, XIAP, 

cIAP1 and livin were found negligible in Caco-2 cells (Figure 5.19).  

 As compared to Caco-2 cells, the basal expression levels of IAP proteins in 

SW48 cells were higher. In SW48 cells, lower expressions of survivin, XIAP and 
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cIAP1 were observed in cells subjected to δT3 + 5FU combined treatment as compared 

to vehicle control, δT3 and 5FU single treatments after 72 hours (Figure 5.20). 

 

Figure 5.19 Representative Western blotting profiles of IAP proteins for Caco-2 cells 

after receiving treatments of δT3, 5FU and the combination at various time points. 

GAPDH serves as a loading control. δ-tocotrienol, 5-fluorouracil and the combined 

treatment. 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil.  

 

Figure 5.20 Representative Western blotting profiles of IAP proteins for SW48 cells 

after receiving treatments of δT3, 5FU and their combination at various time points. 

GAPDH serves as a loading control. δ-tocotrienol, 5-fluorouracil and the combined 

treatment. 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil. 
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 On the other hand, δT3 + Dox combined treatment showed a lower expression 

of survivin in Caco-2 cells, as compared to vehicle control after 24 and 48 hours of 

treatment. As mentioned above, the expressions of XIAP, cIAP1 and livin were found 

trivial (Figure 5.21). 

 In SW48 cells, δT3 + Dox combined treatment showed a marked reduction in 

survivin, XIAP, cIAP1 and livin as compared to vehicle control. Of note, δT3 + Dox 

combined treatment showed a greater reduction in survivin, XIAP, cIAP1 and livin 

after 72 hours of treatment, when compared to δT3 and Dox single treatments (Figure 

5.22). 

 

Figure 5.21 Representative Western blotting profiles of IAP proteins for Caco-2 cells 

after receiving treatments of δT3, Dox and their combination at various time points. 

GAPDH serves as a loading control. VC, vehicle control; δT3, δ-tocotrienol; Dox, 

doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 
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Figure 5.22 Representative Western blotting profiles of IAP proteins for SW48 cells 

after receiving treatments of δT3, Dox and their combination at various time points. 

GAPDH serves as a loading control. VC, vehicle control; δT3, δ-tocotrienol; Dox, 

doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

5.3.3 Effects of single and combined treatments on caspase-8 and caspase-3 

activations 

 After 24 hours of treatment, it was evident that caspase-8 of Caco-2 cells was 

significantly activated in δT3 + 5FU combined treatment (p < 0.05), but not in the 

respective individual single treatments. Despite an increase in caspase-8 was observed 

in both Dox single treatment and δT3 + Dox combined treatment, the increment was 

not statistically significant (Figure 5.23 A). In SW48, all the treatment groups did not 

result in caspase-8 activation after 24-hour treatments (Figure 5.23 B). 
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Figure 5.23 Caspase-8 activation profiles in Caco-2 and SW48 cells after 24 hours of 

single and combined treatments. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-

fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δ + D, δ-

tocotrienol + doxorubicin. * p < 0.05. 

 The Western blotting profiles of Caco-2 cells further revealed that caspase-8 

was cleaved in all treatment groups, of which more pronounced in δT3 + 5FU 

combined treatment after 72 hours (Figure 5.24). Correspondingly, the caspase-3 was 

cleaved, signifying an activation of caspase-3 (Figure 5.24). In SW48 cells, δT3 + 5FU 

combined treatment demonstrated caspase-8 cleavage after 48-hour treatments. A 

more prominent caspase-8 cleavage was noticed in δT3 + 5FU combined treatment 

after 72 hours. Concurrently, caspase-3 was also cleaved (Figure 5.25). 
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Figure 5.24 Representative Western blotting profiles of caspase-8 and caspase-3 for 

Caco-2 cells after receiving treatments of δT3, 5FU and their combination at various 

time points. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-

tocotrienol + 5-fluorouracil.  

 

Figure 5.25 Representative Western blotting profiles of caspase-8 and caspase-3 for 

SW48 cells after receiving treatments of δT3, 5FU and their combination at various 

time points. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-

tocotrienol + 5-fluorouracil. 

 In Caco-2 cells, δT3 + Dox combined treatment caused caspase-8 cleavage, 

with an increase in caspase-3 cleavage after 48-hour treatment (Figure 5.26), 
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demonstrating a correlation between the two caspases. In SW48 cells, δT3 + Dox 

combined treatment resulted in caspase-8 and caspase-3 cleavages after 48- and 72-

hour treatments (Figure 5.27). 

 

Figure 5.26 Representative Western blotting profiles of caspase-8 and caspase-3 for 

Caco-2 cells after receiving treatments of δT3, Dox and their combination at various 

time points. VC, vehicle control; δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-

tocotrienol + doxorubicin. 

 

Figure 5.27 Representative Western blotting profiles of caspase-8 and caspase-3 for 

SW48 cells after receiving treatments of δT3, Dox and their combination at various 

time points. VC, vehicle control; δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-

tocotrienol + doxorubicin. 
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5.3.4 Cell viabilities of single and combined treatments in reacting with caspases 

inhibitions 

5.3.4.1 Evaluation on cell viability upon caspase-8 inhibition  

 Caspase-8 inhibitor was used at 10μM, which was guided by some previous 

studies (Bodur et al., 2013; Wu et al., 2016). Inhibition of caspases-8 activation 

showed no cell viability improvement on Caco-2 (Figure 5.28) and a slight 

improvement on cell viability of SW48 (Figure 5.29) cells at all time points attempted 

in this study. However, the improvements were not statistically significant, 

demonstrating that inhibition of caspase-8 activation could not completely block the 

cell death. 

 

Figure 5.28 Cell viability of Caco-2 cells treated with or without 10μM of caspase-8 

(Z-IETD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. 
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Figure 5.29 Cell viability of SW48 cells treated with or without 10μM of caspase-8 

(Z-IETD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. 

5.3.4.2 Evaluation on cell viability upon caspase-3 inhibition  

 In Caco-2, there was a slight improvement in cell viability for δT3 + Dox and 

δT3 + 5FU combined treatments via inhibition of caspase-3 activation after 24-hour 

and 72-hour treatments respectively. However, the improvement was not statistically 

significant (Figure 5.30). 

 In SW48 cells, inhibition of caspase-3 activation exhibited a significant 

increase in cell viability only in δT3 + 5FU combined treatment (p < 0.05), indicating 

that cell death was blocked through caspase-3 inhibition (Figure 5.31). There was a 

slight improvement in cell viability treated with δT3 + Dox combined treatment for 

24 hours although not statistically significant. 
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Figure 5.30 Cell viability of Caco-2 cells treated with or without 10μM of caspase-3 

(Z-DEVD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. 

 

Figure 5.31 Cell viability of SW48 cells treated with or without 10μM of caspase-3 

(Z-DEVD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. ** p < 0.01; **** p < 0.0001. 

5.3.4.3 Evaluation on cell viability upon pan-caspase inhibition  

 Consistent with the findings from caspase-3 inhibition, pan-caspase inhibitor 

caused a slight improvement of cell viability in δT3 + 5FU and δT3 + Dox combined 

treatments after 48- and 72-hour treatments on Caco-2 cells, however it was not 

statistically significant (Figure 5.32). Of note, a significant improvement in cell 

viability was observed in SW48 cells subjected to δT3 + 5FU combined treatment (p 
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< 0.05) and a slight increase in cell viability of δT3 + Dox combined treatment, which 

is consistent with caspase-3 inhibition study (Figure 5.33). 

 

Figure 5.32 Cell viability of Caco-2 cells treated with or without 10μM of pan-specific 

caspase (Z-VAD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

 

Figure 5.33 Cell viability of SW48 cells treated with or without 10μM of pan-specific 

caspase (Z-VAD-FMK) inhibitor at various time points. VC, vehicle control; δT3, δ-

tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil; Dox, 

doxorubicin; δ + D, δ-tocotrienol + doxorubicin. * p < 0.01; **** p < 0.0001. 

5.3.4.4 Evaluation on cell viability upon mitochondrial permeability transition 

inhibition  

 Application of cyclosporine A did not affect viability of Caco-2 and SW48 

cells as seen in vehicle control group, signifies that 1μM of cyclosporine A is well 
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tolerated by the cells. The cell viabilities of Caco-2 (Figure 5.34 A) and SW48 (Figure 

5.34 B) were significantly (p < 0.0001) improved in all the treatment groups by 

cyclosporine A application, demonstrating a successful abrogated cell death. 

 

Figure 5.34 Cell viability profiles of Caco-2 and SW48 cells treated with or without 

1μM of cyclosporine A. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δ + F, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δ + D, δ-tocotrienol + 

doxorubicin. n.s., non-significant; **** p < 0.0001. 

5.3.5 Summarised effects of combined treatments on mitochondria-mediated 

apoptosis pathway and caspases activations 

 The findings gathered from Section 5.3.1 until 5.3.4.4 demonstrated 

differential actions and responses of δT3 + 5FU and δT3 + Dox combined treatments 

on Caco-2 and SW48 cells. For a better clarity, the findings of combined treatments 

were summarised (Table 5.3). 
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Table 5.3 A summary of findings in Chapter Five. 

 δT3 + 5FU δT3 + Dox 

Caco-2 SW48 Caco-2 SW48 

Loss of ΔΨm  Yes Yes Yes Yes 

Cytochrome c     

Bcl-2   -  

Bax  ND  ND 

IAP     

Caspase 9 

activation 

 No  No 

Caspase-3 

activation 

    

Caspase-8 

activation 

    

Inhibition of cell 

death (by Caspase-

8 inhibitor) 

No Yes No No 

Inhibition of cell 

death (by Caspase-

3 inhibitor) 

No Yes No No 

Inhibition of cell 

death (by pan-

caspase inhibitor) 

No Yes No No 

Inhibition of cell 

death (by 

cyclosporine A) 

Yes Yes Yes Yes 

Note: , upregulation; , downregulation; ND, not detected  
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5.4 Discussion 

 Resistance to cell death is considered a hallmark of cancer (Hanahan and 

Weinberg, 2011) which also represents a major hurdle for an effective cancer 

treatment. Hence, an understanding of cell death mechanism/pathway mediated by the 

novel anti-cancer treatments may pave a better understanding of their therapeutic 

actions. Following the previous identification of enhanced apoptosis induced by δT3 

+ 5FU and δT3 + Dox combined treatments, current chapter therefore attempted to 

delineate the underlying apoptotic mechanisms towards an effective therapeutic 

approach in colorectal cancer. 

 The apoptotic signalling is tightly orchestrated by a delicate equilibrium 

between pro-apoptotic and anti-apoptotic proteins. Pro-apoptotic proteins promote 

apoptosis, while anti-apoptotic proteins inhibit apoptosis; together, these factors 

determine whether the cell death signalling can activate the apoptotic program (Wei 

et al., 2008). With respect to that, the apoptosis antibody array platform, which can 

concurrently detect pro-apoptotic and anti-apoptotic proteins was taken as a 

preliminary screening approach to study the underlying apoptotic response of δT3 and 

5FU in Caco-2 cells, by which δT3 + 5FU combined treatment was previously 

detected as the most potent synergistic combination in Chapter Three.  

 The results from apoptosis antibody array demonstrated a consistent 

downregulation of anti-apoptotic proteins from various proteins family, including Bcl-

2, IAP, HSP and IGF families. Particularly, Bcl-2, Bcl-w, cIAP2, survivin, livin, XIAP, 

HSP70, and IGF-1 were downregulated in response to δT3 + 5FU combined treatment 

(Figures 5.2 – 5.5). In fact, these anti-apoptotic proteins play distinct roles in apoptosis, 

which could provide a grounding for speculations in the apoptotic mechanism 

involved.  
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 Both Bcl-2 and Bcl-w belong to anti-apoptotic proteins of Bcl-2 family which 

plays a determining role in regulating MOMP. Specifically, Bcl-2 anti-apoptotic 

protein inhibits Bax/Bak (pro-apoptotic) proteins activation, impeding their 

oligomerisation to trigger MOMP. Although the role of  Bcl-w as an anti-apoptotic 

mechanism was scarcely reported, a study had suggested that Bcl-w enables 

mitochondrial membrane insertion to exert its pro-survival role (Kaufmann et al., 

2004). Hence, downregulations of Bcl-2 and Bcl-w triggered by δT3 + 5FU combined 

treatment may serve as an indication that mitochondria is the target. 

 On the other hand, IAP proteins are endogenous caspase inhibitors. It was 

demonstrated that IAP proteins such as XIAP, cIAP1, cIAP2 and survivin can inhibit 

caspase-3, -7 and -9 activities (Deveraux et al., 1997; Roy et al., 1997). The conserved 

baculoviral IAP repeat (BIR) domain that is involved in protein-protein interactions 

may directly interact with caspases, rendering IAPs’ ability in inhibiting caspases 

activation (Scott et al., 2005). In relation to this study, apoptosis array revealed 

downregulations in IAP proteins in Caco-2 cells such as XIAP, survivin and livin, 

especially in δT3 + 5FU combined treatment group, which may suggest a lower 

threshold for caspase activations. 

