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Abstract

The current treatment for cancer is focused on chemotherapeutic treatments
which can lead to many side effects including nausea, vomiting and chemoresistance.
Combating chemoresistance is a key target in cancer therapy, along with enhancing the
effects of current chemotherapy treatments. One progressive novel approach being
investigated is pre-treating (“priming”) cells prior to chemotherapeutic treatment.
Evidence has shown that “priming” of cancer cells can sensitizes the mitochondria to
respond better to chemotherapy and hence reduce severity of treatment and side

effects.

In this thesis, | aim to define the mechanism by which “priming” enhances cell
death through the mitochondria. Firstly, cannabidiol (CBD), a phytocannabinoid that has
shown to have beneficial properties in inflammation, pain relief and in reducing cancer
cell progression was examined for a potential “priming” agent. Secondly, the effect of
the chemotherapy agent, cisplatin, was fully defined for its role in mitochondrial function
along with a combination therapy of CBD and cisplatin. And finally, “priming” with CBD

was assessed for any potential benefit to cancer treatment.

| have demonstrated here that “priming” with CBD can enhance the killing effect
of cisplatin in cancer cells and not in control cells. More specifically, the underlying
mechanism for “priming” by CBD was shown to be through the modulation of
mitochondrial function by means of the high stress two-phase system p53/Nrf2 together
with voltage dependant anion channel 1 (VDAC1) receptor activation. From this body of
work, “priming” has been shown to have a potential in enhancing current

chemotherapeutic treatment.
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Chapter 1

Introduction





1. Introduction

1.1. Cancer

1.1.1. Introduction to cancer

The leading cause of death and disease around the globe is cancer (WHO.,
2014). In 2012, 14.1 million people were newly diagnosed with cancer and 8.2 million
died from cancer worldwide (Ferlay et al. 2013). The highest occurrence of cancer in
2012 was lung cancer and breast cancer (Ferlay et al. 2013). Data shows that more than
30 % of cancer deaths could be prevented by altering or avoiding key risk factors such

as being overweight, lack of physical activity, unhealthy diet and tobacco use.

The predicted outcome of new cases in the United States (US) for 2014 was 1.67
million new cancer cases and over 580,000 deaths from cancer (Siegel et al. 2014). In
the European Union (EU) a predicted 1.31 million people will die from cancer in 2014.
However, in the last 5 years, death rates have reduced; US, <1.8 % in males, <1.4 % in

females; EU, <6 % for males, <4 % for females.

1.1.2. Breast cancer

Breast cancer is the second most common cancer in the world affecting 1/8
women in the United Kingdom (UK) (Travassoli and Devilee 2003, Breast Cancer Care.
2014, Siegel et al. 2014). In 2014 a predicted 235,030 new cases will be diagnosed and
a further 40,430 resulted deaths from breast cancer in the US (Siegel et al. 2014). This
accounts for 29 % of new cases diagnosed in females. In the EU 14.6/100,000 new
cases will be breast cancer in 2013 (Malvezzi et al. 2013). Interestingly, though since
1992 the incidence of breast cancer in the US has reduced 0.7 % and the death from

breast cancer had a further 6.7 % reduction (Siegel et al. 2014).
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The better survival rate of breast cancer patients is due to several factors
including early diagnose, better education, improved surgery practice, targeted
therapies and development of systemic chemotherapy (Duffy et al. 2010, Malvezzi et al.
2013, Siegel et al. 2014). Early screening has been shown to save 2-2.5 lives for every
over diagnosed patient and in the UK it has reduced mortality by 20 % (Duffy et al. 2010,

Marmot et al. 2013).

1.1.3. Hallmarks of cancer

The hallmarks of cancer described by Hanahan and Weinberg provide a
foundation for the understanding of cancer biology (Hanahan and Weinberg 2000,
Hanahan and Weinberg 2011). Tumours are no longer seen as a homogenous growth
but a multifaceted entity comprising of a collection of distinct cell types that function
actively to the initiation, development and metastasis of tumour cells (Hanahan and
Weinberg 2000, Chaffer and Weinberg 2011, Hanahan and Weinberg 2011). This
advanced progress in our understanding allowed Hanahan and Weinberg to provide a
documentation of the elaborate hallmarks of cancer. It was proposed that each of these
changes represent the successful inhibition of an anti-cancer defence mechanism that
is capable in any type of cancer (Hanahan and Weinberg 2000). Due to the robust
advancement in understanding the mechanism underpinning cancer regulation
Hanahan and Weinberg revisited their hallmarks and adjusted them accordingly (Figure
1.1.). Several of these hallmarks are now key targets for novel chemotherapeutic
therapies, such as the reprogramming of energy metabolism, tumour microenvironment
targets and tumour promoting inflammation (Vander Heiden et al. 2009, Hanahan and
Weinberg 2011, Galluzzi et al. 2013). Specific inhibitors to these targets are being

created to slow down or stop cancer cell growth.
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Figure 1.1. Hallmarks of cancer.

An illustrated schematic of the revised ten hallmarks of cancer proposed by Hanahan and
Weinberg (2011). Therapeutics that target these hallmarks are being developed to target each
characteristic. Taken from Hanahan and Weinberg, 2011.

Tumour suppressors retina blastoma (RB) and protein 53 (p53) are important
regulators in cell growth and control (Wade et al. 2013). p53 can trigger apoptosis and
is regularly mutated in cancer cells (Hanahan and Weinberg 2011, Wade et al. 2013).
Recent work has shown that p53 could be a prime target in cancer therapy in a novel
restoration mechanism (Ventura et al. 2007) Liver kinase B1 (LKB1) is also a tumour
suppressor that has been shown to be down regulated in cancer cells (Shaw 2009).
LKB1 has been implicated in breast cancers and when down regulated decreases the
capacity for 5> AMP-activated protein kinase (AMPK) in the cell (Shackelford and Shaw
2009, Shaw 2009). AMPK is key in regulating energy balance within the cell and can
increase the generation of adenosine triphosphate (ATP) when levels are low (Hardie
2008, Shaw 2009). In cancer, loss of AMPK activity has been linked to enhanced cell
growth and proliferation (Faubert et al. 2015). It has recently been suggested that AMPK
has a major role in tumour suppression due to activation of the p53 pathway and as a

negative regulator of aerobic glycolysis (Luo et al. 2010, Faubert et al. 2013).
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Tumour cells have also been linked to resisting cell death which is a key target
when examining novel chemotherapeutic targets. Chemoresistance is a common side
effect when treating cancer cells which can lead to the use of a combination of anti-
cancer agents or to fatal uncontrolled metastasis (Devita et al. 1970, Caley and Jones
2012). Cancer cells can circumvent apoptosis through controlling anti-apoptotic
regulators (B-cell ymphoma 2 (Bcl-2), B-cell ymphoma-extra large (Bcl-xl)) and down
regulating pro-apoptotic factors (Bcl-2-associated X (Bax), Bcl-2-like protein 11 (Bim),
p53 upregulated modulator of apoptosis (Puma)) (Sarosiek et al. 2013). It is through this

abnormal control that tumours can continue to proliferate and grow.

1.1.3.1.  Alteration of cancer metabolism

The metabolism of cancer cells has had renewed interest in the past thirty years
due to the re-emerging research into the so called “Warburg Effect” and a better
understanding of the altered metabolism in cancer cells (Vizan et al. 2008, Samudio et
al. 2009, Vander Heiden et al. 2009, Hanahan and Weinberg 2011). In 1926, Otto
Warburg showed that cancer cells carried out respiration through lactate acid
fermentation even in the presence of oxygen (Warburg et al. 1927). This research had
been based on Okamoto’s work with hypoxia and glucose levels within the cell
(Okamoto, 1925). However, Warburg managed to prove that lactic acid formation in
tumours was not dependent on oxygen’s presence (Figure 1.2.) (Warburg et al. 1927,
Vander Heiden et al. 2009). Tumour cells show an increase in glucose uptake that leads
to enhanced glycolytic rates (Schulze and Harris 2012). This in turn increases the cancer
cells growth advantage as there is an activation of growth regulators; phosphoinositide
3-kinase/protein kinase B (PI3K/AKT), mammalian target of rapamycin complex 1
(MTORC1) and mitogen-activated protein kinases (MAPK) (Cairns et al. 2011, Schulze

and Harris 2012). AKT is activated by PI3K which increases cellular glucose uptake
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through the increase in glucose transporter 1 (GLUT1) expression (Munoz-Pinedo et al.
2012, Schulze and Harris 2012). There is a reduction of ATP production within the cell
through the “Warburg Effect” of about ~18 ATP molecules (Hanahan and Weinberg
2011). This reduction leads to an increase in GLUT1 (Hsu and Sabatini 2008, Hanahan
and Weinberg 2011). AKT can stimulate the activation of MTORC1 and hypoxia-
inducible factor (HIF) to increase glycolysis and cellular growth (Shackelford and Shaw

2009, Schulze and Harris 2012).
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Figure 1.2. lllustrated schematic of the difference between anaerobic glycolysis and
aerobic glycolysis (“Warburg Effect”).

Normal cells undergo oxidative phosphorylation when oxygen is present through the
mitochondria creating ATP and carbon dioxide (COz). In the absence of oxygen, normal cells
carry out anaerobic glycolysis through lactate fermentation. However in tumour cells, whether in
the presence or absence of oxygen they carry out aerobic glycolysis through lactate fermentation
and by limiting the use of the mitochondria. Revised from Vander Heiden, 2011.

Interestingly, a metabolic switch has also been proposed whereby tumour cells

may have the ability to work not only through the “Warburg Effect” but also through the
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Crabtree effect (Diaz-Ruiz et al. 2011). The Crabtree effect is observed in fast growing
cancer cells and is a glucose induced inhibition of cellular respiration and thus of
oxidative phosphorylation (OXPHOS) (Dell’ Antone , Diaz-Ruiz et al. 2011). Not much
work has been carried out in cancer cells with regards the Crabtree Effect as it has been

primarily pursued in yeast (Diaz-Ruiz et al. 2011).

1.1.3.2. The function of the mitochondria in the cell

Mitochondria are the main source of energy for the cell and their function and
control are important for regulation of both cell proliferation and apoptotic control (Terada
1990, Antico Arciuch et al. 2012, Rehman et al. 2013, Song et al. 2013). The
mitochondria were first identified by Benda in 1898 and were described as granular
organelles though their function was yet to be identified (Benard et al. 2007). The
mitochondria’s central role was later formally identified to be in cellular energy
production by the discovery of the respiratory chain and OXPHOS (Chance and Williams
1956). Morphologically the mitochondria exists in the cell as large tubular assemblies
with close contact to the nucleus, endoplasmic reticulum (EnR) and golgi (Benard et al.
2007). This morphology is not rigid however and is constantly changing due to the
double membrane that it is made up of (Nelson and Cox 2006, Benard et al. 2007). The
outer membrane is protein and lipid based, while the inner membrane is more protein
rich and less permeable (Nelson and Cox 2006). The mitochondrial genome encodes
13 proteins however the genes that code for the mitochondria’s structure and function
are found in the nucleus suggesting a tight link between the cell and its mitochondrial
organelle for control of cell proliferation and cell death (Benard et al. 2007, Ferber et al.

2012, Kroon and Taanman 2014).

Energy is mainly produced in the mitochondria through regulated process’ which

when dysfunctional or altered can lead to mitochondrial death (mitophagy) and cellular
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death through apoptosis (Vander Heiden et al. 2009, Hanahan and Weinberg 2011,
Frank et al. 2012, Rehman et al. 2013, Wang et al. 2013). One source of energy
production is from glycolysis whereby glucose is converted to glyceraldehyde-3-

phosphate and to pyruvate in a complex process (Figure 1.3.).
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Figure 1.3. Glycolytic pathway.

Glycolysis is a cascade of reactions by which one molecule of glucose is catabolised to two
molecules of pyruvate and two ATP. Pyruvate can be converted to lactate or acetyl CoA. The
green arrow indicates further metabolism in the mitochondria. HK, hexokinase; PGI,
phosphoglucose isomerase; PFK, phosphofructokinase; TPI, triosephosphate isomerase; PGK,
phosphoglycerate kinase; PGM phosphoglycerate mutase; PK pyruvate kinase; PDH pyruvate
dehydrogenase; LDH, lactate dehydroganse. Adapted from Pelicano et al. 2006.

The pyruvate can then be converted to acetyl coenzyme A (Acetyl-CoA) in the

presence of oxygen in the mitochondria and converted to energy through the
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tricarboxylic acid (TCA) cycle (Figure 1.4.) (Nelson and Cox 2006, Vander Heiden et al.
2009). The nicotamide adenine dinucleotide hydride (NADH) generated in the TCA cycle
is further fed into another pathway that is coupled with the TCA cycle that is OXPHOS

(Nelson and Cox 2006, Vander Heiden et al. 2009).
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Figure 1.4. The TCA cycle in mitochondrial respiration.

Pyruvate enters the mitochondria through the mitochondrial pyruvate carrier (MPC) where it is
oxidised to Acetyl CoA by PDH. Acetyl CoA enters the TCA cycle as citrate synthase. Citrate
synthase converts Acetyl CoA to citrate which is then converted to cis-aconitate by aconitase.
This is then converted further to isocitrate by aconitase. Isocitrate is converted to a-ketogluterate
by isocitratedehydrogenase (IDH) creating NADPH and NADH. o-ketogluterate is converted to
Succinyl CoA by a-ketogluteratedehydrogenase (aKDH) creating an NADH and CO2 molecule.
Succinyl CoA is converted to Succinate which is converted to fumerate through complex Il of the
electron transport chaing (ETC) by succinate dehydrogenase (SDH). Fumerate conversion by
fumerate hydratase (FH) to malate consumes an H20 molecule. Malate conversion to
oxaloacetate by malate dehydrogenase creates an NAHD molecule. Adapted from Sabharwal
and Schumacker 2014.

This process is carried out through a cascade of complexes in the inner
mitochondrial membrane beginning with Complex | which converts NADH to Ubiquinone
(Figure 1.5.). Complex Il reduces succinate from the TCA cycle to Ubiquinone which is
then converted to cytochrome ¢ in complex Ill. Cytochrome ¢ donates its electron to
reduce molecular oxygen to H2O in complex IV (Nelson and Cox 2006). The energy

required to drive adenosine diphosphate (ADP) to ATP is supplied by the OXPHOS
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cascade of events observed here along with the direct energy of the proton motive force
(PMF) (Terada 1990). The PMF drives H* across the impermeable membrane by redox
reactions to increase stored energy through this gradient difference (Terada 1990,
Nelson and Cox 2006). ATP synthase releases tightly bound ATP and can be inhibited

by oligomycin which stops ATP production (Boyer 1997, Symersky et al. 2012).
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Figure 1.5. The mitochondrial electron transport chain.

The electron transport chain begins with electrons (e~) being donated from NADH to complex |
to form ubiquinone. Another ubiquinone molecule is created when SDH from the TCA cycle
donates an electron through complex Il during the conversion of succinate to fumerate.
Ubiquinone mediates electron transfer from these complexes to complex Il where it is converted
to cytochrome ¢ (C). At complex IV, electrons reduce molecular oxygen (O2) to water (H20). As
the electrons are transported through the electron transport chain, a proton (H*) gradient called
the PMF is created across the inner mitochondrial membrane (IMM). Reactive oxygen species
(ROS) are created as a byproduct of the electron transport chain. Superoxide (O2"") is formed at
complexes | and Ill. Under normal conditions this superoxide is dismutated to hydrogen peroxide
(H202) by matrix manganese superoxide dismutase (MnSOD) and further to water by catalase or
glutathione peroxidase (GPX). Adapted from Yu and Bennett 2014.

Furthermore, as previously discussed cancer cells rapidly proliferate and require
a strong interaction between functioning mitochondria and proliferation (Hanahan and

Weinberg 2011, Diers et al. 2012). This drive to proliferation leads cancer cells to
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primarily carry out glycolysis even in the presence of oxygen as it leads to faster ATP
production though much more inefficient (OXPHOS: 32 ATP/glucose, glycolysis:
2ATP/glucose) (Hanahan and Weinberg 2011, Diers et al. 2012). The mitochondria are
important regulators not only in energy production but in the overall survival of normal
and cancer cells. Their tight regulation can be beneficial to either state of the cell,
however, due to this primary source of control it can be detrimental when it is damaged

or dysfunctional.

1.1.3.3.  Cellular calcium (Ca?*) regulation

The importance of calcium (Ca?*) in the body and cell is evident from birth and is
a tightly regulated and controlled function (Prevarskaya et al. 2004, Parkash and Asotra
2010). Ca?*is toxic to the cell in high doses and hence the tight regulation and control
for levels ~ 100 nM (Saidak et al. 2009, Parkash and Asotra 2010). This control of Ca?*
is regulated through many different factors with the prime signalling controller being the
mitochondria (Prevarskaya et al. 2004). Many of the controls for Ca?* signalling and
concentration are localized on the membranes of specific intracellular organelles or on
the plasma membrane such as the transient receptor potential (TRP), voltage-
dependant anion channels (VDAC), mitochondrial calcium uniporter (MCU) as well as
others (Parkash and Asotra 2010, Kondratskyi et al. 2014). These receptors have been
shown to regulate Ca?* entry both in and out of the cell and organelles (Kondratskyi et
al. 2014). An increase in Ca?* release from the mitochondria can increase the rate of
apoptosis within the cell (Rizzuto et al. 2003). Furthermore, it has been shown that an
increase in Ca?* can lead to the permeability transition pore (PTP) opening and induce
mitochondrial fragmentation and swelling (Pinton et al. 2001). This damage to the
mitochondria can lead to both an increase in ATP production with the cell trying to
compensate for the fragmentation of the mitochondria and loss of the mitochondrial
outer membrane potential (MOMP) and to apoptosis (Pinton et al. 2001, Rapizzi et al.

2002). A sensitization of the mitochondria to apoptosis has been documented with an
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increase in VDAC expression, leading to an increase in Ca?* uptake in the mitochondria
which can lead to release of cytochrome c¢ through VDAC (Rapizzi et al. 2002, Pastorino
et al. 2005). Moreover, some cancers show an increase in Ca?* leads to a reduction in

cancer cells and a promotion of apoptosis (Mathiasen et al. 2002, Rizzuto et al. 2003).

1.1.3.4. The role of reactive oxygen species (ROS) in cellular
regulation

Reactive oxygen species (ROS) are important regulators in both cell survival and
cell death and must be tightly maintained to ensure controlled pathways (Gupta et al.
2012, J. Lee et al. 2012, Sena and Chandel 2012, Mei et al. 2014). There are several
different types of ROS molecules that are derived from oxygen, these are hydrogen
peroxide (H202), superoxide (O2" "), nitric oxide (NO), peroxynitrite (ONOO") and reactive
lipid species (RLS) (J. Lee et al. 2012, Sena and Chandel 2012). The most abundant of
intracellular ROS is O;"~whereby there are eight sites in the mitochondria that have been
shown to produce this ROS molecule (Sena and Chandel 2012). ROS are always
present in the cell as they are required for normal regulatory functions at low
concentrations (Kuznetsov et al. 2011a, Sena and Chandel 2012). At low levels ROS
can regulate homeostatic functions within the cell such as protecting the cell from
damage, protein folding and disulfide bond formation in the EnR (Figure 1.6.) (Frank et
al. 2012, Gupta et al. 2012, Sena and Chandel 2012). However, as ROS levels increase
this can lead to senescence or cell death due to mitochondrial dysfunction (Ferber et al.
2012, J. Lee et al. 2012, Sena and Chandel 2012, Mei et al. 2014). The mitochondria,
while generators of ROS, can also be targets for excessive ROS which can alter their
function at high levels (Hahm et al. 2011, West et al. 2011, J. Lee et al. 2012, Sena and
Chandel 2012, Mei et al. 2014). A reduction in mitochondrial respiration, ATP depletion,
Ca?* increase, increased lipid rafts and activation of nuclear factor (erythroid-derived 2)-

like 2 (Nrf2) are just a few of the effects of increased ROS in the mitochondria (Gniadecki
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et al. 2002, Bitar and Al-Mulla 2011, Hahm et al. 2011, Kuznetsov et al. 2011b, Mei et
al. 2014). Furthermore, the lack of a repair mechanism within mitochondrial mean they
are 10 to 20 times more likely to have mutations that lead to apoptosis (Lisanti et al.
2010, J. Lee et al. 2012). Thus, modulating ROS levels has become a prime target when
developing cancer treatment, with the example of Cis-Diammineplatinum(ll) dichloride
(cisplatin) a chemotherapeutic drug that increases ROS levels and consequently
destroys the electron transport chain (ETC) and increases apoptosis of the cell through
mitochondrial damage (Donadelli et al. 2011, Marullo et al. 2013). Increased ROS have
been shown to increase MAPK and reduce superoxide dismutase (SOD) when it comes
to non-alcohol related fatty liver disease (NAFLD) (Wang et al. 1998, Liu and Han 2014).
Natural compounds such as withaferin A, curcumin, cannabinoids and cannabinoids
synthetic analogues can increase ROS levels and also increase sensitivity to cancer cell
death (Donadelli et al. 2011, Hahm et al. 2011, Gupta et al. 2012, Park et al. 2014).
Furthermore, increased ROS has also been linked to innate immune signalling within
the cell whereby the mitochondria’s capacity to kill bactericidal activity is increased

(West et al. 2011).
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Figure 1.6. ROS levels determine physiological outcomes.

The level of ROS determines its function and the physiological outcome. Low levels of ROS are
required for normal cell homeostasis. Whereas high levels directly damage proteins, lipids and
nucleic acid leading to cell death. There is a fine balance of good and bad levels of ROS. Adapted
from Sena and Chandel, 2012.

1.1.3.4.1. The critical role of the Nrf2 Pathway

A key regulator in controlling ROS levels within the cell is Nrf2 which is a
transcription factor that is activated due to increased oxidative stress (Kensler et al.
2007, Bitar and Al-Mulla 2011). Nrf2 is a key regulator of cell survival by both external
and internal stress stimuli (Kensler et al. 2007, Pi et al. 2007). It has been shown to
counteract mitochondrial dysfunction in Parkinson’s, suggesting a role in cancer
prevention through inhibiting Nrf2 function (Tufekci et al. 2011). When Nrf2 is reduced
or inhibited the toxicity of the cell increases leading to cell death (Kensler et al. 2007).
The mechanism behind Nrf2’s control of ROS levels is through the regulation of the
antioxidant-response elements (AREs) which are the targets of Nrf2 (Figure 1.7.)
(Ramos-Gomez et al. 2003, Kensler et al. 2007, Pi et al. 2007, Martin-Montalvo et al.

2011). When Nrf2 is inactive it is bound to Kelch-like ECH (Erythroid cell-derived protein
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with can ‘n’ collar homology) -associated protein 1 (Keap1) and is retained in the
cytoplasm, however, when ROS levels increase Nrf2 is liberated from Keap1 and
translocates to the nucleus (Kensler et al. 2007). Nrf2 can then bind to the AREs and
hence recruit for ARE-related genes for cell survival (Kensler et al. 2007, Pi et al. 2007).
Nrf2 has also been shown to act as a tumour suppressor in inhibiting spontaneous and
induced tumour growth (Martin-Montalvo et al. 2011). However, loss of Nrf2 has also
been linked to deoxyribonucleic acid (DNA) damage, chemotherapy sensitivity and
tumour death (Ramos-Gomez et al. 2003, Kensler et al. 2007, Martin-Montalvo et al.

2011, Tufekci et al. 2011).
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Figure 1.7. General activation of Nrf2.

External (phytochemicals) stress and internal oxidative stress can lead to the release of Nrf2 from
Keap1 allowing it to become phosphorylated and active. Nrf2 then translocates to the nucleus
where is interacts with the AREs which induce specific target gene functions. Hereby leading to
an adaptive response that enhances the resistance of cells to environmental and intracellular
stresses. Amalgamated from Kensler et al., 2007 and Martin-Montalvo et al., 2011.
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1.1.4. The outlook for cancer in the future

The advancements seen in both the understanding and the development of cancer
therapeutics have shown great potential in further cancer therapy. It is predicted that by
2030 there will be 23.6 million new cases of cancer worldwide each year (Bray et al.
2012). Furthermore, since 1971 over $300 billion has been spent on cancer research in
the US (Brucher et al. 2014). The economical and personal strain that cancer has on
our society needs to be reduced for a more substantial and sustainable future. The future
of cancer research is ever evolving with many new targets that are focused on killing the
cancer completely (Cairns et al. 2011, Munoz-Pinedo et al. 2012, Muhoz-Pinedo et al.

2013).

Some examples of these are through targeting the “Warburg Effect” and the cancer
cells preference to not carry out OXPHOS (Vander Heiden et al. 2009, Munoz-Pinedo
et al. 2012). By targeting this alteration in metabolism that is a metabolically preferred
route in cancer cells could be both a targeted and successful method (Israelsen and
Vander Heiden 2010, Diaz-Ruiz et al. 2011, Diers et al. 2012). Cancer cells also increase
ROS levels that are abnormal which may also be targeted to induce cell death (Cairns
et al. 2011, J. Lee et al. 2012, Sena and Chandel 2012). Recent work with natural
compounds has shown that this could be a successful route for increasing cancer cell
death (Donadelli et al. 2011, Gupta et al. 2012). Furthermore, the mitochondria itself can
be targeted for inducing cancer cell death as it is the main regulator of both ROS and
energy control (Vander Heiden et al. 2009, Hanahan and Weinberg 2011, Frank et al.
2012). Mitochondrial damage and death can lead to cell death which is also evident
when certain tumour suppressing genes are altered such as p53 and Nrf2 (Kensler et
al. 2007, Cairns et al. 2011, Martin-Montalvo et al. 2011, Munoz-Pinedo et al. 2012,
Koczor et al. 2013, Mufioz-Pinedo et al. 2013). Finally, personalised medicine and
epigenetic medicines are also emerging to combat cancer proliferation at an individual

specific level. However, these medicines target specific genes and histone modifications
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which could be expensive and may not be a rapid route for treatment (Munoz-Pinedo et

al. 2013).