 HSPs are expressed to facilitate recovery and maintain cell survival in response 

to internal and external cellular stresses (Beere, 2004). Notably, the same stress signals 

that trigger apoptosis also stimulate the expression and release of HSPs, which act as 

repressors of apoptosis via inhibition of pro-apoptotic proteins (e.g., Bid, Bax, p53, 

Akt and etc.) (Ikwegbue et al., 2017). It was reported that HSP27 interacts with 

cytochrome c to prevent apoptosome formation and caspase-9 activation (Garrido et 

al., 1999). In addition, several lines of evidence suggested that HSP70 could suppress 

apoptosis by inhibiting caspase activation, probably in the downstream or upstream of 
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mitochondrial cytochrome c release (Beere et al., 2000; Ikwegbue et al., 2017; Mosser 

et al., 2000). A downregulated expression of HSP70 in Caco-2 cells receiving δT3 + 

5FU combined treatment therefore proposing a connection between the HSPs and 

mitochondria-mediated apoptosis.  

  IGF-1 was reported to confer cytoprotective effect associated with 

mitochondrial protection, via a reduction of free radical generation, oxidative damage 

and apoptosis as well as increase in ATP production (Puche et al., 2008). Hence, the 

downregulation of IGF-1 in Caco-2 cells receiving δT3 + 5FU combined treatment 

may lead to a loss of mitochondrial protection, thereby increasing the cellular 

susceptibility towards mitochondria-mediated apoptosis. 

 Collectively, the data from apoptosis antibody array have shed a light on two 

key areas, namely i) mitochondria as a potential target and ii) potential caspases 

activation induced by δT3 + 5FU combined treatment. Driven by these indications, 

the mitochondria-mediated pathway of apoptosis was therefore studied in-depth.  

 In fact, mitochondrial membrane permeabilisation (MMP) constitutes of inner 

membrane permeabilisation and outer membrane permeabilisation (Kroemer et al., 

2007). In fact, loss of ΔΨm is recognised as an inner membrane permeabilisation event 

associated with mitochondria-mediated apoptosis (Elmore, 2007; Kroemer et al., 2007; 

Leytin et al., 2018). The JC-1 dye is a lipophilic cationic dye that used as an indicator 

for determining ΔΨm. The JC-1 molecules accumulate in healthy mitochondria (high 

ΔΨm) in a concentration-dependent manner to form J-aggregates and exhibit red 

fluorescence. On the contrary, JC-1 molecules are unable to form J-aggregates in 

mitochondria of apoptotic cells due to low ΔΨm, thereby remaining in their monomers 

state and exhibit green fluorescence. As a result, both increase in green fluorescence 

and decrease in red fluorescence indicate a loss in ΔΨm. Current results clearly 
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demonstrated that δT3 + 5FU and δT3 + Dox combined treatments caused ΔΨm loss 

in Caco-2 and SW48 cells, potentially leading to inner membrane permeabilisation. 

Apparently, this ΔΨm disruption ability may be contributed by δT3 as increased green 

fluorescence signal was detected at 48 hours, in both SW48 and Caco-2 cells. This 

observation was in agreement with previous studies, which reported that tocotrienols 

indeed possess mitochondrial targeting property. Likewise, γT3-treated MDA-MB-

231 breast cancer cells showed a collapse in ΔΨm (Takahashi and Loo, 2004). 

Additionally, the loss of ΔΨm triggered by αT3, βT3, γT3 and δT3 had also been 

reported in U87MG neuroblastoma and A549 lung adenocarcinoma (Lim et al., 2014a, 

2014b).  

 The loss of ΔΨm induced by the combined treatments infers an occurrence of 

mitochondrial permeability transition, a state of long-lasting openings of MPTP 

complex which leads to inner membrane permeabilisation (Fulda et al., 2010). In 

response to apoptotic stimuli, mitochondrial permeability transition results in an 

immediate dissipation of ΔΨm and osmotic swelling of mitochondrial matrix (Fulda 

et al., 2010). Eventually, the mitochondrial permeability transition may also lead to 

mitochondrial outer membrane permeabilisation (MOMP) as the surface area of inner 

membrane exceeds the outer membrane (Fulda et al., 2010).  

 Alternatively, MOMP can be mediated by the pore-forming activity of pro-

apoptotic members such as Bax. With regards to studying the involvement of MOMP, 

the Bax (pro-apoptotic), Bcl-2 (anti-apoptotic), and cytochrome c levels were studied 

in a timely manner to monitor the proteins’ kinetic changes. Notably, δT3 + 5FU and 

δT3 + Dox combined treatments caused an upregulated Bax expression in Caco-2 cells 

and a downregulated Bcl-2 expression in SW48 cells as early as 24 hours. 

Concurrently, there was an increase in cytochrome c expression in both Caco-2 and 
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SW48 cells (Figures 5.13 – 5.16). These results had therefore suggested a 

commencement of MOMP, potentially leading to cytochrome c release. 

 Activation of caspases represents a crucial step in precipitating (caspase-

dependent) apoptosis. It was noticeable that the caspase-3 activation was remarkably 

higher in δT3 + 5FU and δT3 + Dox combined treatments. One potential reason could 

be due to lower expression of IAPs in Caco-2 and SW48 cells. In SW48, survivin, 

XIAP and cIAP1 were downregulated. Notably, XIAP has been exemplified as the 

main member of IAPs family. It has been widely reported that XIAP directly inhibits 

caspase-3 activation (Paulsen et al., 2008; Riedl et al., 2001). The BIR2 domain of 

XIAP tightly binds to caspase-3/7 to prevent its full activation, substrate cleavage and 

cell death (Riedl et al., 2001). Additionally, cIAP1 was found to inhibit caspase-3/7 

and suppress apoptosis (Wadegaonkar and Wadegaonkar, 2012). Hence, it is plausible 

to postulate that downregulations of IAP proteins, especially XIAP and cIAP1, could 

lead to an enhanced caspase-3 activation in Caco-2 and SW48 cells. 

 To determine which activation pathways were involved, the activity of 

upstream initiator caspases were evaluated. An activation of caspase-9 or caspase-8 

signifies a potential engagement in mitochondria-mediated or death receptor-mediated 

apoptosis pathway, respectively. Surprisingly, despite a remarkable increase in 

caspase-3/7 activation was detected in δT3 + 5FU and δT3 + Dox combined treatments, 

a slight activation of caspase-9 was detected in Caco-2 while none was detected in 

SW48 cells. This phenomenon has then directed the attention towards caspase-8 

activation. 

 To study the involvement of extrinsic pathway, caspase-8 activation via 

proteolytic cleavage was assessed. Upon activation, caspase-8 undergoes cleavage at 

Asp391, resulting in p18 (active large subunit) and p43/41 (processed precursor) (Hou 
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et al., 2010). Current study detected cleavages of caspase-8 in Caco-2 (from 24 hours 

onwards) and SW48 (from 48 hours onwards) cells, demonstrating a successful 

activation of caspase-8. Concurrently, cleavage of caspase-3 (resulted in p17 and p19) 

was also detected (Figure 5.24 – 5.27), showing a good collaboration to caspase-8 

activation. These results therefore suggest a potential activation of extrinsic pathway, 

in which activation of caspase-8 leads to the downstream activation of caspase-3.  

 In an attempt to identify the reliance of caspases in precipitating apoptosis, 

caspase inhibitors were employed to inhibit apoptosis. The supplementary of pan-

caspase or caspase-3 inhibitor in Caco-2 and SW48 resulted in two distinctive 

responses. In SW48, the caspase-3 and pan-caspase inhibitor successfully improved 

cell viability upon δT3 + 5FU combined treatment, indicating a dependency on 

caspase-dependent cell death. However, the caspase-8 inhibitor was unable to inhibit 

cell death induced by the combined treatments although caspase-8 was activated. This 

therefore infers that the cell death was not mediated solely through caspase-8 

activation.  

 Conversely, incompetent halt of the cell death by caspase-3 and pan-caspase 

inhibitors also suggests a potential participation of caspase-independent cell death 

(CICD). CICD normally occurs in response to most intrinsic apoptotic cues in the 

presence of MOMP but is unable to trigger caspase activation (Tait and Green, 2008). 

Following MOMP and in the absence of caspase activity, mitochondrial 

intermembrane space proteins such as EndoG, cytochrome c, AIF, Smac/Diablo and 

Htr2A/Omi are released, triggering loss of mitochondrial function eventually and/or 

actively contributing to cell death (Tait and Green, 2008). In this study, failure to 

significantly activate caspase-9 in the presence of MOMP further support the presence 

of CICD.  
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 To verify the dependence of cell death on mitochondrial permeability 

transition, cyclosporine A was employed. It is a hydrophobic undecapeptide that 

inhibits MPTP opening via interacting with cyclophilin D, a crucial component of 

MPTP formation (Kim et al. 2017; Liu et al. 2008). Hence, it was widely employed to 

block mitochondrial permeability transition. Notably, cyclosporine A successfully 

blocked the cell death in all treatments in Caco-2 and SW48 cells, clearly 

demonstrating a determining role of mitochondria in triggering cell death. From the 

result, mitochondria could be the primary target for stress signal inception, potentially 

promoting CCID, which is independent of caspase activities. 

 The differential cell death pathways engaged by Caco-2 and SW48 when 

subjected to δT3 + 5FU combined treatment could be a cell-line specific or p53-

dependent effect. The SW48 cell line expresses a wild-type p53 tumour suppressor 

protein, whereas Caco-2 cell line consists of a mutant p53 (see Appendix: Figure A5.1). 

In this study, it was identified that δT3 + 5FU combined treatment and the individual 

5FU and Dox single treatments induced an enhanced p53 expression in SW48 cell line. 

On the contrary, p53 expression in Caco-2 cells was absent even at the basal level, 

which is in agreement with a previous report (Thant et al., 2008). This dichotomy in 

Caco-2 and SW48 cells may drive the differential cell death responses, particularly 

dependence on caspases for apoptosis.  

5.5 Conclusions 

 In conclusion, current study demonstrated that δT3 + 5FU and δT3 + Dox 

combined treatments induced prominent decrease in IAP proteins and increase in 

caspase-3 activation, suggesting a lower apoptotic threshold, which may impart a 

chemosensitisation effect. The extrinsic pathway was potentially activated as 

evidenced by an enhanced cleaved caspase-8 level. However, blocking of caspase-8 
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and caspase-3 was unable to prevent cell death in both cells (except δT3 + 5FU 

combined treatment in SW48), suggesting a potential involvement of additional cell 

death pathway(s). Both the combined treatments were found to exert cytotoxic effect 

via mitochondria, which potentially involved permeabilisation of both inner and outer 

mitochondrial membranes. In addition, the combined treatments induced 

mitochondrial-dependent cell death without a prominent increase in caspase-9 

activation in Caco-2 and SW48 cells has therefore suggested a manifestation of CCID. 

In brief, these data suggest that concurrent activations of caspase-dependent and 

caspase-independent cell death have been induced by the combined treatments in 

Caco-2 and SW48 cells.  
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6. Chapter Six: An involvement of autophagy as a cell death mechanism induced 

by individual single and combined treatments of δ-tocotrienol 

and/or chemotherapeutic drugs (5-fluorouracil and doxorubicin) 

6.1 Introduction 

 In Chapter Four, morphological observations demonstrated that Caco-2 and 

SW48 colorectal cancer cells exhibited cytoplasmic vacuolisation upon treatments, 

which is not a typical feature for apoptosis. A subsequent investigation in Chapter Five 

learnt that the cell death induced by the combined treatments could not be inhibited 

by caspase inhibitors. Together, these observations have suggested two possibilities, 

which are i) induction of caspase-independent cell death and/or ii) presence of an 

additional cell death modality other than apoptosis. Guided by these clues in previous 

chapters, special attention was given to autophagy, which is another form of 

programmed cell death characterised by the presence of autophagic vacuoles in the 

cytoplasm.  

 Generally, there are two prominent features of autophagy, namely i) formation 

of double-membrane-bound organelle known as autophagosome and ii) engagement 

of a lysosome-dependent pathway for the degradation of damaged cytoplasmic 

organelles and protein aggregates. During autophagy, the damaged cellular organelles 

in the cytoplasmic compartments are sequestered into the double-membrane vesicles 

known as autophagosomes that later fuse with the lysosome to form 

autophagolysosomes. There are several subtypes of autophagy; current chapter 

focuses on macroautophagy (hereafter known as autophagy), which is characterized 

by the engulfment and degradation of cytoplasmic materials in bulk in a 

selective/nonselective manner.  
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 To date, autophagy has been found to exhibit dual effects in cancer for 

suppressing tumourigenesis as well as promoting survival of cancer cells under an 

adverse condition (Maheswari and Sadras, 2018). Equivocal evidences have 

demonstrated that autophagy is involved as an adaptive response to mitigate cellular 

stress as well as acts as a stress sensor to engage autophagic cell death pathway 

(Codogno and Meijer, 2005; Shen and Codogno, 2011). Hence, it is imperative to 

study and understand the role of autophagy induced by the single and combined 

treatments in this study. With the motivation, current chapter describes the autophagy 

induction predominantly at the morphological, molecular and functional aspects of 

autophagy on Caco-2 and SW48 cells. 

 Firstly, the presence of autophagy was assessed morphologically by using 

acridine orange (AO) and quantitatively using monodansylcadaverine (MDC) staining 

methods. AO is a cell-permeable lysotropic dye that accumulates in acidic vesicular 

organelles (AVOs), such as autophagolysosomes. On the other hand, MDC is another 

popular autofluorescent marker that preferentially accumulates in autophagic vacuoles 

due to ion-trapping mechanism and its special interaction with vacuolar membrane 

lipids (Pattingre et al., 2004). Hence, both staining methods were employed to cross-

validate the presence of autophagosomes.  