The outlook for cancer is an expensive one that does not predict a reduction in
cancer prevalence. However, the slowdown already observed with certain cancers as
mentioned previously and the advances with novel methods in killing cancers this

predicted cancer death number for the future may be much lower than perceived.

1.2. Chemotherapeutic treatments

1.2.1. Introduction to chemotherapy

The treatment of cancer with chemotherapeutic compounds only came to light in
the 1940s when Gilman and his colleagues showed that treatment of non-Hodgkin’s
lymphoma patients with 0.1 mg/kg of nitrogen mustard (tris B-chloroethylamine) saw a
remission in the patient’s cancer (Gilman 1963, Chabner and Roberts 2005). This was
the first case of tumour regression using a chemotherapeutic treatment to be shown.
However, the remission observed only lasted a few weeks before recurrence of the
tumour (Gilman 1963). Nevertheless, this treatment paved the way for further work into
cancer treatment and prolonging patients’ lives. Farber and colleagues showed that by
inhibiting the function of folate-requiring enzymes which had been shown with 4-
aminopteroyl-glumatic acid (a folic acid antagonist) remission was induced in children
with acute lymphoblastic leukaemia (ALL) (Farber and Diamond 1948). The first solid
tumour, choriocarcinoma, to be treated by a chemotherapy drug was carried out using
methotrexate in 1958. They showed that by administering methotrexate at 15-25 mg for
5 days and 6-mercaptopurine at 600-800 mg for 5 days reduced the tumour size for 5 of
the 6 females treated. Unfortunately none of the 6 males in this study survived treatment
(Li et al. 1958). This work allowed many more advances to be pursued in cancer therapy

work. Chemotherapy treatment began to be used in combination, with natural products,
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as an adjuvant to surgery and further towards individual targeted-therapy (Chabner and

Roberts 2005).

1.2.2. Current clinical chemotherapy treatments

1.2.2.1. Single-agent chemotherapy treatments

Single chemotherapy treatments were used from the 1940s as introduced in
section 1.2.1. and much work has been carried out to advance this field. Though there
is no direct evidence that using a single-agent chemotherapy can be more beneficial to
the patient, it could aid in lower adverse side effects (Hudis 2002). Burris and his
colleagues showed that gemcitabine had a beneficial response rate of 23.8% in
pancreatic cancer compared to the fluorouracil treatment that had been previously used
(4.8% beneficial) (Burris et al. 1997). Recent work has shown that the single agent
trastuzumab has had beneficial responses with human epidermal growth factor receptor
2 (HER2)-overexpressing metastatic breast cancer in women. In this study 57% of
patients showed an objective response and 51% had not experienced disease
progression following treatment (Vogel et al. 2002). Furthermore, the single-agent
Rituximab has been shown to be beneficial as a chemotherapeutic agent in chronic
lymphocytic leukaemia or small lymphocytic lymphoma with 58% of patients responding
to treatment with a further 62% having a progression-free survival one year later
(Hainsworth et al. 2003). Research has shown that using single-agent treatment can be
beneficial and can also lead to lower toxic treatments and better quality-of-life (Joensuu
et al. 1998, Hudis 2002). It is these advances that must be remembered when looking

into novel chemotherapeutic treatments.
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1.2.2.2. Combination therapy’s use in chemotherapy

Combination therapy is the effective use of more than one drug to enhance cell
death (Chabner and Roberts 2005, Caley and Jones 2012). A strict selection process is
followed as the generation of an effective combination regime can be complex and
sometimes unsuccessful (Caley and Jones 2012, M. J. Lee et al. 2012). The single agent
previously discussed, methotrexate, was also shown to prevent recurrence of
osteosarcoma when used in combination with leucovorin post-removal of the tumour.
They showed that when used in combination, as an adjuvant to the therapy, there was
a delay in relapse and in some cases no relapse (Jaffe et al. 1974). Adjuvant therapy is
the use of additional agents following the definitive primary treatment, either surgery or
drug targets, to assist in eradicating the tumour and is used to prevent relapse (Caley
and Jones 2012, Cognetti et al. 2012). It was further shown that methotrexate could be
used in combination with vincristine (Vinca alkaloid), 6-mercapropurine (purine
analogue) and prednisone (corticosteroid) to induce long-term remissions of ALL in
children (Frei et al. 1965, Chabner and Roberts 2005). However, the combination that
proved to be most beneficial in this study was when prednisone was used in combination
with 6-mercapropurine (82% complete remission) and prednisone combined with
vincristine (84% complete remission) (Frei et al. 1965). This combination therapy and
the treatment’s positive results drove more research into showing that combination
therapy as an adjuvant could be more beneficial to patients (Frei et al. 1965, Chabner
and Roberts 2005). In 1967, Moxley and his colleagues showed that by combining
cyclophosphamide (nitrogen mustard), vincristine, methotrexate and prednisone could
improve the remission occurrence of Hodgkin’s lymphoma prior to radiotherapy
treatment. They showed an 80% remission rate with a mean of 33 months with no
reoccurrence of visible tumours (Moxley et al. 1967). Furthermore, Devita and
colleagues showed that with a combination of cyclophosphamide, vincristine,

procarbazine hydrochloride and prednisone for 6 months an 81% remission of advanced
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Hodgkin’s lymphoma was observed with a survival of over 42 months (Devita et al.
1970). When levamisole (antihelmintic) and fluorouracil (pyrimidine analogue) were
combined in treating colon cancer a reduction of recurrence was 41% and a further 42
months later showed 63% of the patients remained recurrence-free (Moertel et al. 1990,

Mutch and Hutson 1991).

1.2.2.3. Reaction to current chemotherapy

Many of these chemotherapy treatments mentioned in 1.2.2.1. and 1.2.2.2. only
prolong remission stages and can induce both resistance and adverse side effects
(Moxley et al. 1967, Devita et al. 1970, Caley and Jones 2012). Many of the studies
mentioned above did not remove the cancer completely from the patients but only
allowed a remission from the cancer before it reoccurring. Remission is recorded to last
between 2 months and 42 months in the cases mentioned above (Farber and Diamond
1948, Moertel et al. 1990). Though the patients did overcome the moribund status they
had, chemotherapy did not alone eradicate the cancers and further surgery was required
(Farber and Diamond 1948, Moxley et al. 1967, Burris et al. 1997). Along with the
remission rate adverse side effects are observed during chemotherapy treatment. These
can range from loss of appetite, alopecia, renal problems, fatigue, low blood count,
neurological deficit to chemotherapy resistance (Farber and Diamond 1948, Frei et al.
1965, Moxley et al. 1967, Devita et al. 1970, Jaffe et al. 1974, Burris et al. 1997, Caley
and Jones 2012). The control of these side effects has been directed towards eastern
medicine and western eastern medicine as they have been shown to alleviate pain,
inflammation and appetite (Trameér et al. 2001, Ye et al. 2002). Cannabinoids have been
shown to be antiemetic, with a ~70% control of nausea and vomiting in several studies

(Tramér et al. 2001).

A major problem and cause of failure with chemotherapy is the resistance to
treatment whereby there can be a reduced delivery of agent to the cell, decreased drug
uptake and activation, inhibition of apoptosis and increased drug efflux (Figure 1.8.)
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(Caley and Jones 2012). Platinum based drugs such as cisplatin have had a major
impact on cancer therapy due to their toxic effects (Siddik 2003, Galluzzi et al. 2006,
Santin et al. 2013). However, the 70% remission observed in cancer therapy does not
remain as there is a high incidence of chemoresistance where 95% recurrence rate has
been shown in small cell lung carcinoma and a further 15-20% survival after 5 years with
ovarian cancer (Ozols 1991, Giaccone 2000, Siddik 2003, Galluzzi et al. 2006). This
resistance has been shown to be 30—1000 fold increased in ovarian cancer cell which
has been shown to coincide with glutathione levels, as well as resistance through
mitochondrial apoptotic regulators Bcl-2 (Godwin et al. 1992, Hong et al. 2008, Santin
et al. 2013). Cisplatin has been shown to work through DNA damage and induction of
mitochondrial apoptosis (Siddik 2003, Galluzzi et al. 2006, Santin et al. 2013) and has
more recently been shown to directly target the mitochondrial membrane through

binding to VDAC receptors (Yang et al. 2006).
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Figure 1.8. Drug resistance can be targeted by certain pathways.
There are several molecular regulators that can increase a cancer cells resistance to
chemotherapy such as alterations with p53, AKT, the Bcl-2 family and NFkB pathway. Adapted
from Vinod et al., 2013.

The adverse side effects observed with chemotherapy and the resistance

described above in the example of cisplatin have shown that our understanding of
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chemotherapy treatment is still quite basic. Cisplatin has shown to be advantageous at
initially reducing cancer remission but a longer treatment and cure is required (Godwin

et al. 1992, Giaccone 2000, Siddik 2003).

1.2.3. Restoration of mutated pathways — future therapy?

A prominent study has shown that restoring tumour suppressing pathways can lead
to a regression in tumour advancement (Ventura et al. 2007). Mutations in the p53
pathway are the most commonly observed mutations in cancer and over 70% of tumours
have been shown to have mutated p53 (Hui et al. 2006). However, of these mutations
observed most are missense and not fully deleted or truncated mutants which can lead
to the hypothesis that these genes could be restored (Hui et al. 2006, Ventura et al.
2007). In response to stress, p53 can aid in normalising ROS levels to ensure protection
of the genome from ROS damage (W. M. Chen et al. 2012). It is this tumour control that
is required for cancer cell prevention. Ventura and colleagues showed that the loss of
p53 function can be restored in mice with autochthonous lymphomas and sarcomas
without affecting normal tissues (Ventura et al. 2007). This restoration was suggested
to be due to an increase in stress conditions to the cell which increased ROS levels. It
has also recently been shown that in high stress conditions, p53 levels can increase
sufficiently to increase ROS production in a chemopreventative way (W. M. Chen et al.
2012). As previously mentioned, Nrf2 is a cancer chemopreventative transcription factor
which can control ROS levels within the cell (Martin-Montalvo et al. 2011, W. M. Chen
etal. 2012, Namani et al. 2014). When p53 is increased due to increased ROS, a second
phase of control is activated whereby p53 inhibits Nrf2 activity (Martin-Montalvo et al.
2011, W. M. Chen et al. 2012). Thus, there is no control of ROS levels in the cell resulting
in increased cell stress and death (W. M. Chen et al. 2012, Sena and Chandel 2012).
This restoration of p53 function has been shown to have a major role in cancer

chemoprevention (Ventura et al. 2007, W. M. Chen et al. 2012).
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1.3. Cannabis and its role in medicine

1.3.1. Introduction to cannabis

The cannabis plant is the earliest domesticated plant and has been used as
hemp from 6000 Before Present (BP) and as a medicine from nearly 5000 years ago
where documentation shows it was recommended for malaria, constipation and
childbirth pain among many other ailments (Mechoulam 1986, van Bakel et al. 2011).
The first cannabinoid to be isolated was cannabinol in 1899 followed by cannabidiol
(CBD) in 1934 and A®-tetrahydrocannabinol (THC) in 1964 (Wood et al. 1899, Adams et
al. 1940, Gaoni and Mechoulam 1964, Robson 2001). Furthermore, a specific receptor
for cannabinoids (cannabinoid receptor 1, CB1) was discovered in 1990 in rat nerve cells
(Matsuda et al. 1990). From this, many advances in medicinal therapeutics have been
observed through cannabis based medicines. Some of these include the development
of Sativex® through the research carried out on multiple sclerosis (MS) (Robson 2001,
Barnes 2006, Blake et al. 2006, Russo et al. 2007). Using cannabis as a treatment for
MS, muscle pain was documented to be reduced 91-98% as well showing as a reduction
in depression, sleeplessness, tremors and anxiety (Robson 2001, Blake et al. 2006,
Russo et al. 2007). Moreover, much cancer work has shown that using cannabinoids
can lead to a regression of tumours, a decrease in epileptic seizures and an increase in
diet for human immunodeficiency virus (HIV) patients (Whalley et al. 2004, McAllister et
al. 2011, Shrivastava et al. 2011, Riggs et al. 2012, Macpherson et al. 2014). The
understanding of cannabis and its potential use in medicinal therapeutics is advancing
rapidly due to the introduction of synthetic cannabinoids in treatment, the legalisation of
marijuana use and the authorisation of Sativex® for use in Europe (GWPharma , Dalzell

et al. 1986, Ryan-Ibarra et al. 2014).
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1.3.2. Brief history of cannabis

The cannabis plant has been used in society as far back as 6000BP where the
first documented evidence of its use as a medicinal treatment was observed as
previously described in section 1.3.1. (Li 1973, Mechoulam 1986, Russo. 2004, van
Bakel et al. 2011). There are subsequent records of its use from ancient Egypt with
hieroglyphic data as a medicine and in every day house hold items such as fabric, paper,
and food (Russo. 2004, van Bakel et al. 2011).

In the 19" century, an Irish physician, Dr. William B. O’Shaughnessy highlighted
the medicinal use of Cannabis to the western world. He documented the treatment of
rheumatism, hydrophobia, cholera, infantile convulsions and delirium through the use of
Cannabis extracts (O'Shaughnessy 1843, Robson 2001). This led to the introduction of
cannabis to Great Britain and the rest of Europe where it was rapidly used as a
therapeutic treatment (Clendinning 1843, Robson 2001, Russo. 2004).

However, in 1928 Cannabis was outlawed by ratification of the 1925 Geneva
Convention as a dangerous drug (Robson 2001). It was finally prohibited further through
the 1971 Misuse of Drugs Act which was against the advice put forward by the Advisory
Committee on Drug Dependence and is now a class B controlled drug (Robson 2001,

UK Government 2014).

1.3.3. Cannabinoids and their derivation

The cannabis plant produces a unique set of compounds known as
cannabinoids, which control its growth, development and survival (Guzman 2003, Russo
2004). Phytocannabinoids are not uniformly distributed in the plant with the highest
levels of concentration found in the leaves and unfertilized flower heads (Russo. 2004).
As previously mentioned, the first cannabinoid to be isolated from the Cannabis plant
was Cannabinol in 1899 (Wood et al. 1899). Consequently, in the 1940s Adams and his

colleagues discovered CBD, a cannabinoid with an abundance of ~40% in the cannabis
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plant (Adams et al. 1940, Mechoulam and Hanus 2000). This abundance observed with
CBD was shown to be as high as THC (Gaoni and Mechoulam 1964, Malfait et al. 2000).
Furthermore, Mechoulam and his colleagues isolated and defined the structure of THC
(Gaoni and Mechoulam 1964). Since this preliminary work on cannabinoids over 420
different compounds have been isolated, which include over 60 unique cannabinoids
(Guzman 2003, Huestis 2007, Hosking and Zajicek 2008). Cannabinoids are classified
based on their chemical structure and can be also further classified into
phytocannabinoids (plant derived cannabinoids; THC, CBD), synthetic cannabinoids
(chemically synthesised in vitro; Nabilone®, Dronabinol®) and endocannabinoids
(endogenous compounds that are found in the human body, N-arachidonoyl
ethanolamine [anandamide (AEA)] and 2-arachidonoyl glycerol (2-AG)) (Guzman 2003,
Alexander et al. 2009).

The first endocannabinoid to be isolated and have its structure identified was
AEA from porcine brain extracts (Devane et al. 1992). This was followed closely by 2-
AG which was shown to have a high abundance in the central nervous system (CNS)
compared to AEA (170 times greater) (Stella et al. 1997). These cannabinoids were
members of the fatty acid amide (FAA) and monoacylglycerol (MAG) families and shown
to also have an affinity to the CB+ and cannabinoid receptor 2 (CBy) (Silvestri and Di
Marzo 2013). The endocannabinoids have been shown to regulate appetite, metabolic
disorders, cardiovascular function and mood (Vazquez-Roque et al. 2011, Silvestri and

Di Marzo 2013, Davis 2014).

1.3.3.1. Cannabinoid receptors and their role

A great deal of much research has been carried out identifying the receptors that
interact with these cannabinoids. The CB receptor was first discovered in cortical rat
brain and was shown to only have an affinity to the CNS (Matsuda et al. 1990, Alexander

et al. 2009). Consequently the CB; receptor was identified and shown to have little
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affinity in the CNS but largely accumulated in macrophages and the immune system in
humans (Munro et al. 1993). The cannabinoid receptors have many relevant
homeostatic functions in the body and are tightly regulated to relieve from stress, control
food deprivation and activate an immune response (Matias and Di Marzo 2007, Gasperi
et al. 2013). These cannabinoid receptors are members of the 7-transmembrane-
segment, G-protein coupled receptor (GPCRs) superfamily (Matsuda et al. 1990,
Alexander et al. 2009, Davis 2014). The CB1receptor has been shown to be associated
with feeding and in the promotion of liver fat (Guzman 2003, Bergamaschi et al. 2011,
Cooper and Regnell 2014). Due to these observations, inhibiting and exciting the CB;
receptor has been pursued for both weight loss e.g. Rimonabant, and weight gain e.g.
in HIV patients where an increase in leptin and ghrelin activity has been noted to
increase weight (Van Gaal et al. 2005, Riggs et al. 2012). The CB; receptor has been
linked to increased apoptosis, decreased inflammation and reduced pain transmission
(McKallip et al. 2002a, Quartilho et al. 2003, Whiteside et al. 2007). In normal breast
tissue CB: receptors are not detected in large amounts but are found to be
overexpressed in oestrogen receptor (ER) negative breast tumours and prostate cancer
cells (Sarfaraz et al. 2005, Alexander et al. 2009, Shrivastava et al. 2011). Interestingly,
cisplatin has been shown to increase AEA signalling at the CB1 receptor reducing
neurotoxicity of cisplatin (Khasabova et al. 2012). In addition to CB and CB: receptors,
TRP vanilloid type 1 (TRPV-1), GPR55, GPR119 and GPR18 have been identified as
candidates for cannabinoid interaction (Costa et al. 2004, Fogli and Breschi 2008,

Velasco et al. 2012).

1.3.3.2. Pharmacokinetics of endocannabinoids

Endocannabinoids are lipid based molecules that mimic the activity of
phytocannabinoids by binding to CB1 and CB: receptors (Tantimonaco et al. 2014).

These cannabinoids are produced on demand and are rapidly degraded as they are
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used immediately within the body and are tightly regulated (Bisogno et al. 2001,
Maccarrone et al. 2010, Aviello et al. 2012, Fonseca et al. 2013). They are found in the
brain, peripheral tissue, and in immune cells and have been known to regulate lipid
synthases, glucose metabolism and inflammation (Izzo and Sharkey 2010, Vazquez-
Roque et al. 2011, Silvestri and Di Marzo 2013, Tantimonaco et al. 2014). AEA is
released from N-arachidonoylphosphatidylethanolamine (NArPE) and hydrolysed by
fatty acid amide hydrolase (FAAH) (Vazquez-Roque et al. 2011, Tantimonaco et al.
2014). The sn-1-diacylglycerol lipases (DAGLs) which are abundant in the nervous
tissue converts diacylglycerol to 2-AG which is then hydrolysed by monoacyelglycerol
lipase (MAGL) (Fonseca et al. 2013, Tantimonaco et al. 2014). Both AEA and 2-AG
when degraded release ethanolamine or glycerol and arachidonic acid which have no
affinity for the cannabinoid receptors (Maccarrone et al. 2010, Roques et al. 2012). AEA
has been shown to have a lower affinity for the CB> receptor than the CB1whereas 2-
AG binds to both with no preference (Pertwee et al. 2010, Fonseca et al. 2013).
However, endocannabinoids have been shown to bind to other cannabinoid associated
receptors and also non-cannabinoid receptors (TRPV-1, GPR55) (Costa et al. 2004,
Davis 2014). Furthermore, endocannabinoids mechanism within the cell has been linked
to increased calcium levels and consequently linked increase in TRPV-1 channels (Di

Marzo and De Petrocellis 2010).

1.3.3.3. Pharmacokinetics of phytocannabinoids

Phytocannabinoids are plant derived cannabinoids that can interact and bind to
the cannabinoid receptors and regulate several key systemic regulations (Huestis 2007).
As mentioned previously there are over 60 unique cannabinoids, however, only a
handful of these have been shown to be beneficial (Guzman 2003, Huestis 2007,
Hosking and Zajicek 2008). Cannabinoids are highly hydrophobic and distribution is
based around its lipophilic state which allows cannabinoids to be taken up initially by
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tissues that are highly perfused by blood vessels such as the heart, lung, brain, spleen,
adipose tissue and liver (Huestis 2007, Sharma et al. 2012). The pharmacokinetics of
phytocannabinoids are different to endocannabinoids however their final receptors and
targets have been suggested to be similar (Russo 2004, Ligresti et al. 2006, De

Petrocellis et al. 2012a).

1.3.3.3.1. The metabolism of A%-tetrahydrocannabinol, THC

The highly lipophilic THC is distributed in many deposits within the body including
adipose tissue, liver and lung (Huestis 2007, Sharma et al. 2012). Following inhalation,
THC is detected in blood plasma in seconds and approximately 90% of the THC is
circulated in the plasma (Sharma et al. 2012). Along with this THC is readily absorbed
orally due to its high octanol/water partition coefficient (Huestis 2007). The metabolism
of THC to the primary metabolites 11-hydroxy-A®-tetrahydrocannabinol (11-OH-THC)
and 11-nor-9- carboxy-A°®- tetrahydrocannabinol (THC-COOH) were first documented by
Burstein and colleagues in 1972 (Burstein et al. 1972, Sharma et al. 2012). There are 2
phases of THC metabolism. The first is an initial oxidation step that modifies the structure
of the cannabinoid to the active 11-OH-THC compound (Burstein et al. 1972, Huestis
2007, Sharma et al. 2012). In phase 2 metabolism of THC, the psychoactive 11-OH-
THC is oxidised to the inactive THC-COOH (Lemberger et al. 1970, Huestis 2007,
Sharma et al. 2012). Maximum THC plasma concentrations is reached 8 minutes after
smoking, while 11-OH-THC peaked at 15 minutes and after 81 minutes THC-COOH
peaked (Sharma et al. 2012). The final elimination of THC is through the liver by
cytochrome P450 (CYP) (Burstein et al. 1972, Malfait et al. 2000, Huestis 2007, Sharma
et al. 2012). However, in chronic cases THC can be stored in the body in fat stores
though this is minimal as THC is eliminated completely in 5-13 days for chronic users

(Huestis 2007, Sharma et al. 2012).
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1.3.3.3.2. The metabolism of cannabidiol, CBD

As previously mentioned CBD has as high an abundancy in the cannabis plant
as THC though is devoid of any hallucinogenic properties (Adams et al. 1940, Gaoni
and Mechoulam 1964, Malfait et al. 2000, Mechoulam and Hanus 2000). Along with the
non-psychoactive properties, it has recently been shown to partially counteract THC’s
effects (Malfait et al. 2000, Huestis 2007). CBD also has low toxicity and an affinity to
bind to the CB, receptor (Malfait et al. 2000, Russo et al. 2005). The absorbance of CBD
into the body is quite similar to THC due to its high hydrophilicity. Once absorbed into
the body, it is detectable for up to 3-4 hours (Nadulski et al. 2005, Huestis 2007). There
are over 34 metabolites from CBD with the main mechanism being the oxidation to
carboxylic acid (Harvey and Mechoulam 1990). Within the plant CBD is produced
through the non-enzymatic decarboxylation of cannabidiolic acid (CBDA) (Takeda et al.
2012). CBD has been shown to inhibit CYP-mediated conversion of THC to 11-OH-A°-
THC (Bornheim et al. 1993, Ligresti et al. 2006). CBD is detected within 30 minutes and
remains in the body 3-4 hours. The final elimination of CBD is mainly unchanged through

the faeces and the remaining metabolites are directed to the liver (Huestis 2007).

1.3.4. Therapeutic benefits of cannabis

Recent studies have shown the advantageous therapeutic effects of cannabis
with endocannabinoids, phytocanabinoids and in synthetic cannabinoids (Robson
2001). Due to the beneficial properties first laid out by O’'Shaughnassey and further
researched by many groups, cannabinoids have proved beneficial in weight
management, cancer regulation, pain relief, metabolic syndrome and depression
(O'Shaughnessy 1843, Shrivastava et al. 2011, Vazquez-Roque et al. 2011, Riggs et al.