 Secondly, the autophagy markers such as beclin-1 and microtubule-associated 

protein 1A/1B light chain 3 (LC3) were assessed by Western blotting. Beclin-1 

involves the early stage of autophagy for phagophore nucleation (Glick et al., 2010), 

while LC3 is a marker for autophagosome formation (at mid-late phase). 

Immunoblotting for endogenous LC3 represents one of the widely used assays to 

monitor autophagosome synthesis or degradation (Mizushima and Yoshimori, 2007). 
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In this study, the protein expression levels of beclin-1 and LC3-II were studied to 

assess for the autophagy induction.  

 Thirdly, Akt and its activating enzyme, phosphoinositide-dependent kinase-1 

(PDK1) were also studied. Autophagy is regulated by PI3K signalling pathway, in 

which the activation of class I PI3K leads to recruitment and activation of Akt. 

Eventually, the activated Akt modulates mammalian target of rapamycin (mTOR) that 

inhibits autophagy. Meanwhile, Akt is a central pathway known to promote cellular 

growth, proliferation and survival (Manning and Cantley, 2007). Studying Akt and 

PDK1 proteins could therefore provide a better understanding of the nature of 

autophagy: pro-survival versus pro-death.  

 Lastly, pharmacological inhibition of autophagy was performed aiming to 

delineate the role of autophagy in Caco-2 and SW48 cells upon receiving the single 

and combined treatments. The two pharmacological inhibitors, namely 3-

methyladenine (3-MA) and bafilomycin A1 (Baf-1) were involved in autophagy 

inhibition. The 3-MA is a PI3K inhibitor that acts on early phase by blocking 

autophagosomes formation. Meanwhile, Baf-1 acts on late phase by inhibiting the 

fusion between autophagosomes and lysosomes via blocking the vacuolar H+ ATPase. 

Thus, both inhibitors were employed to investigate the dependence on autophagy for 

cell death.  

 All together, current chapter aimed to study the autophagic responses induced 

by single (δT3, 5FU, Dox) and (δT3 + 5FU and δT3 + Dox) combined treatments on 

Caco-2 and SW48 colorectal cancer cells. The specific objectives were: 

i. To evaluate the cellular characteristics of autophagy in Caco-2 and SW48 

cells induced by the single and combined treatments via AO and MDC 

staining methods. 
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ii. To access the changes of autophagy markers, namely LC3-II, beclin-1, Akt 

and PDK1 upon receiving the single and combined treatments. 

iii. To determine the role of induced autophagy on cell death via pharmacological 

inhibition.  

6.2 Materials and Methods 

 The experimental design of current chapter is illustrated in Figure 6.1. AO 

staining was initially performed to detect the presence of autophagy. MDC staining 

was conducted to quantify the intensity of autophagy induced by the single and 

combined treatments. Western immunodetection was conducted to assess the 

expression of autophagy-related proteins LC3-II, beclin-1, Akt and PDK1. Lastly, 

autophagy was suppressed by 3-MA and Baf-1, the autophagic pharmacological 

inhibitors in order to validate the potential involvement of autophagy in mediating a 

putative cell death. 
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Figure 6.1 An overview of experiments involved in Chapter Six for investigating the 

autophagy response induced by single and combined treatments. 

6.2.1 Acridine orange (AO) staining for autophagy detection  

 AO is an acidotrophic dye that can be protonated and sequestered in AVOs. It 

undergoes a metachromatic shift to red fluorescence in a pH-dependent manner. At 

neutral pH, AO exhibits green fluorescence in cellular compartments such as nucleus 

and cytoplasm. In contrast, protonated AO aggregates and fluoresces red within AVOs 
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such as autophagolysosomes. The differential fluorescence makes AO staining a quick, 

accessible and reliable method to assess AVOs, which increases upon autophagy 

induction (Thomé et al., 2016). 

 Caco-2 (1.5 X 105) and SW48 (3 X 105) cells were seeded in 6-well plates and 

incubated overnight to allow cell attachment. Following that, the media were replaced 

with the treatment media containing individual concentrations of δ-tocotrienol (δT3), 

5-fluorouracil (5FU), doxorubicin (Dox) and the combinations as previously 

mentioned (see Table 3.5). AO solution (2μg/ml) was added to each well and 

incubated for 15 minutes. The cells were viewed under Axio Observer 7 (Zeiss, 

Germany) fluorescence microscopy. The images were captured at 20x magnifications. 

The experiment was repeated at least three times. 

6.2.2 Monodansylcadaverine (MDC) staining for autophagy detection and 

quantification 

 MDC is an autofluorescent compound that can be used as a probe to detect 

autophagic vacuoles in cultured cells (Munafó and Colombo, 2001). Hence, the 

intensity of MDC is correlated to the number of autophagolysomes within the cells. 

 Caco-2 and SW48 cells were seeded and treated in 6-well plates similar to AO 

staining (Section 6.2.1). Vehicle control consisting of 0.1% of DMSO was included 

as a negative control to check for the basal degree of autophagy. Fifty micromolars of 

MDC solution were added into each well and incubated for 10 minutes. The cells were 

viewed under Axio Observer 7 (Zeiss, Germany) fluorescence microscopy and 

quantified using Zeiss Zen microscope software. Statistical analyses were performed 

to identify the intensity difference of treated samples (induced autophagy) over vehicle 

control (basal autophagy). 
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6.2.3 Western blotting for autophagy markers detection 

 Western blotting was performed similar as previously mentioned in Chapter 

Five (see Section 5.2.4). Following cell seeding and treatments (see Table 3.5), the 

protein lysates were harvested and subjected to protein quantification, SDS-PAGE and 

immunoblotting. The primary antibodies used in current chapter are depicted in Table 

6.1. 

Table 6.1 List of involving antibodies for Western blotting in Chapter Six. 

Primary 

antibody 

Molecular 

weight (kDa) 

Dilution Manufacturer Host species 

of primary 

antibody  

Beclin-1 52 1:1,000 Cell Signaling 

Technology, USA. 

Rabbit 

LC3-I/II 14, 16 1:1,000 Cell Signaling 

Technology, USA. 

Rabbit 

Akt 60 1:1,000 Cell Signaling 

Technology, USA. 

Rabbit 

PDK1 58-68 1:1,000 Cell Signaling 

Technology, USA. 

Rabbit 

GAPDH 37 1:2,500 Santa Cruz 

Biotechnology, USA 

Mouse 

6.2.4 Cell viability and pharmacological inhibition of autophagy 

 A cell number of 2,000 cells (Caco-2 and SW48) were seeded into each well 

of 384-well plates and incubated overnight for cell attachment. Thereafter, the media 

were removed and replenished with fresh media containing 2.5mM of 3-

methyladenine (3-MA) and 10nM of bafilomycin A1 (Baf-1) (Tocris Bioscience, UK). 

The inhibitors were incubated for 4 hours prior to drug treatment. Next, five 

microliters of treatment solution was added to the respective wells (see Chapter Three, 

Table 3.5). Cell viability was assessed after 24 hours of treatment using CellTitre-

Glo® Luminescent Cell Viability Assay (Promega, USA) as previously described in 

Section 3.2.5. The cell viability was obtained by normalizing the luminescence signal 
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of treated samples with the average luminescence signal of untreated (vehicle) control 

and multiplying with 100%.  

6.2.5 Statistical analyses 

 The average of fluorescence intensity (Section 6.2.2) and cell viability (Section 

6.2.4) of various treatment groups from three independent experiments (n=3) were 

subjected to one-way ANOVA with Dunnett’s multiple comparison test using 

GraphPad Prism 7 software. The differences were marked as significant when p 

<0.0001 (****), p <0.001 (***), p <0.01 (**), p <0.05 (*).  
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6.3 Results 

6.3.1 Assessments of autophagy by microscopy 

6.3.1.1 AO staining profiles 

 The process of autophagy begins with the autophagosome formation and 

progresses to autophagolysosomes through the fusion of acidic lysosomes with 

autophagosomes (Hippert et al., 2006). Under a fluorescence microscope, AO is 

protonated and emits bright red fluorescence within these acidic vesicles, which the 

volume of acidic vesicular organelles (AVOs) increases upon autophagy induction 

(Thomé et al., 2016).  

 As shown in Figure 6.2, cytoplasm and nucleus appeared green whereas AVOs 

appeared red in AO-stained Caco-2 cells, which observation indicates an induction of 

autophagy under nutrient free condition. 

 

Figure 6.2 Representative morphologies of AO-stained Caco-2 cells under nutrient-

free condition (without drug treatment) for 72 hours. Autophagy induction can be 

exhibited by red AVOs within cytoplasm (white arrow) whereas the nucleus and 

cytoplasm exhibit bright green (blue arrow) and faint green around the nucleus. Scale 

bar represents 100μm. 

 The δT3, 5FU and Dox single treatments, as well as δT3 + 5FU and δT3 + Dox 

combined treatments were assessed timely from 24-72 hours. The first appearance of 
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autophagy was observed after 24 hours of treatment, hence, the representative images 

were selected for a clearer presentation in Figures 6.3 – 6.6. 

 As shown in Figure 6.3, the AO-stained Caco-2 cells revealed the presence of 

AVOs after receiving 24-hour combined treatment of δT3 + 5FU, suggesting the 

autophagolysosomes formation. After 48 to 72 hours of treatments, δT3 single 

treatment and δT3 + 5FU combined treatment markedly elevated the stained AVOs 

(Appendices: Figures A6.1 & A6.2), demonstrating a time-course increase in 

autophagy. 

 Similarly in SW48 cells, the AVOs were detected in δT3 single treatment and 

δT3 + 5FU combined treatment after 24 hours (Figure 6.4). The signal intensity 

continues to increase after 48 hours (Appendix: Figure A6.2) and 72 hours (Appendix: 

Figure A6.4) of treatments, signifying a time-dependent induction of autophagy. 

 On the other hand, δT3 + Dox combined treatment also induced the formation 

of AVOs in Caco-2 (Figure 6.5) and SW48 cells (Figure 6.6) after 24-hour treatment. 

δT3 + Dox combined treatment exhibited prominent increase of AVOs in 48-hour and 

72-hour profiles of Caco-2 (see Appendices: Figures A6.5 & A6.6) and SW48 (see 

Appendices: Figure A6.7 & A6.8).  
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Figure 6.3 Representative AO-stained Caco-2 cells treated for 24 hours with individual δT3 or 5FU and the combined treatments. Vehicle control 

containing 0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. Scale 

bar represents 100μm. 
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Figure 6.4 Representative AO-stained SW48 cells treated for 24 hours with individual δT3 or 5FU and the combined treatments. Vehicle control 

containing 0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. Scale 

bar represents 100μm. 
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Figure 6.5 Representative AO-stained Caco-2 cells treated for 24 hours with individual δT3 or Dox and the combined treatments. Vehicle control 

containing 0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. Scale bar 

represents 100μm. 
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Figure 6.6 Representative AO-stained SW48 cells treated for 24 hours with individual δT3 or Dox and the combined treatments. Vehicle control 

containing 0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. Scale bar 

represents100μm.
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6.3.1.2 MDC staining profiles 

 MDC accumulates in mature autophagic vacuoles such as 

autophagolysosomes, but not in the early endosome compartment (Munafó and 

Colombo, 2001). Autophagic cells stained by MDC appeared as distinct green 

fluorescent dot-like structures distributing within the cytoplasm or localizing in the 

perinuclear regions (Shin et al., 2012). Based on the observation of AO profiles, a 

clear autophagic induction was identified in Caco-2 cells receiving δT3 + 5FU 

combined treatment as contrasting to the basal autophagy appearance of vehicle 

control (Figure 6.7). 

 

Figure 6.7 Representative comparison of basal autophagy in vehicle control (A) and 

induced autophagy in Caco-2 cells receiving δT3 + 5FU combined treatment (B). 

Autophagic morphologies are detected by using MDC. Accumulation of MDC 

autophagolysomes forming punctate structures as indicated by green dots (white arrow) 

appearing around N (nucleus). Yellow arrow denotes the dense aggregates of 

autophagolysomes appearing as bright green clumps. Scale bar represents 100μm.  
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 The MDC staining was conducted at 24, 48 and 72 hours post for Caco-2 cells 

(Appendices: Figures A6.9 & A6.11) and SW48 (Appendices: Figures A6.10 & 

A6.12). Only representative images from 24-hour treatment were displayed for a 

clearer presentation (Figures 6.8 & 6.9); their respective intensity analyses are 

exhibited in Figures 6.10 & 6.11.  

 As shown in Figure 6.8, there was a slight increased signal of MDC-labelled 

vesicles in Caco-2 cells receiving δT3 and 5FU single treatments but a marked 

increase in those receiving δT3 + 5FU combined treatment after 24 hours. In SW48 

cells, increase of MDC signal was also observed in δT3 and 5FU single treatments. 

Notably, the MDC signal was found to be the highest in SW48 cells receiving δT3 + 

5FU combined treatment. Similarly, δT3 + Dox combined treatment induced higher 

MDC signals in both Caco-2 and SW48 cells (Figure 6.9).  