2012, Xiong et al. 2012, Lim et al. 2013).
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1.3.4.1. The effect of cannabinoids on pain relief

The best known effects of cannabinoids include pain relief, anti-inflammatory
response, anti-oxidant reactions, metabolic alteration, anti-tumourogenesis and mood
effectors (Ashton 2001, Robson 2001, Guzman 2003, Musty 2004, Caffarel et al. 2006,
Hosking and Zajicek 2008, Shrivastava et al. 2011, Caffarel et al. 2012, Riggs et al.
2012, Robson 2014). The main use of cannabis since the 19" century and currently in
medicine is as a pain reliever (lversen 2001, Robson 2001, Downer and Finn 2014). It
was described by Walker that cannabis is as potent as morphine in pain relief for the
body (Walker and Huang 2002, Musty 2004). Documentation on this analgesic effect
and emerging evidence suggests that cannabis would be more useful in some pain relief
treatments then the current therapies used (Holdcroft et al. 1997, Iversen 2001). The
pain relief inhibition observed has been suggested to act through a reduction in
inflammation and by inhibiting nociceptive neurotransmission (Guzman 2003, Lynch and
Campbell 2011). This reduction in pain has been used in MS sufferers whereby a 1:1
ratio of THC: CBD (2.7 mg: 2.5 mg) has been used in Sativex® to alleviate muscle
soreness and chronic pain (Joy et al. 1999, Zajicek et al. 2003, Hosking and Zajicek
2008, Pharmaceuticals 2011, Caffarel et al. 2012, Robson 2014). Preliminary work with
cannabinoids and their anti-inflammatory effects showed a 98% improvement in muscle
pain and spasms (Consroe et al. 1997). Furthermore, the reduction in pain also reduced
inflammation which furthermore aided in improved muscle spasticity with cannabis
extract showing a 15% improvement to patients and THC showed a 14% added
improvement (Zajicek et al. 2003). Nabilone® a synthetic THC analogue has also been

used for chronic inflammatory pain the US (Robson 2014).

1.3.4.2. The regulation of appetite by cannabinoids

The alteration of appetite with cannabinoid use has been well documented for

weight loss and weight gain (Walsh et al. 2003, Wang et al. 2011, Cluny et al. 2012,
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Riggs et al. 2012, Wargent et al. 2013). Historical documentation has shown the use of
cannabis for the restoration of appetite for diseased patients and those with anorexia
nervosa (Berry and Mechoulam 2002). However, recent efforts at weight loss through
inhibiting the CB1 receptor with a novel drug, Rimonabant, showed adverse psychiatric
effects and had to be removed from the market even though there were promising weight
reductions observed (Wargent et al. 2013, Cooper and Regnell 2014). However, it was
not highlighted whether this was due to CB+1 receptor inhibition or due to Rimonabant
itself. Further research with tetrahydrocannabivarin (THCV) has shown promising results
as it is also a CB1 antagonist though is a neutral THC analogue. The mode of action of
THCV seems to be through increasing energy expenditure and insulin sensitivity
(Wargent et al. 2013). On the other hand inducing weight gain through low doses of
cannabinoids has been pursued for HIV and cancer patients that have disease-induced
anorexia (Plasse et al. 1991, Robson 2001, Guzman 2003, Walsh et al. 2003, Caffarel
et al. 2012, Riggs et al. 2012, Howard et al. 2013). The drug Marinol® (an oral capsule
of dronabinol®) has been recently prescribed for HIV victims to help with weight

management (Caffarel et al. 2012).

1.3.4.3. Epilepsy and arthritis control with cannabinoid treatment

Recently cannabinoids have also been shown to have potential beneficial
properties in epilepsy and as anti-convulsant (Whalley et al. 2004, Jones et al. 2012,
Devinsky et al. 2014, lannotti et al. 2014). CBD has been shown to reduce nausea and
vomiting in epileptic patients alone with not having any major detrimental effect on motor
function (Whalley et al. 2004, Jones et al. 2012, Robson 2014). Moreover a patent has
suggested that CBD used at 300 mg/day can be beneficial in treating epileptic fits and
reduce pain and anxiety (Whalley et al. 2013). Moreover this reduction in pain and
inflammation has been shown to also be advantageous in rheumatoid arthritis (Malfait

et al. 2000, Fukuda et al. 2014, Robson 2014).
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1.3.4.4. The regulation of cancer by cannabinoids

Another important effect of cannabis is its anti-inflammatory and anti-oxidant
responses in cancer studies (Guzman et al. 2001, Guzman 2003, McAllister et al. 2011,
Caffarel et al. 2012, Solinas et al. 2012, Massi et al. 2013, Downer and Finn 2014,
McAllister and Desprez 2014). One of the mechanisms of the immunosuppression of
cells may be from the induction of apoptosis. Both phytocannabinoids and synthetic
cannainoids have shown pro-apoptotic activity in various cancer cell types including
breast, colon, prostate, lung, liver cancer (McKallip et al. 2002b, Sarfaraz et al. 2005,
McAllister et al. 2011, Shrivastava et al. 2011, Aviello et al. 2012, Ramer et al. 2012,
Velasco et al. 2012). Much work has been carried out with cannabinoids, especially CBD
with breast cancer (Guzman 2003, Caffarel et al. 2006, Ligresti et al. 2006, McAllister et
al. 2011, Shrivastava et al. 2011, Caffarel et al. 2012, Takeda et al. 2012). In normal
breast tissue CB: is not typically expressed, however in immune tissue and ER- breast
tumours there is a 10-100 fold over-expression (Parolaro et al. 2002, Alexander et al.
2009). This expression is seen to directly correlate to the histological grade of the breast
cancer (Caffarel et al. 2006, Alexander et al. 2009). MDA-MB231 breast cancer cells are
an ER- tumour and studies have shown an inhibition of proliferation at the growth
1/synthesis (G+/S) phase and tumour growth has been inhibited by CBD and CBDA
(Sarnataro et al. 2006, Shrivastava et al. 2011, Takeda et al. 2012). Colon cancer has
been reduced with CBD concentrations between 0.3 yM to 5 nM with an average of 5
MM to 10 uM CBD being optimum (Aviello et al. 2012, Macpherson et al. 2014, Romano
et al. 2014). THC has been shown to reduce glioma tumours without being toxic to
normal neuronal cells (Galve-Roperh et al. 2000, Aguado et al. 2007). Both synthetics
(WIN-55,212-2) and natural cannabinoids have been shown to have beneficial effects
on tumour cell progression in lung, prostate and liver cancers (Sarfaraz et al. 2005, De
Petrocellis et al. 2012b, Ramer et al. 2012). Dronabinol®, Marinol® and Cesamet®

(capsules of Nabilone®) have been permitted to be used in nausea and vomiting
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resulting from chemotherapy for cancer (Guzman 2003, Caffarel et al. 2012, Howard et
al. 2013). Finally, a recent patent has been published highlighting the use of CBD alone

or in combination with THC for cancer treatment (McAllister and Desprez 2014).

1.3.4.5. Conclusion of cannabis in current medicine

The therapeutic benefits of cannabinoids are evident in many chronic conditions
such as cancer, epilepsy, chronic pain (MS), HIV, arthritis (Guzman 2003, Xiong et al.
2012, Howard et al. 2013, Robson 2014). The reduction of inflammation observed
following cannabinoid treatment in pain relief, cancer and arthritis to name a few show
the broad range of beneficial effects through one of the many targeted pathways of
cannabinoids (Malfait et al. 2000, Lastres-Becker et al. 2005, Cluny et al. 2012, Mecha
et al. 2012, Downer and Finn 2014). The many effects that cannabinoids have within the
cell that are still emerging give it great future potential for future clinical beneficial uses

not yet realised.

1.4. “Priming” — Novel chemotherapy treatment

1.4.1. An introduction to “priming”

Novel chemotherapeutic treatments are always being sought after to either
prolong remission or to completely ablate the tumour. One such novel mechanism is
through “priming” whereby the tumour is pre-treated with an agent prior to chemotherapy
(Figure 1.9.) (Sharma et al. 2005, Kuhar et al. 2007, Chonghaile et al. 2011, Reed 2011).
“Priming” tumours with this treatment mechanism has been shown to chemosensitize
the tumours to chemotherapy treatment, thus providing a better outcome for the patient
(Sharma et al. 2005, Chonghaile et al. 2011, Vinod et al. 2013, Mu et al. 2014). However,
the mechanism by which “priming” is regulated is still not fully elucidated. Though many
different routes and cancers have been pursued with “priming” techniques such as
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CD34+ in human hematopoietic recovery and with y-rays prior to cisplatin treatment in
human squamas carcinoma cells (Somlo et al. 1997, Caney et al. 1999). Furthermore,
ribonucleic acid interference (RNAI) has also been targeted in human papilloma virus
(HPV) where targeting the oncogenes mutated in HPV E6 and E7 led to an increase in
cisplatin treatment sensitivity (Putral et al. 2005). Plant polyphenols have also been
shown to have “priming” effects with thymoquinone, aspirin, curcumin and quercetin
increasing chemotherapy sensitivity and increasing tumour cell death (Sharma et al.
2005, Kuhar et al. 2007, Kumar and Singh 2012, Mu et al. 2014). Recent research has
shown that this sensitivity may be due to MOMP and that increasing its sensitivity can

lead to a greater increase in chemotherapy sensitivity (Chonghaile et al. 2011, Reed

Regular “MOMP threshold”
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Figure 1.9. “Priming” increases cell death through mitochondrial sensitivity.

When treated with regular chemotherapy cancer cells mitochondria can be damaged and lead to
cell death. However, with “priming” with either natural compounds of other the mitochondria can
be sensitized prior to chemotherapy treatment which increases cell death. Adapted from Reed,
2011.

1.4.2. Potential “priming” agents, natural plant compounds

Plant polyphenols are secondary metabolites that have been shown to have
effective properties in the treatment of different clinical conditions (Asensi et al., 2011).
Traditional Eastern medicines have used plants with specific flavenoids for various

therapeutic treatments for thousands of years (Sies, 2010). A number of these plant
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compounds have been revisited due to their historical beneficial properties (Sies 2010,

Asensi et al. 2011, Vinod et al. 2013).

1.4.21. Curcumin’s role in cancer prevention and “priming”

Curcumin a plant compound from Curcuma longa is the active component of
turmeric. It has been shown to have anti-tumourogenic properties in breast and colon
cancer (Chen et al. 2006, Watson et al. 2008). It was shown to upregulate the p21
pathway which increases cell cycle arrest and was shown to reduce chemoresistance in
the cell (Watson et al. 2008). Curcumin recently showed antioxidative properties in liver
disease, liver cancer, hepatitis B and hepatitis C by inhibiting nuclear factor kB (NF-kB)
(Nabavi et al. 2014, F. Zhang et al. 2014). Further research showed that curcumin can
also protect the liver from injury and fibrogenesis by increasing the PI3K/AKT/MTOR
pathway (F. Zhang et al. 2014). Finally, curcumin enhances the cytotoxic effects of
several chemotherapy agents such as fluorouracil (5-FU), gemcitabine and oxaliplatin
in colon and pancreatic cancers and has been shown to chemosensitize various other
chemotherapeutic agents (Vinod et al. 2013). Interestingly, curcumin has been shown
to act as a “priming” agent in human laryngeal cancer. “Priming” was shown to increase

cisplatin-induced cell death through the mitochondrial pathway (Kuhar et al. 2007).

1.4.2.2. “Priming” with quercetin

The natural plant compound quercetin is a flavonoid that is present in fruit and
vegetables such as onions, and green tea (Kuhar et al. 2006, Moreira et al. 2013, Vinod
et al. 2013). This flavonoid has shown to inhibit lactate production suggesting an
abolishment of the “Warburg Effect” and decreases tumour cell viability (Moreira et al.
2013). Quercetin has shown beneficial properties in many other cancers and has
recently shown to have chemopreventative effects on melanoma and laryngeal
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carcinoma through mitochondrial sensitivity and in “priming” (Kuhar et al. 2006, Kuhar
et al. 2007, Moreira et al. 2013). The “priming” effect of quercetin was shown in head,
neck and laryngeal cancer and was due to the fact that quercetin and cisplatin acted

through separate pathways (Sharma et al. 2005, Kuhar et al. 2007)

1.4.2.3. Anti-cancer role of resveratrol and its “priming” potential

Resveratrol is a widely used natural plant product that has many beneficial
properties ranging from a decrease in heart disease susceptibility to decreasing tumour
sizes and vasoprotective features (Pozo-Guisado et al. 2002, Ungvari and Csiszar 2011,
Ungvari et al. 2011, Vinod et al. 2013). Resveratrol is found in grapes skin and
cranberries, and hence red wine (Pozo-Guisado et al. 2002, Ungvari et al. 2011).
Resveratrol can inhibit ROS production and increase mitochondrial biogenesis (Ungvari
and Csiszar 2011, Ungvari et al. 2011). It has been shown to inhibit breast cancer cell
growth through differing mechanisms depending on the type of cancer and has been
shown to have an overall regulation in sirtuin 1 (SirT1) activity (Pozo-Guisado et al. 2002,
D. H. Kim et al. 2011). Finally, resveratrol has also recently shown beneficial properties
in obesity and metabolic syndrome (S. Kim et al. 2011). Since resveratrol has been
shown to interact with the mitochondria and have a role in reducing tumour size the

potential for its use as a “priming” agent is high.

1.4.2.4. Other polyphenol’s potential as “priming” agents

There are many more natural plant compounds that have recently been revived
in research (Asensi et al. 2011, Prakash et al. 2013, Vinod et al. 2013). Carnosol found
in culinary herbs such as rosemary and oregano have been shown to inhibit cancer
through DNA damage and depolarise the mitochondrial membrane potential which could
lead to chemosensitization (Al Dhaheri et al. 2014). The chili pepper plant Capsicum,
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has a compound capsaicin that helped identify the TRP cation channel subfamily V
member (TrpV1) channels and has also been shown to inhibit cancer, reduce the
mitochondrial membrane potential and increase calcium concentration (Sharma et al.
2013). A short study on pomegranate juice showed it decreased oxidative stress in the
placenta. However, this study also showed, though did not emphasis, that apple juice
decreased labour time in pregnancy compared to pomegranate juice (B. Chen et al.
2012). Finally, olive oils have been shown to have many beneficial properties due to
their high abundance of oleic acid. The beneficial properties of olive oil phenol
compounds (OOPC) have been seen in their anti-oxidative and anti-inflammatory
properties as well as in the protective effect on DNA oxidation and in inhibiting colon

viability (Martin-Pelaez et al. 2013).

The beneficial advantageous observed in natural plant compounds has recently
been revived and has an exponential growth in the study and use of these therapeutics

(Figure 1.10.) (Asensi et al. 2011, Shankar et al. 2012, Vinod et al. 2013).
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PPs Plant name Molecular target

Resveratrol Grapes (Vitis vinifera) JCox-2, INOS, |INK, |MEK, JAP-1,
JNF-kB, 1P21 Cipl/WAFI, 1p533,
1Bax, Tcaspases, TTNF, Jsurvivin,
lcyclin D1, Jeyclin E, | Bcl-2,
4BclxL, |CIAP, |Egr-1, |PKC,
JPKD, lcasein kinase I1, J5-LOX,
JVEGE, |IL-1, JIL-6, LIL-8, JAR.
JPSA. LCYPIAL
4 Typell-Ptdins-4kinase, JCdc2-tyrl5®,
1HO-1, +Nrf2, lendothelin-1

Ellagic acid Pomegranate (Punica INF«B. | COX-2, |cyclin D1, | MMP-9,
granatum) \PDGF, | VEGF, 1GST, 1p21/WAFI,
Tp33
Flavonoids, Tea (Camellia sinensis) JNF«B, |AP-1, JINK, |COX-2, |cyclin
catechins D1, |MMP-9, 1HO-1, JIL-6, JVEGFE.
JIGF, Tp53, JBcl-2, Tp21/WAF1
Quercetin Citrus fruits, apple (Cirrus sp.)  NF-kB, TBax, L Bel-2, Lc:.-'clin D1,

Tcaspase, TPARP, TGadd 45

AR androgen receptor. NF-x B nuclear factor kappa B, NO nitric oxide, PGE prostaglandin, iNOS
inducible nitric oxide synthase, COX-2 cyclooxygenase-2, IL interleukin, MAP mitogen-activated
protein, TNF tumor necrosis factor, CYP7AT cholesterol 7alpha-hydroxylase, CYP cytochrome
p450, HO heme oxygenase, JAP inhibitor-of-apoptosis protein, PKC protein kinase C, PKD
protein kinase D, LOX lipoxygenase, VEGF vascular endothelial growth factor, PSA prostate-

specific antigen, molecules, GST glutathione S-transferase, MMP matrix metalloprotease

Figure 1.10. Molecular targets of polyphenols for prevention of cancer.
Resveratrol, ellagic acid, catechins and quercetin all have anti-tumourogenic properties that are
controlled through many difference molecular targets. Adapted from Shankar et al., 2012.

1.4.3. “Priming” alters mitochondrial sensitivity

The mitochondria are double-membrane enclosed organelles that aid in
controlling energy metabolism, cell growth, synthesis of amino acids, lipids, and are
central in regulating apoptosis (Tu et al. 2011, Frank et al. 2012). When under stress
mitochondria have been shown to fuse together in a mechanism known as stress
induced mitochondrial hyperfusion (SIHM) (Frank et al. 2012, Shutt and McBride 2013).
This autophagy of mitochondria (mitophagy) clears damaged mitochondria and non-
functioning mitochondria from the cell in a controlled fashion so as the cell doesn’t
pursue apoptosis (Galluzzi et al. 2011, Ashrafi and Schwarz 2013). A link between
mTOR and damaged mitochondria has recently been shown as well as an increase in
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calcium concentration by the damaged mitochondria (Galluzzi et al. 2011, Ashrafi and
Schwarz 2013, Yun and Finkel 2014). Furthermore, damaged mitochondria lead to an
increase in ROS and hence Nrf2 levels which can lead to a sensitivity of the mitochondria
to toxins and further damage (Yun and Finkel 2014). Therefore, by inhibiting
mitochondrial function the cell can be directed towards apoptosis which has been seen

with the diabetic drug Metformin (Xiaonan Zhang et al. 2014).

This increase in mitochondrial sensitivity to other toxins due to damage, has
been observed with several natural plant products including resveratrol and CBD (Ryan
et al. 2009, Luo et al. 2013). CBD treatment targets the mitochondria, leading to a
decrease in the MOMP, an increase in calcium flux to the cytosol and consequently a
decrease in ATP production which leads to apoptosis (Sarafian et al. 2003, Ligresti et
al. 2006, Athanasiou et al. 2007, Ryan et al. 2009). Increases in p53 have also been
shown to enhance mitochondrial sensitivity to oxidative stress and increase
mitochondrial dysfunction (Koczor et al. 2013). This is what has been documented with
resveratrol, whereby an increase in ROS and p53 was linked to senescence and
apoptosis of lung cancer cells (Luo et al. 2013). Furthermore, when lung cancer cells
were treated with curcumin, a reduction in anti-apoptotic AKT levels was observed
leading to an increase in ROS production and further lung cell damage (Martindale and

Holbrook 2002, F. Zhang et al. 2014).

1.4.4. VDAC1 receptors role in mitochondrial control

Cancer cells have been documented to suppress MOMP, reducing its activity
and regulation (Galluzzi et al. 2006, Kuznetsov et al. 2011b). The most abundant
membrane protein, VDAC1 has been shown to be required for apoptosis (Figure 1.11.)
(Galluzzi et al. 2006, Simamura et al. 2008). The blocking of VDAC1 can reduce the

potential for apoptosis in the cell (Galluzzi et al. 2006, Simamura et al. 2008, Shoshan-
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Barmatz et al. 2010). As previously mentioned, VDAC1 is located in the mitochondrial
outer membrane and is responsible for regulating cellular energy and metabolism in the
cell (Madesh and Hajnéczky 2001, Simamura et al. 2008, Rimmerman et al. 2011,
Rimmerman et al. 2013, Shoshan-Barmatz et al. 2014, Tewari et al. 2015). The VDAC1
receptor can control the mitochondria’s function as well as its integrity (Madesh and
Hajnoczky 2001). This multifunctional regulator has a key role in controlling
mitochondria-mediated apoptosis as well as calcium and ROS levels within the cell
(Shoshan-Barmatz et al. 2010, Rimmerman et al. 2013, Shoshan-Barmatz et al. 2014).
CBD, cisplatin and curcumin have been shown to have a high affinity of binding and
regulating VDAC1 (Yang et al. 2006, Tajeddine et al. 2008, Rimmerman et al. 2013,

Tewari et al. 2015).
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Figure 1.11. VDAC1 major functions in the mitochondria.

The VDAC1 channel is located on the outer mitochondrial membrane and regulates the transfer
of metabolites between the mitochondria and the cytosol. These include ROS, calcium and ATP
which are key regulators in mitochondrial function. VDAC1 has also been shown to be a major
regulator in mitochondria-mediated apoptosis through trafficking pro-apoptotic proteins to the
cytosol such as cytochrome c.
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1.4.5. Summary of “priming”

Interestingly, it is through mitochondrial sensitization that the novel
chemotherapy potential of “priming” is observed (Chonghaile et al. 2011, Reed 2011).
Could these natural compounds that are sensitizing the mitochondria to damage also be
used as a pre-treatment to chemotherapy in a “priming” mechanism? The VDAC1
regulator has been shown to not only be regulated by CBD and cisplatin which could
prove vital in altering the mitochondrial membrane potential (Yang et al. 2006,
Rimmerman et al. 2013). Sensitising the mitochondria by “priming” the cells with CBD

prior to the chemotherapy agent cisplatin could prove to enhance cancer cell death.
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1.5. Hypothesis

“Priming” with cannabidiol (CBD) enhances chemotherapeutic treatment of cancer

1.6. Aims

e Optimise CBD’s potential as a “priming” agent in cancer cells.

e To explore the novel mechanism of “priming” in cancer cells.

e To derive the mode of action for “priming” with CBD in cancer cells.
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Chapter 2

Materials and
Methods





2. Materials and Methods

2.1. Materials

CBD, was supplied as a gift from GW Pharma, UK (Figure 2.1.). Cisplatin, quercetin
and acetate were obtained from Sigma, UK. All other reagents were obtained from their

respective supplier (see below).

Figure 2.1. Molecular structures of agents used.
The chemical structures of (A) CBD, (B) cisplatin, (C) quercetin and (D) acetate.
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2.2, Drug preparation for experiments

2.2.1. Cannabidiol, CBD preparation

CBD was prepared fortnightly as a stock ranging from 10 mM to 100 yM in
dimethylsulphoxide (DMSO) and water (1:4). The stock solution was kept at 4°C in a
glass vial. Treatment dilutions were made up fresh on the day in the required media and

never exceeded a DMSO concentration of 1%.

2.2.2. Cisplatin preparation

Cisplatin was prepared as directed from the supplier (Sigma, UK) by diluting in
sterile water. Stocks of 10 mM were prepared fresh fortnightly and kept in a glass vial.
Dilutions for treatment were made in the corresponding required media fresh on the day

of treatment.

2.2.3. Preparation of quercetin

Quercetin was prepared according to Sigma'’s conditions with DMSO. Fresh stock
was made when required at a concentration of 100 mM with the corresponding required

media. Dilutions of quercetin never exceeded a DMSO concentration of 1%.
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2.2.4. Acetate preparation

Sodium acetate was prepared according to Sigma, UK with sterile water. Fresh stock
was prepared when required and filtered using a 0.22 um syringe filter prior to use into
a glass vial. Stock concentrations of 100 mM were prepared and diluted accordingly in

the corresponding required media.

2.3. Cells used in the studies

Various different human cancer and control cells were used throughout this study
and were obtained from several different sources. The breast cancer cell line MDA-
MB231 (invasive, metastatic, oestrogen receptor negative (ER-)) was obtained from Dr.
T. Kalber (MRC CSC). Control human breast cell line, MCF10A (epithelial mammary
tissue), breast cancer cell line, MCF7 (invasive, metastatic, oestrogen receptor positive
(ER+)) and colon cancer cell line, HT29 (colorectal epithelial adenocarcinoma, CD4-)
were donated by Dr. N. Haiji, (Imperial College London). HepG2 a liver cancer cell line
(epithelial hepatocellular carcinoma, non-tumourogenic) was donated by Dr. L. Brody
(MRC CSC). Lung cancer cell line, A549 (hypotriploid human cell line) and RhoO
(Complex | and complex IV of the mitochondria knocked out in A549 cells) was gifted by

Dr. N. Navaratham (MRC CSC).

2.4. Cell culture conditions

Human breast cancer cell line, MDA-MB231, were grown in Media 1: Dulbecco’s

Modified Eagle Media (DMEM) (Sigma, UK) with 10% Fetal Bovine Serum (FBS)
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(Sigma, UK), 1% L-Glutamine (Invitrogen, UK) and 1% Penicillin/Streptomycin (P/S)
solution (Invitrogen, UK) (Table 2.1.). Control cells, MCF10A, were grown in Media 2:
DMEM:F12 (Life Sciences, UK) supplemented with 5% horse serum (Sigma, UK), 1%
P/S, 20 ng/mL epidermal growth factor (EGF) (Sigma, UK), 0.5 mg/mL hydrocortisone
(Sigma, UK), 100 ng/mL cholera toxin (Sigma, UK), 10 ug/mL insulin (Sigma, UK). Colon
cancer cells HT29 are an epithelial colorectal adenocarcinoma that was cultured using
media 1. Lung cancer cells, A549 are a basal epithelial adenocarcinoma cell line and
media 1 supplemented with 0.05% uridine was used in all experiments. Liver cancer
cells HepG2 are a hepatocellular carcinoma that was cultured using media 1. Human
breast cancer cells line MCF7 cells were grown in media 3: Essential Minimum Eagle
Media (EMEM) (Sigma, UK), with 10% FBS (Sigma, UK), 1% L-Glutamine (Invitrogen,
UK) and 1% P/S solution (Invitrogen, UK). Mitochondrial altered cells, RhoO, were
maintained with media 1. All cells were maintained at 37°C in a humidified 5% carbon
dioxide (CO2) atmosphere. Quality control of the cells was maintained by periodic

mycoplasma testing.