 Consistent to the microscopic observation, quantitative assessment of MDC-

stained cells demonstrated a significantly higher MDC intensity in δT3 single 

treatment (p < 0.01) and δT3 + 5FU combined treatment (p < 0.0001) than that of 

vehicle control (24 hours) (Figure 6.10). In Caco-2 cells, the autophagy induction by 

5FU and Dox single treatments appeared later, which were after 48 and 72 hours of 

treatment (Figure 6.10). The δT3 single treatment and δT3 + Dox combined treatment 

also displayed significantly higher MDC intensity in Caco-2 (p < 0.001) and SW48 

(p<0.01) cells after 24-hour treatment (Figure 6.11). The effects of 5FU and Dox 

single treatments on autophagy induction were not statistically significant in SW48 

cells (Figure 6.11). 
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Figure 6.8 Representative MDC profiles of Caco-2 and SW48 cells after 24 hours of 

receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δ-

tocotrienol; c, 5-fluorouracil; d, δ-tocotrienol + 5-fluorouracil. Scale bar represents 

100m. 
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Figure 6.9 Representative MDC profiles of Caco-2 and SW48 cells after 24 hours of 

receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δ-

tocotrienol; c, doxorubicin; d, δ-tocotrienol + doxorubicin. Scale bar represents 

100m. 
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Figure 6.10 Analyses of MDC intensity of Caco-2 and SW48 cells at various time 

points after receiving treatments from δT3, 5FU and their combination. VC, vehicle 

control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-

fluorouracil. ****p<0.0001; ***p<0.001; **p <0.01; *p <0.05. 
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Figure 6.11 Analyses of MDC intensity of Caco-2 and SW48 cells at various time 

points after receiving treatments from δT3, Dox and their combination. VC, vehicle 

control; δT3, δ-tocotrienol; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol + doxorubicin. 

***p<0.001; **p <0.01; *p <0.05. 
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6.3.2 Western immunodetection for autophagy markers 

 As shown in Figure 6.12, the Western profiles demonstrated markedly 

increased LC3-II and beclin-1 in both Caco-2 and SW48 cells receiving δT3 + 5FU 

combined treatment. The highest expression of LC-II was found at 72-hour post 

treatment. On the other hand, beclin-1 expression increased as earlier as 4 hours after 

treatment. Of note, the expression pattern of beclin-1 and LC3-II appeared to be 

inversed to each other. 

 Similarly, δT3 + Dox combined treatment also elicited a time-dependent 

increase of LC3-II level, by which its highest expression was found at 72 hours in 

Caco-2 and SW48 cells (Figure 6.13). The temporal expression of beclin-1 exhibited 

an early but inversely related to the increase of LC3-II. 

 

Figure 6.12 Representative Western profiles of LC3-I/II and beclin-1 for Caco-2 and 

SW48 cells at 0-72 hours after receiving δT3 + 5FU combined treatment. GAPDH 

serves as a loading control. 
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Figure 6.13 Representative Western profiles of LC3-I/II and beclin-1 for Caco-2 and 

SW48 cells at 0-72 hours after receiving δT3 + Dox combined treatment. GAPDH 

serves as a loading control. 

 Since the peaked LC3-II expression was detected at 72 hours, a relative 

comparison to the respective single treatments was therefore performed at this given 

time point (Figures 6.14 & 6.15). As shown in Figure 6.14, LC3-II expressions 

triggered by 5FU single treatment and δT3 + 5FU combined treatment were found the 

highest in Caco-2 cells. For SW48 cells, the LC3-II expressions were seen the highest 

induced by δT3 + 5FU combined treatment and the lowest by 5FU single treatment. 

Notably, the expression levels of beclin-1 were consistently low in treatment groups. 

 

Figure 6.14 Representative Western profiles of LC3-I/II and beclin-1 for Caco-2 and 

SW48 cells after 72-hour treatments with δT3, 5FU and their combination. GAPDH 

serves as a loading control. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-

fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil. 



224 

 

 

 As shown in Figure 6.15, there was a noticeable increase of LC3-II induced by 

Dox single treatment and δT3 + Dox combined treatment in Caco-2 cells. In SW48 

cells, expression of LC3-II was found the lowest upon receiving Dox single treatment, 

but the highest in δT3 + Dox combined treatment group. Beclin-1 expression was 

revealed to be the lowest in both cell lines receiving δT3 + Dox combined treatment. 

 

Figure 6.15 Representative Western profiles of LC3-I/II and beclin-1 for Caco-2 and 

SW48 cells after 72-hour treatments with δT3, Dox and their combination. GAPDH 

serves as a loading control. VC, vehicle control; δT3, δ-tocotrienol; Dox, doxorubicin; 

δ + D, δ-tocotrienol + doxorubicin. 

 It was demonstrated that Akt and PDK1 were downregulated in Caco-2 and 

SW48 cells upon receiving δT3 + 5FU combined treatment (Figure 6.16) as well as 

δT3 + Dox combined treatment (Figure 6.17), when compared to vehicle control group. 
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Figure 6.16 Representative Western profiles of Akt and PDK1 for Caco-2 and SW48 

cells after 72-hour treatments with δT3, 5FU and their combination. VC, vehicle 

control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil. 

 

 

Figure 6.17 Representative Western profiles of Akt and PDK1 for Caco-2 and SW48 cells 

after 72-hour treatments with δ-tocotrienol, doxorubicin and their combination. VC, vehicle 

control; δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 

 

6.3.3 Effects of autophagy inhibitors on cell viability 

6.3.3.1 Blocking autophagy with 3-methyladenine (3-MA) 

 Guided by the published study conducted on colorectal cancer cell lines 

(Guamán Ortiz et al., 2014), pre-treatment of Caco-2 and SW48 cells with 2.5mM of 3-
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MA for 4 hours was followed in this experiment. Notably, this concentration was 

found non-toxic to Caco-2 and SW48 cells based on the non-significant effect of cell 

viability for vehicle control (Figure 6.18). 

 In Caco-2 cells, application of 3-MA autophagy inhibitor did not improve the 

cell viability under δT3 and 5FU single treatments. In contrast, 3-MA significantly 

reverted (although not completely) the cytotoxic effect of δT3 + 5FU combined 

treatment (p < 0.01). On the other hand, the presence of 3-MA increased cell viability 

of Caco-2 cells receiving Dox single treatment and δT3 + Dox combined treatment, 

suggesting a partial prevention of cell death (Figure 6.18 A). 

 In SW48 cells, application of 3-MA non-significantly improve cell viability of 

δT3 and 5FU single treatments. In contrast, the cytotoxic effect of Dox single 

treatment, δT3 + 5FU and δT3 + Dox combined treatments were completely reversed 

by the application of 3-MA (Figure 6.18 B) in SW48 cells, signifying a complete 

suppression of cell death. 

 

Figure 6.18 Effects of 3-MA on the viability of Caco-2 (A) and SW48 (B) cells after 

receiving various treatments. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-

fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δT3 + Dox, 

δ-tocotrienol + doxorubicin. ****p<0.0001; ***p<0.001; **p <0.01. 
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6.3.3.2 Blocking autophagy with bafilomycin A1 (Baf-1) 

 Baf-1 was used at 10nM in this experiment in reference to several previously 

published works for studying the autophagy inhibition in colorectal cancer cell lines 

(Greene et al., 2013; Huang and Sinicrope, 2010; Was et al., 2017). In this study, it 

was showed that 10nM of Baf-1 did not cause toxicity to the cells. 

 Corresponding to the results from 3-MA, inhibition of autophagy using Baf-1 

was unable to inhibit cell death of Caco-2 from δT3 and 5FU single treatments. 

However, a significant (although not complete) restore in cell viability was observed 

in Caco-2 cells subjected to δT3 + 5FU combined treatment in the presence of Baf-1 

(Figure 6.19 A), suggesting a partial inhibition of cell death. The application of Baf-1 

significantly improved cell viability (although not complete) in Caco-2 cells treated 

with Dox and δT3 + Dox combined treatment. 

 In SW48 cells, the presence of Baf-1 significantly and completely improved 

the cell viability triggered by δT3 and 5FU single treatments and δT3 + 5FU combined 

treatment (Figure 6.19 B), which demonstrate a complete inhibition of cell death. 

However, cell viability of SW48 cells was non-significantly restored in the Dox single 

treatment in the presence of Baf-1. In comparison, Baf-1 could significantly restored 

cell viability in SW48 cells subjected to δT3 + Dox combined treatment (Figure 6.19 

B). 
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Figure 6.19 Effects of Baf-1 on the viability of Caco-2 (A) and SW48 (B) cells after 

receiving various treatments. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-

fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δT3 + Dox, 

δ-tocotrienol + doxorubicin. ****p<0.0001; ***p<0.001; **p <0.01. 
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6.4 Discussion 

 Guided by the findings as described in Chapter Four and Chapter Five which 

consensually suggested the potential involvement of autophagy as an additional cell 

death modality, current study in this chapter was hence conducted to investigate the 

autophagic responses induced by the treatments on Caco-2 and SW48 cells.  

 Literally, the term ‘autophagy’ refers to ‘self-eating’ in Greek, inclining that 

autophagy may be a cell suicide process (Codogno and Meijer, 2005; Shen and 

Codogno, 2016). Autophagy was reported to exhibit dual functions in cell survival and 

death. Such controversial roles have indeed reflected in at least two previous studies 

in which tocotrienols exhibited cytoprotective autophagy in MDA-MB-231 breast 

cancer cells (Tran et al., 2015) and anti-tumour effect in PC-3 prostate cancer cells 

(Fontana et al., 2019). Hence, it is interesting to explore the roles of autophagy (in 

relation to cell death) induced by the combined treatments identified in the current 

study, for exploring new opportunities in novel cancer treatments.  

 Morphologically, the AO and MDC profiles had clearly demonstrated the 

formation of acidic vesicular organelles (AVOs, see Figures 6.3 – 6.6) and 

autophagolysosomes (see Figures 6.8 & 6.9) upon treatments, thereby confirmed the 

presence of autophagy in Caco-2 and SW48 cells. Notably, an enhanced autophagy 

triggered by δT3 + 5FU and δT3 + Dox combined treatments was detected at an early 

time point, i.e., 24 hours and persistently higher thereafter. These observations 

therefore suggest a rapid and prolonged autophagy induction by the combined 

treatments.  

 Since it has been suggested that autophagy activity is a dynamic process in 

which assessing an autophagy marker at a specific time point could not truly reflect 
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the presence of autophagy (Yoshii and Mizushima, 2017), hence, current study 

performed a temporal kinetic study (0-72 hours, Figures 6.12 & 6.13) on LC3-II, a 

marker of autophagosome formation. Upon activation of autophagy, a cytosolic form 

of LC3 (LC3-I) is conjugated to phosphatidylethanolamine and generates a lipidated 

form of LC3 (LC3-II), which is then recruited to produce the autophagosomal 

membranes (Glick et al., 2010). During the subsequent process of autophagosome 

maturation, LC3-II is deconjugated from the outer surface while LC3-II that is present 

within the inner vesicle remains associated with the completed autophagosomes. 

Therefore, the LC3-II level correlates well with autophagosome number (Loos et al., 

2014). Based on this ground, LC3-II is a useful indicator of autophagosome initiation 

(Gottlieb et al., 2015). Although some groups adopted the LC3-II/ LC3-I ratio as an 

indication of autophagic activity, however this approach is generally unreliable and 

discounted (Gottlieb et al., 2015) because antibodies tend to have greater affinity for 

LC3-II than LC3-I. As such, the signal ratio of LC3-I and LC3-II does not accurately 

represent the ratio amount of cytosolic and membrane-bound LC3 (Mizushima and 

Yoshimori, 2007). In relation to this study, a noticeable increase of LC3-II was 

observed in Caco-2 (Figure 6.12) and SW48 (Figure 6.13) cells receiving δT3 + 5FU 

and δT3 + Dox combined treatments, which induced autophagy in a time-dependent 

fashion. A relative comparison between single and combined treatments demonstrated 

that the latter resulted in earlier and/or persistent autophagic activities (Appendices: 

Figures A6.13 & A6.14). These results therefore suggest a rapid and/or prolonged 

autophagic response, which are conforming to the microscopic observations. 

Potentially, these findings also suggest an immense autophagic stimuli triggered by 

the combined treatments. In the light of a proposed idea that autophagy acts as a 

protective mechanism in response to brief stressful episode while sustained autophagy 
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will lead to an autophagic cell death (Amelio et al., 2011), the result from current study 

infers an enhanced autophagic cell death induced by the combined treatments.  

 One the other hand, beclin-1 is another important marker to study autophagy. 

As opposed to several previous studies reporting a positive correlation between beclin-

1 and LC3-II (Kobayashi et al., 2010; Kumari et al., 2012; Lee et al., 2013; Valente et 

al., 2014), current study demonstrated an inversely proportional expression. One 

potential explanation of the phenomenon is the involvement of a non-canonical beclin-

1-independent autophagy in current study. In contrast to classical or canonical 

autophagy, the non-canonical autophagy does not require an entire set of autophagy-

related protein (ATG), particularly beclin-1 to form autophagosomes (Scarlatti et al., 

2008b). This non-canonical autophagy has been gaining attention as an alternative 

mechanism for therapeutic purposes in cancers (Dupont and Codogno, 2013), 

especially those cancers with too low expression of beclin-1 for canonical autophagy 

induction. Albeit it is largely unknown how does the autophagosome is formed 

without the aid from beclin-1, this form of non-canonical autophagy was in fact 

reported to associate with cell death (Scarlatti et al., 2008a; Tian et al., 2010; Zhu et 

al., 2007). The underlined mechanism of current finding is therefore still necessitated 

to be elucidated by which genetic silencing of beclin-1 may help to answer the 

question. 