Table 2.1. Cell Culture Conditions. Cell name and type that was used for the consequent
experiments and the media that the cells were maintained under.

Cell Name Cell Type Human Culture Conditions
MDA-MB231 Breast Cancer (ER-) | Yes Media 1

MCF10A Breast non-cancer Yes Media 2

MCF7 Breast Cancer (ER+) | Yes Media 3

HT29 Colon Cancer Yes Media 1

HepG2 Liver Cancer Yes Media 1

A549 Lung Cancer Yes Media 1 + 0.05% Uridine
Rho0 Mitochondria altered | Yes Media 1

Media 1: DMEM (Sigma, UK) with 10% FBS (Sigma, UK), 1% L-Glutamine (Invitrogen, UK) and
1% P/S solution (Invitrogen, UK).

Media 2: DMEM:F12 (Life Sciences, UK) supplemented with 5% horse serum (Sigma, UK), 1%
P/S, 20 ng/mL EGF (Sigma UK), 0.5 mg/mL hydrocortisone (Sigma, UK), 100 ng/mL cholera
toxin (Sigma, UK), 10 pg/mL insulin (Sigma, UK).

Media 3: EMEM (Sigma, UK), with 10% FBS (Sigma, UK), 1% L-Glutamine (Invitrogen, UK) and
1% P/S solution (Invitrogen, UK).
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2.5. Cell maintenance and treatment preparation

Cells lines were maintained in the conditions described in 2.4 in either T175 or T75
flasks (Nunc, USA) and grown as a monolayer. Cells were maintained every 3-5 days
never exceeding 20 passages. Once the cells were approximately 80% confluent, they
were harvested for treatment or passaged to a fresh flask for maintenance. To prepare
the cells for treatment the media was removed and the flasks washed in phosphate
buffered saline (PBS). TripLE (Sigma, UK) was added at 10% of the starting volume and
left for approximately 5 minutes at 37°C in a 5% CO. chamber. The TripLE was
inactivated with the addition of the appropriate corresponding media to a known
concentration. This was then removed and centrifuged at 1200 revolutions per minute
(RPM) for 3 minutes at room temperature. The supernatant was removed and the cell
pellet was resuspended with appropriate media to a known volume. A 1:1 ratio of trypan
blue:cells was prepared and loaded onto a haemocytometer to be counted. The cells

were then either seeded for treatment or placed in a fresh flask for maintenance.

2.6. Experimental treatment conditions

2.6.1. Acute (1 hour) cannabidiol, CBD, treatment

Cell media was removed from the incubation chamber 24 hours after seeding.
The cells were washed with PBS and consequently incubated with prepared dilutions of

CBD (0 yM-5 pyM) for 1 hour.
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2.6.2. Chronic (24 hour) cannabidiol, CBD, treatment

Cell media was removed from the incubation chamber 24 hours after seeding.
The cells were washed with PBS and consequently incubated with prepared dilutions of

CBD (0 yM-5 uM), sodium acetate (1mM) or quercetin (40 uM) for 24 hours.

2.6.3. Cisplatin treatment conditions

Cells were allowed to adhere in the incubation chamber for 24 hours. The media
was then removed, cells washed with PBS and treated with a range of cisplatin (0 pM-

150 uM) dissolved in cell culture media for 24 hours.

2.6.4. Combination treatment conditions

After allowing the cells to adhere to the incubation chamber for 24 hours prior
to treatment. The cells were washed with PBS and treated with a combination of CBD
(1 uM) and cisplatin (100 uM) for 24 hours that was freshly prepared prior to each

treatment.

2.6.5. “Priming” treatment method

Cells were seeded in an incubation chamber that corresponded to the desired
experiment to be carried out and after 24 hours the media was removed and replaced

with a “priming” agent after washing with PBS. The “priming” agent was CBD (1 pM),
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quercetin (40 yM) or sodium acetate (1 mM) for 24 hours (Figure 2.2.). After this
incubation period the media was removed and the chamber was washed with PBS
gently before being replaced with media supplemented with cisplatin (50 uM or 100 uM)

for a further 24 hours. Experiments were carried out after this 48 hour incubation.

“Priming” Treatment

Seed Wash Wash Harvest for
cells Add 1M CBD Add 100 pM Cisplatin experiment
24 hours 24 hours 24 hours

Time {hours)

Figure 2.2. “Priming” treatment schematic.

The cells are seeded for 24 hours prior to treatment. The cells are washed and treated with 1 uM
CBD (the “priming” agent) for 24 hours. The cells are then washed and treated with 100 uM
cisplatin for a further 24 hours. The cells are then ready for experimentation.

2.7. Cell viability assessment

2.7.1. Fluorescence-activated cell sorting (FACS) analysis

After treatment with CBD, the media was collected. The cells were washed with
PBS which was also collected into the same tube. The cells were collected also by
incubating with 10% TripLE into the same tube. The solution was pelleted by
centrifugation at 1200 RPM for 5 minutes to collect both the live and dead cell
populations. The pellet was resuspended in PBS and aliquoted into fresh round-bottom
tubes. For cell viability and permeability assessment 3,3’-diethyloxadicarbocyanine
lodide (DiOC) /Propidium lodide (Pl) was added to the samples by suspending the pellet

in freshly prepared warm PBS, 3 uM Pl and 0.04 uM DiOC and incubated at 37°C for 40
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minutes in the dark. Controls were used by adding warm PBS equal to the final volume
of DIOC/PI treatment to all the samples and standardised on a flow cytometry machine
prior to the experimental run. They were then read using FACSCalibur (BD, UK), Filter2.
The experiment was carried out in triplicate. Analysis of the data was carried out using

Cyflogic and data was compared to untreated cells.

2.7.2. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide (MTT)

assay

Cell viability was determined using a colorimetric 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyl-tetrazolium bromide (MTT) assay (Sigma, UK). This assay is based on the
conversion of MTT to MTT-formazan by mitochondrial enzymes, which is interpreted as
reflecting a measure of cell viability. Cells were seeded in a 96-well plate at a density
of 1.5-3 x10° cells /mL for 24 hours to allow adhesion. They were then treated with the
various treatment conditions as described above. The MTT assay was performed
according to the manufacturers’ protocol. After 3.25 hours absorbance was determined
at 570 nm and normalised with 690 nm background with a microplate reader
(Spectramax 340PC). The optical density was measured as a percentage of untreated
cells and repeated between 3-5 times per cell type for experimental replicates with 5

technical replicates per plate.

2.7.3. Lactate dehydrogenase concentration assay

To analyse lactate dehydrogenase concentration in the cell media, a lactate
dehydrogenase colorimetric assay (abcam, UK) was carried out. Measuring lactate

dehydrogenase allows the evaluation of damage and toxicity to the cell. Lactate
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dehydrogenase oxidises lactate to pyruvate producing NADH which reduces the water
soluble tetrazolium to the coloured formazon product. This colour can then be measured
on a microplate reader. For this assay cells were seeded 3 x10° cells/well for 24 hours
so they could adhere and consequently treated with the above treatment parameters in
phenol red free media. Upon completion the media was collected from the well and
assayed according to the manufacturer’s instructions. A standard curve was freshly
prepared for each plate with the provided standard and assay buffer mix. A reaction mix
was freshly prepared with provided assay buffer, substrate mix and enzyme mix. This
was added to the collected media in a fresh 96 well plate. The plate was incubated for
30 minutes at room temperature before being read on a microplate reader (Spectramax
340PC) at 450 nm. The background was corrected with the lactate dehydrogenase
control standard. A standard curve was plotted of lactic acid nmol vs 450 nm. Lactate
dehydrogenase concentrations were applied to this curve and calculated as per the
calculation below supplied by abcam (Figure 2.3.) and consequently compared to the
untreated cells. All experiments were carried out 3-5 times with 5 technical replicates

per plate.

Concentration = La/Sv (nmol/ pyl or nM)
La: the amount of lactic acid (nmol) of the sample from the standard curve.

Sv: is the sample volume (pl)

Figure 2.3. Lactate Concentration Equation
Using this equation the concentration of lactate for each sample was calculated using the
recorded amount given as a nmol readout from the microplate reader.
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2.7.4. Bromodeoxyuridine (BrdU) cell proliferation assay

Cells were tested with a bromodeoxyuridine (BrdU) assay to evaluate the cell
proliferation rate. This assay measures BrdU incorporation into newly synthesized DNA
strands of actively proliferating cells. Partial denaturation of the double strands of the
DNA chains allows BrdU detection and assessment of the cells that are synthesizing
DNA. The BrdU cell proliferation assay kit from Millipore, UK was used for this
evaluation. A blank control was included whereby no cells are placed in a well but the
protocol is carried out to ensure that the reagents are reading the cells correctly. A
background control was also included whereby cells were present in the well but no
BrdU reagent is added. Again, this is a control to ensure that a background control is
included for calculations. The cells were incubated in a 96 well plate at a seeding density
of 2.5 x 10° cells/mL and were allowed to adhere for 24 hours. They were then treated
with the above appropriate protocols and 4 hours prior to the incubation completing the
cells were incubated with freshly prepared BrdU. Following 4 hours of incubation the
cells were fixed with a supplied fixing solution and incubated for 30 minutes at room
temperature. Upon completion the cells were washed 3 times with fresh prepared wash
buffer that was supplied, blotting dry after the final wash. The detector antibody anti-
BrdU was then added as a prediluted solution and incubated for 1 hour at room
temperature. The wells were washed as previously described. Goat anti-mouse 1gG
conjugate was diluted (1:2000) with the conjugate dilute provided and filtered with a 0.22
pMm syringe filter prior to use. This was added to the wells after washing and incubated
for 30 minutes at room temperature. The wells were washed again as previously
described with an additional final wash with distilled water flooding the wells. The plate
was patted dry with absorbent paper towels. TMB peroxide substrate was incubated in
the wells for 30 minutes at room temperature in the dark. The experiment was stopped

with the supplied stop solution added immediately to each well and read using a
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spectrophotometer microplate reader (Spectramax 340PC) at dual wavelength of
450/550 nm. Background was subtracted from the final reading and calculations were
compared to the untreated readings. Each plate had a 5 technical replicates for each

treatment and the plates were repeated 3-5 times.

2.8. AMPK activity analysis

AMPK activity was analysed using the previously described method (Davies et al.
1989, Woods et al. 1996, Neumann et al. 2003). Cells were harvested after their
respective treatments with 50 mM HEPES pH 7.4, 50mM sodium fluoride (NaF) , 5 mM
sodium pyrophosphate (NaPP), 1 mM ethylenediaminetetraacetic acid (EDTA), 10%
glycerol, 1 mM benzamidin, 0.1 mM Phenylmethly sulphonyl fluoride (PMSF), 1 mM
dithiothreitol (DTT) buffer containing 1% Triton X-100 through rapid lysis on ice. A slow
lysis AMPK positive control was also prepared. AMPK was immunoprecipitated from 50—
100 pg of cell lysate using a rabbit anti-pan-B-antibody and protein A-Sepharose (Woods
et al 1996). AMPK activity was determined by phosphorylating the synthetic substrate
peptide HMRSAMSGLHLVKRR (SAMS peptide) (Davies S.P. et al, 1989) in the
presence of 5 mM MgCl,, 0.2 mM [y-*2P] ATP (specific radioactivity ~200 cpm/pmol),
and 0.2 mM Adenosine monophosphate (AMP). Activity levels were compared to and

measured as a percentage of change untreated cells upon calculation.

2.9. ROS measurement

Cellular ROS was measured using a 2’,7’—dichlorofluorescein diacetate (DCFDA)
Assay (abcam, UK). DCFDA is a fluorescent dye that allows the measurement of ROS

activity through the deacetylation of DCFDA to a non-fluorescent compound. This is then
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oxidised by ROS into 2’, 7—dichlorofluorescin (DCF) which is highly fluorescent. Cells
were prepared by seeding at 2 x 10° cells/well for 24 hours to allow adhesion to the 96-
well black bottom plate. The DCFDA incubation was carried out according to the
protocol. The cells were stained with 25 yM DCFDA with 1X Buffer that was supplied for
45 minutes at 37°C. The cells were then washed with PBS and treated using the various
treatment conditions previously described with phenol red free media in the same
conditions as above. The amount of ROS was detected on a fluorescent plate read
(FLUOstar Omega, BMG Labtech, UK) with an excitation of 495 nm and emission of 529
nm. The optical density was background subtracted and measured as a percentage of
untreated cells after being normalised to cell count. This was carried out 3-5 times for

experimental replication with technical replicates of 5 wells per plate per treatment.