 An additional line of evidence suggests that not all autophagy is associated 

with high beclin-1 level. It was reported that upregulation of beclin-1 was only 

observed in starved-induced autophagy, but not the rapamycin-induced autophagy (Li 

et al., 2013). Therefore, it could be possible that the combined treatments engage a 

similar mechanism of the rapamycin-induced autophagy. 
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 On the other hand, Akt signalling representing one of the pathways, which is 

closely related to autophagy, was also studied. Akt signalling was reported to regulate 

cell death and survival machineries, hence, it is interesting to examine how its 

regulation integrates into the cell death and survival through autophagy. In fact, the 

activation of Akt via PDK1 promotes cell survival (Martelli et al., 2012; Noguchi et 

al., 2014). As such, the Akt and its activation enzyme, PDK1 were examined. In the 

current study, it was demonstrated that Akt and its regulatory enzyme, PDK1 were 

downregulated, especially in the combined treatment (Figures 6.16 & 6.17). This 

result therefore proposes an inactivation of cell survival mechanism in the presence of 

autophagy, implying an autophagic cell death.  

 According to the recommendations from NCCD, autophagic cell death refers 

to autophagy that mediates cell death and can be suppressed by the inhibition of 

autophagy pathway (Galluzzi et al., 2018). Hence, pharmacological inhibitors of 

autophagy, namely 3-methyladenine (3-MA) and bafilomycin A1 (Baf-1) were 

applied in order to prove that the autophagy induction was associated with cell death 

but not a cytoprotective mechanism. The caution has been taken towards the selection 

of pharmacological inhibitors as an increase in autophagosomes (suggested by MDC 

staining) can be resulted from both upsurge of autophagosome formation and/or 

blockage of autophagosome maturation (lysosomal fusion and degradation). Hence, 

the selection of inhibitors was based upon these criteria in which the 3-MA inhibits 

autophagy by blocking autophagosome formation (early stage) while Baf-1 inhibits 

autolysosome acidification (late stage) in autophagy process. 

 In the case when autophagy exerts a cytotoxic action, autophagy inhibition 

may delay or prevent/inhibit cell death. In contrast, cytoprotective autophagy when it 

is inhibited would promote or accelerate cell death (Clarke and Puyal, 2012). It is 
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interesting to note that the 3-MA partially prevented the cell death induced by δT3 + 

5FU combined treatment in Caco-2 and SW48 cells (Figure 6.18), but not their 

individual single treatments, suggesting that the formation of autophagosomes is a 

crucial process in mediating the cell death in δT3 + 5FU combined treatment. Likewise, 

autophagosomes formation is crucial in mediating the autophagic cell death for both 

Dox single treatment and δT3 + Dox combined treatment, as evidenced by the 

abrogated cell death in the presence of 3-MA (Figure 6.18). In fact, this is in agreement 

with a previous study which reported that blocking autophagosome formation using 

3-MA, silencing beclin-1 or Atg-5, had conferred a protective effect in cardiac cells 

from doxorubicin toxicity (Koleini and Kardami, 2017). Formation of autophagosome 

may essentially suggest a quarantine of ‘survival factors’ in the cells, whereas, 

blocking of this process confers cell survival. 

 On the other hand, Baf-1 successfully inhibited cell death of Caco-2 and SW48 

subjected to δT3 + 5FU and δT3 + Dox combined treatments (Figure 6.19). In these 

groups, acidification of autolysosome represents another crucial mechanism in 

mediating the cell death, further supporting the actions of combined treatment in 

promoting an autophagic cell death. Despite the actual role of autophagic degradation 

activity is unknown, it can be speculated that degradation of the sequestered ‘survival 

factors’ may take place. For instance, it was reported that the autophagic cell death in 

malignant peripheral nerve sheath tumour induced by tamoxifen was associated to 

degradation of Kirsten rat sarcoma viral oncogene homolog (pro-survival proteins) 

(Kohli et al., 2013). In relation to this study, downregulations of Akt and PDK1 may 

be involved in precipitating cell death; conversely, inhibition of the degradation 

machinery can then contribute to cell survival. As compared to Caco-2, the δT3 + Dox 

combined treatment in SW48 did not downregulate PDK1 level as much as the Dox 
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single treatment, suggesting that the combined treatment is more effective in Caco-2 

cells. 

 The role of autophagy in cancer cell death is gaining research attention, which 

tamoxifen represents one of the widely investigated clinical drugs. It is commonly 

being used as a hormonal therapeutic agent to treat estrogen receptor positive breast 

cancer. In glioblastoma cells, tamoxifen resulted in a concentration-dependent 

increase of LC3-II and decrease activated Akt levels, while inhibition of autophagy 

induction successfully blocked cell death (Graham et al., 2016), which demonstrated 

the presence of autophagic cell death. Current study is conformed to the previous study 

in which the combined treatments also caused elevated LC3-II and downregulated Akt 

while blocking autophagic induction via 3-MA and Baf-1 prevented cell death. 

Through the combination, the autophagy is enhanced, suggesting a potential 

therapeutic approach to promote colorectal cancer cell death. 

6.5 Conclusions 

 In conclusion, current study confirmed the presence of induced autophagy in 

single treatments (i.e., δT3, 5FU and Dox) and combined treatments (i.e., δT3 + 5FU 

and δT3 + Dox) on both Caco-2 and SW48 cells. Notably, the induction of autophagy 

was faster and/or prolonged in the combined treatments as compared to the single 

treatments in both cell lines. In the combined treatments, LC3-II expression was 

upregulated accompanied by downregulations of Akt and PDK1 cell survival proteins. 

Application of 3-MA and Baf-1 autophagy inhibitors successfully inhibited cell death. 

These evidences assertively suggested that δT3 + 5FU and δT3 + Dox combined 

treatments induced autophagic cell death in Caco-2 and SW48 colorectal cancer cells.  
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7. Chapter Seven: General Discussion and Conclusions 

7.1 Background 

 The conventional chemotherapeutic drugs generally display poor cancer 

selectivity and high dose associated toxicities, which have largely limit their efficacy. 

Ideally, reducing the doses of chemotherapeutic drugs while getting comparable or 

higher efficacy could be a solution for cancer management. To attempt addressing this 

issue, tocotrienols could be an attractive counterpart to chemotherapeutic drugs, 

attributed by the selective cancer killing and multi-targeted anti-cancer actions. In fact, 

tocotrienols are recommended to be used at low doses in an adjunct treatment 

(Abubakar et al., 2018; Sylvester et al., 2011; Wali et al., 2009b), to circumvent the 

saturable uptake and high metabolic degradation in human body. Therefore, it was 

hypothesised that synergistic combinations of tocotrienols and chemotherapeutic 

drugs at low loses, could offer an augmented therapeutic efficacy.  

 A combination treatment is a feasible approach seeks to provide an immediate, 

effective and affordable solution to cancer. The conceptualisation was based upon 

attaining a synergy, in which the effect of two or more agents in combination is greater 

than the expected additive effect of the single agents (Greco et al., 1996). Through a 

synergistic interaction, lower doses of their respective constituents could potentially 

be used in a combination, while still granting improved therapeutic effectiveness and 

reduced adverse reactions.  

 Therefore, the current research embarked on investigating the feasibility of 

combining tocotrienols and conventional chemotherapeutic drugs to attain an 

enhanced therapeutic outcome in cancers. In line with the aspiration, the current works 

encompassed identification of synergistic combinations, characterisation of the 
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induced apoptosis, study on the underlying apoptotic mechanisms and validation of an 

involvement of autophagic cell death. 

 In Chapter Three, several synergistic combinations were identified through a 

high-throughput screening based anti-proliferative assay. The combinatorial 

application of δ-tocotrienol (δT3) and 5-fluorouracil (5FU) or doxorubicin (Dox) at 

lower concentrations of the respective single agents demonstrated anti-proliferative 

effects on colorectal cancer cells. Further examination on the clonogenicity showed 

that the combined treatments exerted cytotoxic, rather than cytostatic effects.  

 Since the induction of cell death in cancer is playing a pivotal role in shaping 

successful treatment, characterisation on the induced cell death responses was 

conducted in Chapter Four. Essentially, the study was initiated by focusing on 

apoptosis, which is a primary cell death mechanism in cancer therapy. 

Morphologically, the single and combined treatments demonstrated apoptotic and 

non-apoptotic morphologies. The observations of nuclear condensation, nuclear 

fragmentation and membrane blebbing supported the presence of apoptosis. A 

quantitative analysis of apoptosis further suggested an enhanced apoptosis as 

compared to the individual single treatments. An enhanced DNA damage was detected 

in the combined treatments, inferring a heightened apoptosis stimulus.  

 Guided by the enhancement of apoptosis, the mechanisms of apoptosis were 

studied in-depth in Chapter Five. Both the intrinsic and extrinsic apoptosis pathways 

were attempted. Surprisingly, the study suggested an involvement of caspase-

dependent as well as caspase-independent cell death. Notably, downregulations of 

IAPs suggested a chemosensitisation effect of the combined treatments.  

 Following that, Chapter Six explored an involvement of autophagic cell death 

as inspirited by the cytoplasmic vacuolation observed (Chapter Three). Interestingly, 
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the combined treatments triggered an enhanced autophagy as compared to the 

individual single treatments. Moreover, the autophagic response was found mediating 

the cell death and thus inferring an involvement of autophagic cell death.  

7.2 Synergistic anti-proliferative and cytotoxic effects of the combined 

treatments 

 Current study adopted the method from Lowe Additivity (or dose additivity) 

for identifying synergism in the combined treatment. It is one of the several common 

models used to measure drugs interaction in pharmacology. To detect synergism, it is 

of importance to gather the dose-effect data of the individual drugs (Tallarida, 2011). 

The individual dose-effect data can provide a ground to estimate the expected effect 

(known as additivity) to benchmark the observed combination effect, whether a 

synergism (higher than additive effect) or antagonism (lower than additive effect) has 

occurred. In fact, the Lowe Additivity method has widely been employed in 

tocotrienol combination studies (Abubakar et al., 2017, 2016; Shirode and Sylvester, 

2011, 2010; Steuber et al., 2016; Wali and Sylvester, 2007). These studies have 

collectively suggested promising anti-proliferative and apoptosis effects via multiple 

signalling pathways such as NF-κB pathway inhibition (Shirode and Sylvester, 2010; 

Steuber et al., 2016), MAPK pathway (Wali and Sylvester, 2007) and Akt pathway 

(Shirode and Sylvester, 2010). In light of these promising studies, the current study is 

signified conforming to a universal standard for combined treatment approach and 

captivates an in-depth investigation of the mechanisms of action. 

 Of note, the “excess over highest single agent” (EOHSA) synergy model is 

currently adopted by FDA for drug combination approval under the Code of Federal 

Regulations Title 21 (21 CRF § 300.55). To further illustrate, a combination of fixed 
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doses can be referred as synergy in EOHSA if the combined treatment is superior to 

the highest single agent effect at the corresponding concentration (Borisy et al., 2003). 

Also, the evaluation of the individual effect of the single agents is important to identify 

changes (possibly improvement) of single treatment over the combined treatment, 

which is in line with the synergy in EOHSA. As such, the individual concentrations 

of δT3, 5FU and Dox used in the combinations (Table 3.5) were included in the 

subsequent experiments. In current study, it has clearly shown that the combined 

treatments displayed a synergistic cytotoxic effect but not cytostatic effect (Figures 

3.10 & 3.11). These findings inferred that the combined treatments could kill the 

colorectal cancer cells, rather than suppressing the growth of cells, which may lead to 

recurrence when the treatment is withdrawn. 

 Collectively, the Lowe Additivity and/or EOHSA have suggested a promising 

synergy in the two combined treatments of δT3 + 5FU, and δT3 + Dox on Caco-2 and 

SW48 cells, which warrant further investigations in the subsequent chapters.  

7.3 Combined treatments exert a chemotherapeutic drug-driven cell cycle arrest 

 Apoptosis plays an important role in treatment of cancer because it is a popular 

target of many treatment strategies (Wong, 2011). In this study, it has been clearly 

demonstrated that combined treatments resulted in an enhanced apoptosis (Figures 

4.14 & 4.15), drug-driven DNA damage(s) (Figures 4.16 – 4.19), a drug-driven cell 

cycle arrest (Figures 4.20 – 4.23) and DNA fragmentation (Figures 4.24 – 4.27). 

 The arrests of cell cycle progression were determined by the respective 

chemotherapeutic drugs, namely S-phase arrest (5FU) and G2/M-phase arrest (Dox), 

but not a G1-arrest (δT3) in the combined treatments. Intriguingly, this is in fact 

opposed to two previous δT3 combination studies which demonstrated a single G1 
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arrest (Yeganehjoo et al., 2017) and dual arrests at G1 and G2/M (Sato et al., 2017). 

In fact, the synergistic interactions between tocotrienols and chemotherapeutic drugs 

can be explained by their potential synergistic interactions proposed by Boik (2001) 

as illustrated in Figure 7.1. A concurrent inhibition would have resulted if both agents 

exert at the same cell cycle checkpoint. For example, a combination of δT3 and 

geranylgeraniol combined treatment showed an enhanced arrest at G1 on prostate 

cancer cells (Yeganehjoo et al., 2017), postulating a concurrent inhibition has taken 

place. On the other hand, if concerted cell cycle arrest has taken place, the cell cycle 

profiles should demonstrate a simultaneous arrest. For instance, it was reported that 

combination of δT3 and γ-tocopherol caused a simultaneous increase of G1 and G2/M 

arrest after 24 hours on prostate cancer cells (Sato et al., 2017), suggesting a concerted 

inhibition in this scenario. Based on the current results, it is clearly demonstrated that 

the S and G2/M arrests of chemotherapeutic drugs occurred at 24 hours post treatment, 

were dominant and more rapid over the effect of δT3 (G1 arrest at 48 hours in Caco-

2 cells), proposing a sequential action in the cell cycle arrest. The sequential inhibition 

of cell cycle progression is believed has taken place which the chemotherapeutic drugs 

arrested most of the colorectal cancer cells, while δT3’s action was delayed. 

Collectively, this proposal suggests that the combined treatments with δT3 may render 

a differential perturbation in the cell cycle, vary across cancer types and are influenced 

by the single agents incorporated in the combination. 
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Figure 7.1 Three examples of potential synergistic interactions. Sequential inhibition 

can be achieved if two compounds act on a linear sequence of events to inhibit cell 

proliferation (event C). Meanwhile, concurrent inhibition describes two compounds 

that inhibit two parallel events that simultaneously impede an important event for the 

cell proliferation. On the other hand, concerted inhibition happens when two 

compounds inhibit two parallel events, resulting in inhibition of two separate events 

that are responsible for cell proliferation (Boik, 2001). 

 Targeting cell cycle checkpoints (e.g., G1, S or G2/M) in cancer can be 

regarded as an important strategy (Visconti et al., 2016). In response to DNA damage, 

sensor proteins within the cells detect the damages and signal the downstream 

effectors, leading to cell cycle arrest and promote repair. The DNA damage triggered 

in S- and G2/M-phase is likely to be sensed by Ataxia Telangiectasia and Rad3-related 

(ATR) kinase that activate Checkpoint Kinase 1 (Chk1) (Xiao et al., 2003), contrasting 

to G1-phase that requires Ataxia Telangiectasia Mutated (ATM) kinase that activates 

Checkpoint Kinase 2 (Chk2) (Matsuoka et al., 1998). Of note, the G1 checkpoint is 

critically dependent on p53 (Visconti et al., 2016) while targeting S- and G2/M does 

not necessarily require a wide type p53 (Arita et al., 1997; Concin et al., 2003). Given 
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that p53 mutation is common in colorectal cancer, which constitutes about 34% of 

proximal tumours and 45% of distal tumours (Russo et al., 2005), targeting S- and 

G2/M phases suggest a p53-independent approach which is more versatile for cancer 

treatments. 

 In addition, it appears that the tocotrienol-induced G1 arrest in combined 

treatment is associated with cytostatic effect. It was previously reported that the 

synergistic anti-proliferative effect of combined treatments of γT3 and sesamin, statins 

or tyrosine kinase inhibitors resulted in G1 arrest can neither induce apoptosis nor 

decrease in cell viability mammary cancer cell lines (Akl et al., 2013; Wali et al., 

2009b; Wali and Sylvester, 2007). Hence, the authors concluded that a cytostatic but 

not cytotoxic effect was resulted. On the contrary, apparent S-phase and G2/M phase 

induced by the δT3 + 5FU and δT3 + Dox combined treatments respectively, which 

therefore consensually agreeable to the cytotoxic and apoptotic effects detected in the 

current study. 

7.4 Combined treatments downregulate the inhibitors of apoptosis (IAPs) 

proteins - a potential chemosensitisation effect   

 Guided by morphological and biochemical confirmations on apoptosis, 

Chapter Five studied the underlying apoptosis mechanisms of the combined treatments 

on Caco-2 and SW48 cells. The δT3 + 5FU combined treatment showed a reduction 

of IAPs (e.g., survivin, cIAP1, cIAP2, XIAP) in Caco-2 cells (Figure 5.3), suggesting 

a chemosensitisation effect. For instance, a previous study demonstrated that the 

downregulation of XIAP led to an enhanced chemosensitivity in human gastric cancer 

cells (Tong et al., 2005). Additionally, it was previously reported that an 

overexpression of cIAP2 contributed to 5FU resistance of oral cancer cells (Nagata et 
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al., 2011); while a downregulation of cIAP2 effectively enhanced the sensitivity of 

5FU-resistant DLD-1 colon cancer cells and activation of caspase 3/7 for apoptosis 

(Karasawa et al., 2009).  

 On the other hand, overexpression of survivin was evident in Dox-resistant 

osteosarcoma; an addition of the survivin suppressant YM155 reversed Dox resistance 

via promoting the elevated caspase-8, -9 and -3 activities (Zhang et al., 2015). 

Correspondingly in the current study, the combined treatments resulted in the 

downregulation of IAPs (Figures 5.19 – 5.22) accompanied by upregulation of 

caspase-3 activity (Figure 5.18) and enhancement of apoptosis (Figures 4.14 & 4.15), 

all these observations exemplify a chemosenstisation effect through apoptosis.  

 Notably, the current study revealed a higher basal expression of IAP proteins 

in SW48 cells than that of Caco-2 cells (Figures 5.19 & 5.20). This phenomenon could 

potentially be explained by the role of IAP proteins in malignancy progression 

(LaCasse et al., 1998), as SW48 cell line is comparably more invasive (Broder’s Grade 

IV) than Caco-2 cell line (Broder’s Grade II) (see Appendix: Figure A7.1). Previous 

studies showed that XIAP, livin and cIAP were associated to colorectal tumour 

progression (Myung et al., 2013; Paschall et al., 2014; Takeuchi et al., 2005), resulting 

in increased motility and reduced apoptosis. These studies have therefore highlighted 

an opportunity of targeting IAP proteins for colorectal cancer. The capability of δT3 

+ 5FU and δT3 + Dox combined treatments in downregulating IAP proteins 

expression identified in this study may represent an attractive therapeutic approach in 

colorectal cancer cells, which could block cancer progression.   

 In addition, a previous study found that 25μM of γT3 and 20μM of 

capecitabine combined treatment downregulated cIAP1, cIAP2 and survivin in 

HCT116 colon cancer cells (Prasad et al., 2016). In the current study, lower 
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concentrations of the combined treatment were used in Caco-2 (i.e., 10μM δT3 + 3.5 

μM 5FU or 2μM Dox) and SW48 (i.e., 10μM δT3 + 18μM 5FU or 1μM Dox) to attain 

a similar outcome. Therefore, the current combined treatments may suggest promising 

therapeutic interventions for colorectal cancer management. 

7.5 Combined treatments activate apoptosis and caspase-independent cell death 

 In current study, the combined treatments resulted in significantly higher 

caspase-3/7 activation (Figure 5.18), which is correlated well to the increased 

apoptosis detected in Chapter Four (Figures 4.14 & 4.15). A further study revealed 

that the caspase-3 activation could be mediated by caspase-8 (initiator caspase of the 

extrinsic pathway) in both Caco-2 and SW48 cell lines, and caspase-9 (initiator 

caspase of the intrinsic pathway) in Caco-2 cells only. Intriguingly, except for δT3 + 

5FU combined treatment on SW48 cells, cell death of other combinations could not 

be blocked by caspase-8, caspase-3 or pan-caspase inhibitors despite clear evidences 

of caspase-8 and caspase-3 cleavage (activation) were detected. The resultant 

differential responses therefore suggested a combination- and cell line-specific effects 

as tabulated in Table 7.1. 

 In combination group ①, application of caspase-3 and pan-caspase inhibitors 

successfully prevented cell death, demonstrating a dependency of caspase in executing 

apoptosis (Table 7.1). In other combination groups (② - ④), caspase-3 and pan-

caspase inhibitors were unable to prevent cell death. Hence, it is therefore plausible to 

speculate that the caspase-dependent apoptosis may not be the sole pathway to 

provoke the cell death. 

 Additionally, blockade of mitochondrial permeability transition pore (MPTP) 

by cyclosporine A successfully inhibited cell death, suggesting that mitochondrial 
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permeability transition is a crucial event in determining apoptosis induced by the 

combined treatments (Figure 5.34). An increase in Bax and/or a decrease in Bcl-2 

protein levels suggest an occurrence of MOMP. Current study rules out the possibility 

that the MOMP was mediated by the upstream caspase-8 activation (via Bid), by 

which otherwise could be blocked by caspase-8 inhibition. Hence, MOMP should be 

independently triggered in response to the apoptotic cues. In addition, the occurrence 

of MOMP without a significant caspase-9 activation supported an engagement of 

caspase-independent cell death (CICD). 

Table 7.1 Combination- and cell line-specific effects in apoptosis. 

Combined 

treatments 

δT3 + 5FU δT3 + Dox 

Cell line/ 

(Combination 

group) 

SW48 (①) Caco-2 (②) Caco-2 (③) SW48 (④) 

Caspase 

activations 

Caspase-8 

Caspase-3 

Caspase-8 

Caspase-9 

Caspase-3 

Caspase-8 

Caspase-9 

Caspase-3 

Caspase-8 

Caspase-3 

Caspase 

inhibitor that 

blocked cell 

death 

Caspase-3  

Pan-caspase  

- - - 

Non-caspase 

inhibitor that 

blocked cell 

death 

Cyclosporine 

A 

Cyclosporine 

A 

Cyclosporine 

A 

Cyclosporine 

A 

Conclusion Apoptosis 

confirmed 

Presence of 

additional cell 

death 

mechanism 

Presence of 

additional cell 

death 

mechanism 

Presence of 

additional cell 

death 

mechanism 

 

 CICD is defined as a cell death modality that ensues when apoptotic signal 

fails to activate caspases (Tait and Green, 2008). However, CICD does share common 

characteristics with apoptotic cell death, including MOMP, which is an upstream 
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signalling that takes place for both forms of cell death. Commencement of MOMP 

leads to the release of a wide array of mitochondrial intermembrane space proteins 

such as second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-

binding protein with low pI (Smac/Diablo), cytochrome c, high temperature 

requirement protein A2/Omi serine protease (HtrA2/Omi), apoptosis inducing factor 

(AIF) and endonuclease G (EndoG) (see Figure 7.2); these proteins may redundantly 

constitute both the caspase-dependent or independent cell death (Lorenzo and Susin, 

2004). 

 Although the definite pathway is currently still unknown, special attention may 

be devoted to endoplasmic reticulum (ER) stress-mediated apoptosis. The ER stress-

mediated apoptosis has been proposed to lie upstream mitochondria, and may engage 

MOMP as a central amplification step to precipitate both caspase-mediated apoptotic 

pathway and caspase-independent cell death in the situation where caspase activation 

is insufficient (Gupta et al., 2010). As a result, both caspase-dependent and caspase-

independent pathways are activated in parallel upon MOMP (Kögel and Prehn, 2013). 

When caspase is inhibited, CICD mechanism can sufficiently induce cell death, albeit 

in a slower or less effective manner (Kögel and Prehn, 2013). Based on the data 

gathered from the current study, it is speculated that the combined treatments trigger 

both caspase-dependent apoptosis and CICD; while blocking of caspase has further 

shifted the reliance toward CICD. 
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Figure 7.2 Illustrative diagram of apoptosis and caspase-independent cell death at post 

MOMP. MOMP, mitochondrial outer membrane permeabilisation; Smac/Diablo, 

Second mitochondria-derived activator of caspase/direct inhibitor of apoptosis-

binding protein with low pI; cyt.c, cytochrome c; HtrA2/Omi, high temperature 

requirement protein A2/Omi serine protease; AIF, apoptosis inducing factor; EndoG, 

endonuclease G. 

 From this study, the single treatments inferred that δT3 targets mitochondria, 

not the chemotherapeutic drugs (Figures 5.9 - 5.12). In fact, several events induced by 

tocotrienols also suggested a potential CICD [Zhang et al. (2013) referred them as 

caspase-independent programmed cell death, CI-PCD] including a caspase-

independent DNA damage (Constantinou et al., 2012), disruption of mitochondria-

independent apoptosis markers (Takahashi and Loo, 2004) and autophagy (Jiang et al., 

2012; Rickmann et al., 2007). These extra-apoptosis events have correspondingly 

agreed to the proposed CICD mediated by δT3 in colorectal cancer cells. It was 

suggested in a separate study that elimination of colorectal cancer via CICD could be 

a better alternative to apoptosis, because CICD will trigger anti-tumourigenic immune 

activation to eliminate cancer more effectively (Giampazolias et al., 2017). Current 

study represents the first study reporting on δT3 + 5FU and δT3 + Dox combined 
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treatments with the involvement of CICD, may potentially lead to securing better 

benefits in colorectal cancer treatment.  

 Based upon the evidence gathered in the current study, an integrated overview 

of apoptosis and caspase-independent cell death mechanisms of single and combined 

treatments are illustrated (Figures 7.2 – 7.5). As shown in Figure 7.3, 5FU dominantly 

induced S-phase arrest and activated caspase-8 of the extrinsic pathway, which may 

probably execute through a TNF superfamily receptor and caused the caspase-3 

activation. Whereas, δT3 dominantly induced mitochondrial membrane 

permeabilisation (MMP) (Figure 7.3). The δT3 + 5FU combined treatment induced S-

phase arrest, activated caspase-8, and caused MMP on Caco-2 and SW48 cells (Figure 

7.4). Notably, there was a slight caspase-9 activation (intrinsic pathway) evident in the 

combined treatments (Caco-2 cells only) (Figure 7.4). On the other hand, Dox single 

treatment induced G2/M arrest and activated caspase-8, while δT3 primarily targeted 

the mitochondria (Figure 7.5). As shown in Figure 7.6, δT3 + Dox combined treatment 

caused G2/M arrest, caspase-8 activation and MMP, with a slight increment of 

caspase-9 activity (Caco-2 cells only), but enhanced caspase-3 activation in both cell 

lines.  
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Figure 7.3 Illustrative diagram of apoptosis pathway that is triggered by δT3 and 5FU single treatments. δT3, δ-tocotrienol (       ); 5FU, 5-

fluorouracil (       ); MMP, mitochondrial membrane permeabilisation; CICD, caspase-independent cell death. Dashed red-line box suggests 

potential involvement. ₵ Caco-2; ₴ SW48.       
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Figure 7.4 Illustrative diagram of apoptosis pathway that is triggered by δT3 + 5FU combined treatment. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

MMP, mitochondrial membrane permeabilisation; CICD, caspase-independent cell death. Dashed red-line box suggests potential involvement. ₵ 

Caco-2; ₴ SW48. 
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Figure 7.5 Illustrative diagram of apoptosis pathway that is triggered by δT3 and Dox single treatments. δT3, δ-tocotrienol (         ); Dox, doxorubicin 

(       ); MMP, mitochondrial membrane permeabilisation; CICD, caspase-independent cell death. Dashed red-line box suggests potential 

involvement. ₵ Caco-2; ₴ SW48. 
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Figure 7.6 Illustrative diagram of apoptosis pathway that is triggered by δT3 + Dox combined treatment. δT3, δ-tocotrienol; Dox, doxorubicin; 

MMP, mitochondrial membrane permeabilisation; CICD, caspase-independent cell death. Dashed red-line box suggests potential involvement.₵ 

Caco-2; ₴ SW48
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7.6 Combined treatments induce an autophagic cell death  

 The autophagy induced by δT3, 5FU and Dox single treatments appeared 

controversial in terms of promoting cancer cell survival versus cell death. For instance, 

δT3-induced autophagy in rat pancreatic stellate cells (Rickmann et al., 2007) and 

prostate cancer cells (Fontana et al., 2019) were reported to participate in cell death. 

For 5FU, the autophagy induced appeared to confer cancer protection as an inhibition 

of 5FU-induced autophagy enhanced cell death (Li et al., 2010; Schonewolf et al., 

2014). Another report shed light on potential anti-cancer role of autophagy as 

inhibition of autophagy could lead to resistance development in colorectal cancer cells 

(Yao et al., 2017), whereas the induction of autophagy facilitated the anti-cancer effect 

of 5FU (Yang et al., 2018). On the contrary, Dox-induced autophagy appeared to 

confer survival protection in breast cancer, osteosarcoma, hepatocellular carcinoma 

and neuroblastoma cells (Chen et al., 2018; Cosan et al., 2010), but none has reported 

on autophagy function in colorectal cancer type. Given that no study had been 

performed on the effect of autophagy in the combined treatments, the role of 

autophagy induced by δT3 + 5FU and δT3 + Dox underline the gap to be answered in 

this study.  

 In this study, the presence of autophagy induced by the single and combined 

treatments on Caco-2 and SW48 cells was clearly demonstrated in AO (Figures 6.3 -

6.6) and MDC (Figure 6.8Figures 6.8 & 6.9) profiles. Notably, the combined 

treatments showed an enhanced autophagy as supported by a time-dependent increase 

of LC3-II level, suggesting an accumulation of autophagosomes, which was consistent 

with AO and MDC profiles. Current study is conformed to several previous studies 

that demonstrated an induction of autophagy by tocotrienols. For instance, γT3 at 
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10μM resulted in an elevation of LC3-II, demonstrating an induction of autophagy in 

both PC-3 and LNCaP prostate cancer cells (Jiang et al., 2012). In addition, autophagy 

induction was also reported in γT3-treated breast cancer cells with an evidence of 

increased LC3-II (Sylvester and Tiwari, 2016). δT3 also triggered autophagy in PC3 

prostate cancer cells as evidenced by the augmented LC3-II (Fontana et al., 2019). 

Herein, this is the first report of showing the ability of δT3 single treatment and 

combined treatments (δT3 + 5FU and δT3 + Dox) for promoting autophagy on 

colorectal cancer cells. 

 According to the recommendation from NCCD, autophagic cell death involves 

an autophagy process that constitutes a lethal function in that cell death can be 

prevented by a genetic or pharmacological inhibition (Galluzzi et al., 2018). Pertaining 

to the guideline, the presence of 3-MA (early stage autophagy inhibitor) and Baf-1 

(late stage autophagy inhibitor) successfully inhibited cell death of the combined 

treatments (Figures 6.18 & 6.19), firmly suggests an involvement of autophagic cell 

death.  

 In fact, the role of autophagy in cell death, in which ‘cell death with autophagy’ 

and ‘cell death by autophagy’ are still currently under debate in the scientific 

community. The former indicates an auxiliary role of autophagy before or during the 

actual cell death (e.g., apoptosis) while the latter suggests a sole dependence of 

autophagy to initiate or execute the cell death (Kroemer and Levine, 2008). The 

authors argued that autophagic cell death is mostly ‘overclaimed’ when inhibition of 

autophagy cannot completely block or rescue the cell death, and autophagy does not 

involve as a sole perpetrator but is compliance with other cell death modalities 

(Kroemer and Levine, 2008). However, another line of argument explained that 

autophagic cell death can be ‘underappreciated’ when autophagy is restricted to a 
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direct connection to cell death (Yonekawa and Thorburn, 2013). Clarke and Puval 

(2012) also suggested that identification of ‘pure’ autophagic cell death as a distinct 

cell death modality independent from apoptosis and necrosis may not happen. An 

autophagy that triggers apoptosis or necrosis, or occurs parallel with them should be 

recognised as autophagic cell death if there is a clear connection to cell death (Clarke 

and Puyal, 2012). In addition, the authors argued that ‘pure’ autophagic cell death may 

not exist in rapidly dividing cancer cells due to the underlying genetic defects (Clarke 

and Puyal, 2012). In the light of this argument, current study represents an additional 

line of evidence supporting the occurrence of autophagic cell death based on the fact 

that autophagy is mediating the cell death, not cell survival. Hence, it is reasonable to 

suggest that autophagic cell death should be valued as a cell death mechanism although 

more evidences are still needed to elucidate their underlying actions in shaping the 

putative demise of cancer cells in the future.  

7.7 Connection of autophagy with apoptosis - linking now to beyond 

 In this study, the activations of apoptosis (Chapter Five) and autophagy 

(Chapter Six) induced by the combined treatments were confirmed. Temporal 

expressions of caspase-3 (responsible for apoptosis) and LC3-II (responsible for 

autophagy) were investigated. To illustrate at higher clarity, the evidence has been 

shown in Table 7.2. Based on the observations, two speculations are derived, namely 

sequential and concurrent actions.  

 In combination group ①, the increment level of cleaved caspase-3 (active) 

was the highest after receiving the 24-hour combined treatments, while LC3-II reached 

the highest slightly later, i.e., after 48 hours SW48 cells, suggesting an apoptosis 

activity followed by autophagy (Table 7.2). This could also infer a sequential action 
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between these two pathways (as illustrated in Figure 7.7 A). Conversely, a similar 

temporal pattern of apoptosis and autophagy is demonstrated in the combination group 

② - ④ (Table 7.2), suggesting a concomitance of the two pathways as depicted in 

Figure 7.7 B. 

 To date, the connection between apoptosis and autophagy has yet been fully 

deduced. Generally, review papers highlighted two potential connections between 

apoptosis and autophagy, in which i) autophagy precedes apoptosis and ii) autophagy 

inhibits apoptosis (Fan and Zong, 2013; Gump and Thorburn, 2011; Mariño et al., 

2014; Thorburn, 2008). In the first proposal (i), autophagy comes in as a stress 

regulatory mechanism, in which an autophagy is immense stress triggers apoptosis. 

However, current study appears suggesting a reverse of the proposal (i). In this study, 

δT3 + 5FU combined treatment appeared to culminate in apoptosis before the 

autophagy in SW48 cells. Potentially, a fraction of the cells is sensitised towards 

(caspase-3 dependent) apoptosis; whereas the left-over cell population is subjected to 

autophagic cell death. A differential response might be a possible explanation for the 

sequential action proposed, in which apoptosis may commence ahead of autophagy. 

This proposal is correspondingly agreed and supported by the successful suppression 

of cell death via caspase inhibitions in combination group ① (Table 7.2). However, 

the specific mechanism remains elusive. 
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Table 7.2 Potential actions of apoptosis and autophagy based upon temporal expressions of LC3-II and cleaved caspase-3. 

Combination 

group 

Cell line Treatment Kinetics of protein expressions (hours) 

                        0         4         8        12       24       48        72 

Speculation 

① SW48 δT3 + 5FU 

 

Sequential action 

② Caco-2 δT3 + 5FU 

 

Concurrent action 

③ Caco-2 δT3 + Dox 

 

④ SW48 δT3 +   Dox 

 
Note: * marked the time point with the highest protein expression.  
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 In relation to the second proposal (ii), autophagy steps in as a recovery 

mechanism to prevent unnecessary apoptosis. As a result, inhibition of autophagy 

often leads to heightened apoptosis as suggested by many previous studies (Liu et al., 

2015; Schonewolf et al., 2014; Shin et al., 2012; Tran et al., 2015). The concurrent 

action of apoptosis and autophagy is in fact opposed to the canonical/paradoxical view 

on mutually exclusive relationship between apoptosis and autophagy, as stated in 

proposal (ii). It was proposed that autophagy and apoptosis are not always mutually 

exclusive and may even occur simultaneously in the same cell type (Ryter et al., 2014). 

Current results are in fact conformed to the growing body of evidence on concomitant 

induction of apoptosis and autophagy (Cao et al., 2017; Jeon et al., 2011; Jiang et al., 

2012; Zhang et al., 2018) that contributes to an enhanced cell death in cancer. Another 

recent study reported oxyresveratrol could activate apoptosis and autophagic cell death 

pathways in neuroblastoma independently and in parallel as opposing to the proposal 

(ii). Collectively, current study provides an additional line of evidence on parallel and 

non-exclusive relationships on apoptosis and autophagy. 

 However, other differential factors underlying Caco-2 and SW48 should also 

be taken into consideration for future studies, including p53 status and malignancy 

grade of the cell lines. In fact, Caco-2 carries a mutant p53 tumour suppressor status 

(see Appendix: Figure A5.1) and classified as Grade II malignancy (see Appendix: 

Figure A7.1). On the other hand, SW48 has a wild-type p53 and classified as Grade 

IV malignancy. Additionally, the presence of CICD should also be taken into the 

consideration when delineating the integrated mechanistic connection of apoptosis and 

autophagy. These factors may partly if not all affect the differential responses toward 

autophagy and apoptosis in the combined treatments, which indeed warrant future 

investigations.  
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Figure 7.7 Schematic diagrams of proposed cell death actions of the combined 

treatments. A, sequential action of apoptosis, followed by autophagy. B, concurrent 

action of apoptosis, caspase-independent cell death (CICD) and autophagy. 

 Collectively, current study suggests multi-targeted actions of δT3 + 5FU and 

δT3 + Dox combined treatments, including apoptosis, CICD, and autophagic cell 

death. Since cancers may acquire cumulative mutations leading to defect(s) in diverse 

cell death pathways, the multi-targeted actions offer alternative pathways to target 

cancer more effectively. Combined treatments could possibly offer a therapeutic 

advantage for reducing the risk of drug resistance development. In vivo, inter-tumour 

and intra-tumour heterogeneity often lead to differential therapeutic responsiveness in 

cancer (Fisher et al., 2013). The combined treatments identified in current study could 

possibly target both susceptible and resistant tumour populations (toward cell death), 

rendering a more effective killing of cancer cells. 
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7.8 Limitations of current study and recommendations for future investigations 

 In fact, in vitro cell culture model is a rapid and cost-effective platform in 

cancer drug discovery. Essentially, it enables a high-throughput screening to identify 

the potential drug combinations and key mechanisms. Despite clear in vitro evidences 

on improved cancer selectivity, enhanced apoptosis and autophagic cell death obtained 

in the combined treatments, the current study model is lacking interactions with 

extracellular matrix. Hence, in vivo testing using small animals like a mouse model 

should be considered in the future to study the toxicological and pharmacokinetic 

profiles of the combined treatments. As such, the research outcomes could accelerate 

the translation from the bench into clinical application. 

 In this study, caspase-3 activation and increased in apoptotic cells population 

have confirmed the caspase-dependent apoptosis involvement in the combined 

treatments. While major focus has been devoted to the caspase-dependent apoptosis 

in the present study, the involvement of caspase-independent cell death (CICD) in fact 

deserves further research attention. Particularly, the effects of the combinations on 

other mitochondrial effectors in the mitochondrial intermembrane space, such as AIF, 

Smac/Diablo, HtrA2/Omi and EndoG should be investigated to provide a direct 

evidence on the engagement of CICD. 

 It had been confirmed in this study that autophagic cell death was remarkably 

induced by the combined treatments, concomitantly with apoptosis and CICD. Future 

investigation of the underlying mechanistic connections should be conducted. In 

addition, the potential interactions of apoptosis, CICD and autophagy (i.e., sequential, 

concurrent or concerted) using genetic silencing technologies (after identifying the 

molecules at the crossroad) could be performed in order to provide an integrated 

understanding of the pathways in the future.  
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 Besides, encapsulating the combined treatments in nanomedicine using a nano 

drug delivery platform appears to offer manifold benefits owing to the fact that 

tocotrienol-based nanoformulation has been proven effective. For instance, PEGlyted 

of tocotrienol was reported to improve oral bioavailability (Abu-Fayyad et al., 2015). 

A conjugation of the nanomedicine to a tumour-targeted ligand improved the cancer 

selectivity while leaving normal cells unharmed (Fu et al., 2009). It was reported that 

entrapping tocotrienols in transferrin-bearing vesicles showed 3-fold higher uptake 

and 100-fold higher cytotoxicity in vitro. The same study also showed that the 

tocotrienol entrapment led to improved survival and tumour regression in vivo (Fu et 

al., 2009). Alternatively, a controlled-release nanomedicine which could release the 

desired amount of drugs over a prolonged period may further improve therapeutic 

efficacy while minimising the impact on the normal cells. It was previously reported 

that the controlled release of 5FU and Dox exhibited greater cytotoxicity and 

selectivity toward cancer cells in comparison to the free drugs (Mo et al., 2015; Nair 

et al., 2011). Hence, formulating the combinations into nanomedicine appears as a 

viable approach to unleash the therapeutic potential of the current combined 

treatments.  

7.9 Conclusions  

 Current study identified the synergistic anti-proliferative and/or cytotoxic 

combinations on Caco-2 and SW48 colorectal cancer cells, comprising δT3 and 5FU 

or Dox. The IC50 of 5-fluorouracil (a first line chemotherapeutic drug for colorectal 

cancer), was successfully reduced by approximately 16 and 4 folds in combined 

treatments on Caco-2 and SW48 cells respectively, suggesting a lower toxicity could 

be resulted without compromising the therapeutic effectiveness. 
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 Mechanistically, δT3 + 5FU combined treatment resulted in single-stranded 

DNA break, leading to S-phase cell cycle arrest. On the other hand, δT3 + Dox 

combined treatment caused single- and double-stranded DNA breaks, leading to G2/M 

phase arrest. All combined treatments under the study resulted in enhanced apoptosis 

and DNA fragmentation as compared to the individual single agent treatments.  

 Additionally, downregulations of IAPs such as survivin, XIAP, and cIAP1 

further and enhanced caspase-3 activation suggest a chemosenstisation effect of the 

combinations. The combined treatments resulted in caspase-8 activation, signifying an 

engagement of the extrinsic apoptosis pathway. However, except for δT3 + 5FU 

combined treatment on SW48 cells, the cell death in three other combinations were 

unable to be prevented by caspase-3 and pan-caspase inhibitors, suggesting additional 

cell death pathway was involved. Interestingly, ΔΨm disruption had occurred without 

a significant activation of caspase-9; an inhibition of ΔΨm disruption using 

cyclosporine A successfully restored cell viability. These data collectively propose a 

co-activation of caspase-dependent and caspase-independent cell death.  

 The combined treatments also exhibited an enhanced autophagy. Inhibition of 

autophagy with 3-MA (early autophagy inhibitor) and Baf-1 (late autophagy inhibitor) 

improved viability of Caco-2 and SW48 cells. Of note, downregulations of Akt and 

PDK1 survival-associated proteins were observed. Undeniably, the autophagic cell 

death induced by the combined treatments has been confirmed. 

 Collectively, current study represents the first of its kind to understand the 

combinatorial application of δT3 and 5FU or Dox on colorectal cancer cells. 

Undeniably, these novel drug combinations have contributed to the advancement of 

research knowledge in colorectal cancer treatment, despite numerous questions are 

still awaiting answers. The research outcomes generated from current study have 
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suggested the potential applications of δT3 + 5FU and δT3 + Dox combined treatments 

to attain an augmented cancer cell death via multi-targeted actions, which demonstrate 

a promising and new treatment option for colorectal cancer in the future. 
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9. Appendices 

Appendices for Chapter Four (A4) 

 

Figure A4.1 Phase-contrast micrographs of Caco-2 at various time points after 

receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, 

δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm. 
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Figure A4.2 Phase-contrast micrographs of SW48 at various time points after 

receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, 

δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm.  
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Figure A4.3 Phase-contrast micrographs of Caco-2 at various time points after 

receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; b, 

δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.4 Phase-contrast micrographs of SW48 at various time points after 

receiving treatments of δ-tocotrienol, doxorubicin and the combined treatment. a, 

vehicle control; b, δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.5 Nuclear profiles of Caco-2 at various time points after receiving 

treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; c, 5FU; 

d, δT3 + 5FU. Yellow arrow, nuclear condensation; white arrow, nuclear 

fragmentation; Scale bar represents 50μm. 
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Figure A4.6 Nuclear profiles of SW48 at various time points after receiving treatments 

of δT3, 5FU and the combined treatment. a, vehicle control; b, δT3; c, 5FU; d, δT3 + 

5FU. Yellow arrow, nuclear condensation; white arrow, nuclear fragmentation; Scale 

bar represents 50μm. 
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Figure A4.7 Nuclear profiles of Caco-2 at various time points after receiving 

treatments of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, 5FU; 

d, δT3 + Dox. Yellow arrow, nuclear condensation; white arrow, nuclear 

fragmentation; Scale bar represents 50 μm. 
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Figure A4.8 Nuclear profiles of SW48 at various time points after receiving treatments 

of δT3, Dox and the combined treatment. a, vehicle control; b, δT3; c, Dox; d, δT3 + 

Dox. Yellow arrow, nuclear condensation; white arrow, nuclear fragmentation; Scale 

bar represents 50μm. 
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Figure A4.9 Representative dot plots of Annexin V-FITC/PI apoptosis detection assay 

for Caco-2 and SW48 cells. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-

fluorouracil; δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δT3 + Dox, 

δ-tocotrienol + doxorubicin. 
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Figure A4.10 Representative alkaline comet profiles of Caco-2 at various time points 

after receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; 

b, δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm. 
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Figure A4.11 Representative alkaline comet profiles of SW48 at various time points 

after receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; 

b, δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm. 
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Figure A4.12 Representative alkaline comet profiles of Caco-2 at various time points 

after receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; 

b, δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.13 Representative alkaline comet profiles of SW48 at various time points 

after receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; 

b, δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.14 Representative neutral comet profiles of Caco-2 at various time points 

after receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; 

b, δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm. 
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Figure A4.15 Representative neutral comet profiles of SW48 at various time points 

after receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; 

b, δT3; c, 5FU; d, δT3 + 5FU. Scale bar represents 100μm. 
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Figure A4.16 Representative neutral comet profiles of Caco-2 at various time points 

after receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; 

b, δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.17 Representative neutral comet profiles of SW48 at various time points 

after receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; 

b, δT3; c, Dox; d, δT3 + Dox. Scale bar represents 100μm. 
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Figure A4.18 Representative DNA histograms illustrating cell cycle profiles of Caco-

2 and SW48 cells. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δT3 + 

5FU, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol + 

doxorubicin. 
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Figure A4.19 Representative DNA histograms illustrating sub-G1 populations of 

Caco-2 and SW48 cells. VC, vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δT3 + 5FU, δ-tocotrienol + 5-fluorouracil; Dox, doxorubicin; δT3 + Dox, δ-tocotrienol 

+ doxorubicin. 
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Appendices for Chapter Five (A5) 

Table A5.1 Recipe of 6x protein sample buffer. 

Reagent Quantity (for 8ml) 

SDS 1.2g 

0.5M Tris, pH 6.8 1.2ml 

Glycerol 4.7ml 

Bromophenol blue  6mg 

DTT  0.93g 

dH2O Adjusted to 8ml 

Note: SDS binds to hydrophobic regions of the protein to unfold and gives it a negative 

charge. DTT breaks disulfide bonds and destroys residual secondary structures. 

Addition of glycerol is aimed to ensure protein samples to be remained in the gel wells 

after loading. SDS, sodium dodecyl sulphate; DTT, dithiothreitol. 

 

 

Table A5.2 Recipe of 10x SDS-PAGE running buffer. 

Reagent Quantity Final concentration in 1x 

Tris base 30g 25mM 

Glycine 144g 192mM 

Sodium Dodecyl Sulphate (SDS) 10g 0.1% (w/v) 

dH2O Top up to 1 L - 

Note: ddH2O denotes distilled water. Running buffer is stored at room temperature 

and diluted to 1x with ddH2O before use. ddH2O, distilled water. 

 

Table A5.3 Recipe of 10x transfer buffer. 

Reagent Quantity Final concentration in 1x 

Tris base 58.2g 48mM 

Glycine 29.3g 39mM 

dH2O Top up to 1 L - 

Note: Running buffer is stored at room temperature. The running buffer is diluted to 

1x with ddH2O containing 20% (v/v) methanol before use. ddH2O, distilled water. 
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Table A5.4 Recipe of a 4-12% gradient gel. 

Reagent 4% stacking gel 12% separating gel 

Quantity Quantity 

dH2O 3.15ml 3.45ml 

40% acrylamide 0.5ml 2.4ml 

0.5M Tris, pH 6.8 1.25ml - 

1.5M Tris, pH8.8 - 2ml 

10% SDS (w/v) 50μl 80μl 

10% APS (w/v) 50μl 80μl 

TEMED  5μl 8μl 

Note: This volume is calculated based upon Mini-PROTEAN® Tetra Handcast 

Systems of 1.5mm thickness. ddH2O, distilled water; APS, Ammonium persulfate; 

TEMED, Tetramethylethylenediamine. 

 

Table A5.5 Recipe of PBST buffer. 

Reagent Quantity 

Sodium chloride (NaCl) 8g 

Potassium chloride (KCl) 0.2g 

Disodium hydrogen phosphate (Na2HPO4) 1.44g 

Potassium dihydrogen phosphate (KH2PO4) 0.24g 

dH2O 1L 

0.05% Tween-20 (v/v) 0.5ml 

 

 

Figure A5.1 p53 expression profiles of Caco-2 and SW48 cells. Note: VC, vehicle 

control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-fluorouracil; 

Dox, doxorubicin; δ + D, δ-tocotrienol + doxorubicin. 
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Appendices for Chapter Six (A6) 

 

Figure A6.1 Representative AO-stained Caco-2 cells treated for 48 hours with the 

individual single δT3 or 5FU and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. 
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Figure A6.2 Representative AO-stained Caco-2 cells treated for 72 hours with the 

individual single δT3 or 5FU and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. 
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Figure A6.3 Representative AO-stained SW48 cells treated for 48 hours with the 

individual single δT3 or 5FU and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. 
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Figure A6.4 Representative AO-stained SW48 cells treated for 72 hours with the 

individual single δT3 or 5FU and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; 5FU, 5-fluorouracil; 

δT3 + 5FU, δ-tocotrienol + 5-fluorouracil. 
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Figure A6.5 Representative AO-stained Caco-2 cells treated for 48 hours with the 

individual single δT3 or Dox and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 

+ Dox, δ-tocotrienol + doxorubicin. 
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Figure A6.6 Representative AO-stained Caco-2 cells treated for 72 hours with the 

individual single δT3 or Dox and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 

+ Dox, δ-tocotrienol + doxorubicin. 



342 

 

 

 

Figure A6.7 Representative AO-stained SW48 cells treated for 48 hours with the 

individual single δT3 or Dox and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 

+ Dox, δ-tocotrienol + doxorubicin. 
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Figure A6.8 Representative AO-stained SW48 cells treated for 72 hours with the 

individual single δT3 or Dox and the combined treatment. Vehicle control containing 

0.1% of DMSO served as negative control. δT3, δ-tocotrienol; Dox, doxorubicin; δT3 

+ Dox, δ-tocotrienol + doxorubicin.  
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Figure A6.9 Representative MDC profiles of Caco-2 cells at various time points after 

receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, 

δT3; c, 5FU; d, δT3 + 5FU. 
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Figure A6.10 Representative MDC profiles of SW48 cells at various time points after 

receiving treatments of δT3, 5FU and the combined treatment. a, vehicle control; b, 

δT3; c, 5FU; d, δT3 + 5FU. 
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Figure A6.11 Representative MDC profiles of Caco-2 cells at various time points after 

receiving treatments of δT3, Dox and the combined treatment. a, vehicle control; b, 

δT3; c, Dox; d, δT3 + Dox. 
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Figure A6.12 Representative MDC profiles of SW48 cells at various time points after 

receiving treatments of δT3, Dox and the combined treatment a, vehicle control; b, 

δT3; c, Dox; d, δT3 + Dox. 
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Figure A6.13 Representative Western blotting profiles of LC3-I/II and beclin-1 for 

Caco-2 and SW48 at 24-72 hours after receiving the δT3 and/or 5FU treatments. VC, 

vehicle control; δT3, δ-tocotrienol; 5FU, 5-fluorouracil; δ + F, δ-tocotrienol + 5-

fluorouracil. 
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Figure A6.14 Representative Western blotting profiles of LC3-I/II and beclin-1 for 

Caco-2 and SW48 at 24-72 hours after receiving the δT3 and/or Dox treatments. VC, 

vehicle control; δT3, δ-tocotrienol; Dox, doxorubicin; δ + D, δ-tocotrienol + 

doxorubicin 
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Appendices for Chapter Seven (A7) 

 

Figure A7.1 Information of Caco-2 and SW48 colorectal cancer cell lines used in the current study. Adapted from the supplementary data of a 

published article (Li et al., 2016).
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