2.10. Ca?* activity measurement

Ca?* activity was measured using a Fluo-4 Direct™ Calcium Assay (Invitrogen, UK).
Reagents were prepared according to manufacturer’s protocol prior to each assay. Cells
were prepared by seeding at 3 x 10° cells/well for 24 hours to allow adhesion to the 96-
well black bottomed plates. They were then treated the various treatment conditions as
described above. An equal volume of 2X Fluo-4 Direct™ calcium reagent was added
directly to the wells after the treatment and incubated at 37°C for 60 minutes.
Fluorescence was measured at excitation 494 nm and emission 516 nm on a fluorescent
plate reader (FLUOstar Omega, BMG Labtech, UK). The optical density was measured
as a percentage of the untreated cells after being normalised to cell count. This was
carried out 3-5 times for experimental replication with technical replicates of 5 wells per

plate per treatment.
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2.11. Cellular Respiration Analysis

Cellular respiration was measured using a Seahorse Bioanalyser (Seahorse
Biosciences, USA). Both mitochondrial respiration (determined by oxygen consumption
rate (OCR)) and glycolytic activity (determined by extracellular acidification rate (ECAR))
was measured using this system. MDA-MB231 and MCF10A cells were seeded 2-2.5
x10* cells/well in specific Seahorse Bioanalyser 24 well plate, 24, 48 or 72 hours prior to
the assay depending on treatment. The cells were treated appropriately as previously
described with protocol 1, 2, 3 and 4. The sensor cartridge was hydrated with Seahorse
sensor media at least 18 hours prior to the assay.

For the mitochondrial respiration experiment, cells were washed twice with freshly
prepared unbuffered Seahorse Assay medium that had been supplemented with
appropriate glucose and 1% sodium pyruvate, pH 7.4 at 37°C and incubated with this
same media an hour prior to the experiment beginning as directed. Oligomycin (1 pG),
Carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone (FCCP) (0.4 uM: MCF10A, 0.2
MM: MDA-MB231) and Antimycin/Rotenone (0.25 uM) were added to the sensor plate
in the appropriate dilutions directly prior to the commencement of the calibration and
assay (Figure 2.4.A.).

For the glycolytic examination cell were washed twice with freshly prepared
unbuffered Seahorse Assay medium supplemented with 1% sodium pyruvate, pH 7.4 at
37°C and consequently incubated with the same media 2 hours prior to the assay
beginning. This removes any glucose present in the cells that may disturb the accuracy
of the readings. In the sensor plate glucose (4500 g/L), Oligomycin (1 uG), and 2-
deoxyglucose (2-DG) (1 Mm) was added (Figure 2.4.B.).

Calculations were normalised to protein level which was harvested and calculated

by Bradford assay directly after each experiment. Each experiment was repeated 3-5
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times with technical replicates of 4 per plate. Calculations were based on images below

taken from Seahorse Biosciences (Figure 2.4.).
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Figure 2.4. Schematic of the Calculations provided through the Seahorse Biosciences

Mitochondrial Tests.
(A) Mitochondrial respiration experimental calculation graph. OCR measured in pMoles/min is

plotted against time (minutes). Basal respiration is the initial readout with no injection of any
reagent. Oligomycin injection allows ATP production to be read as it is an ATP synthase inhibitor
and inhibits ATP synthesis in the mitochondria. FCCP is an ETC accelerator and uncoupling
agent which increases the potential of hydrogen ions to be passed through the mitochondria’s
membrane. This gives the potential maximal respiration of the cell type which can also allow
spare respiration capacity to be also calculated. This is the measure of the cell’s capacity for
maximal and basal respiration under stressed conditions. Finally an antimycin and rotenone
combination is added that inhibits any mitochondrial respiration giving the non-mitochondrial
respiration read out. Proton leak can also be calculated from the antimycin/rotenone injection.
(B) Glycolytic respiration experimental calculation graph schematic. ECAR is measured as
mpH/min and plotted against time (minutes). ECAR is measured and calculate varying different
non-mitochondrial respiration parameters after glucose starving. Glucose is reintroduced to the
cells after an initial basal reading which once normalised to 2-DG data can give the glycolysis
production of the cells. Oligomycin is injected after this which can evaluate the glycolytic capacity
of the cell once normalised again to 2-DG data. It also can allow calculation of the glycolytic
reserve of the cell. 2-DG inhibits any further glycolysis as the 2-hydroxyl group of glucose is
replaced by a hydrogen ion. This allows us to calculate the non-glycolytic acidification of the cell
and normalise the data from the other injection reagents.

2.12. Gene expression analysis

For gene expression quantification, quantitative real time-polymerase chain reaction
(qRT-PCR) was carried out. Firstly, messenger ribonucleic acid ((RNA)(mRNA)) was
isolated from the treated cells using the Qiagen RNeasy kit (Qiagen, UK). The kit was

followed as instructed and the samples were quantitated to 0.5 pg/pL using a nanodrop
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to normalise RNA amount. Complementary deoxyribonucleic acid (cDNA) synthesis was
carried out according to the Thermoscript™ RT-PCR Systems protocol (Invitrogen, UK)
using the oligo(dT)2o primer method with an incubation of 60 minutes. gPCR was carried
out in accordance to TagMan® Universal Master Mix Il, no UNG for primers in Table 2.2
and Platinum® SYBR® Green qPCR superMix-UDG protocol for genes in table 2.3. The
96 well plate was placed in a preheated Applied Biosystems 7500 Fast Real-Time PCR
System instrument and run at a cycling program of 50°C for 2 minutes, 95°C for 2
minutes, 45 cycles of 95°C for 15 seconds followed by 56°C for 30 seconds, then a
dissociation confirmation step (genes in table 2.3). Any samples that read > 0.2 cycle
threshold (Ct) were removed for quality control purposes. Data was calculated using the
AACT method as described in Bookout et al., 2006. Samples were normalised to the

constitutively expressed a-Tubulin or B-actin (Table 2.2 and 2.3.).

Table 2.2. List of Tagman Probes used for Gene Expression Analysis.

Gene Symbol | Gene Name Ref Seq mRNA Tagman Assay ID
IL6 interleukin 6 NM_000600.3 Hs00985639 _m1
NFE2L2 nuclear factor, erythroid 2-like 2 NM _001145412.2 | Hs00232352_m1
MTOR mechanistic target of rapamycin NM 004958.3 Hs00234508 m1
FOXO1 forkhead box O1 NM_002015.3 Hs01054576_m1
AKT1 v-akt murine thymoma viral NM_001014431.1 | Hs00178289_m1
oncogene homolog 1
TP53 tumor protein p53 NM 000546.5 Hs01034249 m1
NFKB nuclear factor of kappa light NM_001165412.1 | Hs00765730_m1
polypeptide gene enhancer in B-
cells 1
MAPKG6 mitogen-activated protein kinase | NM_002748.3 Hs00833126_g1
6
TNF tumor necrosis factor NM 000594.3 Hs01113624 g1
FOXO3 forkhead box O3 NM 001455.3 Hs00818121 m1
B-actin actin, beta NM 001101.3 Hs01060665 g1

Examined according to TagMan® Universal Master Mix Il, no UNG. Manufactured and supplied
by Life Technologies, UK.
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Table 2.3. List of Primer Sequences used for Gene Expression Assays.

Primer Primer Sequence

HDAC1 Forward | 5 AGAATGCTGCCGCACGCACC 3
HDAC1 Reverse |5 CGAGATGCGCTTGTCAGGGTCG ¥
HDACG6 Forward | 5 GATGGGCCTTGCCAGTGGCC 3
HDACG6 Reverse | 5 AGCAGGGGTGGTGGGTCTCC 3
SirT1 Forward 5" GACTGGACTCCAAGGCCACGG 3
SirT1 Reverse 5" CAGGTGGAGGTATTGTTNCCGGC 3
Tubulin Forward | 5 GCCAAGCGTGCCTTTGTTC 3
Tubulin Reverse | 5 CACACCAACCTCCTCATAATCC 3’

Examined according to Platinum® SYBR® Green gPCR superMix-UDG. Manufactured and
supplied by Invitrogen, UK.

2.13. Protein expression levels

Following treatment cells were washed with ice-cold PBS twice and homogenised in
ice-cold lysis RIPA buffer (Sigma, UK) which was supplemented with 0.1% protease and
phosphatase inhibitors (ThermoScientific, UK). Protein extracts were quantified using
the Bradford method (Bio-Rad, UK) with a protein standard of bovine serum albumin
(BSA). The samples were calculated to 20 pg per lane with NuPage 4x sample buffer
(Invitrogen, UK) and water and were denatured at 95°C for 5 minutes. The samples were
separated on CriterionXT Bis-Tris pre-casted 4-12% gels at 140 V for 90 minutes. The
proteins were transferred from this gel onto a PVDF membrane at 100 V for 60 - 90
minutes in cold 10% Transfer buffer (Bio-Rad, UK) supplemented with 5 % methanol.
The membrane was blocked with 2.5% skim milk solution for 60 minutes and then
incubated with the primary antibody overnight at 4°C on a shaker. Antibodies were
diluted with Tris-buffered saline and Tween (TBST) (10% 10X Tris-buffered saline (TBS)
(1 M Tris chloride (Tris.CL) pH 7.4, 5 M sodium chloride (NaCl), 0.1% Tween 20) as
follows: SirT 1 (1:1000), histone deacetylase (HDAC) 1 (1:1000), HDAC 6 (1:1000),
interleukin 6 (IL6) (1:250), p53 (1:1000), Nrf2 (1:1000), Nuclear factor - kB (NfkB)

(1:1000), mTOR (5 pg), AKT (1:1000), AKT-pan (1:1000), VDAC1 (1:1000) and B-Actin
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(1:1000) (abcam, UK) (Table 2.4.). Primary antibody was detected by incubating with
the corresponding secondary anti-mouse or anti-rabbit HRP-conjugated (1:5000) (Bio-
Rad, UK) after several TBST washes. The membrane was visualised with LI-COR
BioSciences Odyssey 2.0 infrared imaging system (LI-COR, UK) and the expression
levels calculated on the Image J software program. The protein levels were normalised
to the constitutively expressed B-actin and relative intensity (R.l.) was compared to

untreated cells. Each antibody was tested between 3-5 times per sample.

Table 2.4. List of Antibody’s used for Protein Expression Analysis.
List of antibody’s used for protein western blot along with secondary animal it was raised on.
Final dilution quantities used for these experiments.

Name Product Name Secondary Dilution
Antibody
SirT1* Anti-SIRT1 Mouse 1:1000
HDAC1 Anti-HDAC1 Mouse 1:1000
HDAC6 Anti-HDAC6 Rabbit 1:1000
IL-6 Anti-IL6 Rabbit 1:250
p53 Anti-p53 Mouse 1:500
Nrf2 Anti-Nrf2 Rabbit 1:1000
NFkB Anti-NFkB p65 Rabbit 1:1000
mTOR Anti-mTOR Rabbit 1:1000
AKT1 Anti-AKT1 (phosphor | Rabbit 1:1000
T308)

AKT-pan Anti-pan-AKT Rabbit 1:500
VDAC1 Anti-VDAC1/Porin Mouse 1:1000
B-actin Anti-beta Actin Rabbit 1:1000

All supplied by abcam, UK except for those marked with * which were supplied by Millipore, UK.
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2.14. Global DNA methylation

Genomic DNA (gDNA) was harvested after treatment and collected using a Blood
and Cell culture DNA Mini Kit (Qiagen, UK) following manufacturer instructions, and
resuspended in 30 yL LC/MS grade water. 100 ng—1 ug of DNA was digested to
nucleosides using DNA Degradase Plus (Zymo Research, UK), for a minimum of 3 hours
at 37°C. Samples were pre-cleaned by acetonitrile precipitation. The nucleosides were
separated on an Agilent RRHD Eclipse Plus C18 2.1 x 100 mm 1.8u column by using
the high-performance liquid chromatography (HPLC) 1200 system (Agilent, UK) and
analyzed using Agilent 6490 triple quadrupole mass spectrometer. To calculate the
concentrations of individual nucleosides, standard curves with known amounts of
synthetic nucleosides were generated and used to convert the peak-area values to
corresponding concentrations. Quality control threshold for quantification is a signal-to-
noise (calculated with a peak-to-peak method) above 10 fmol. Samples were normalised

to the untreated cells and repeated 3-4 times with technical replicates of 3 per run.

2.15. In vivo translational study

2.15.1. Animal conditions and general treatment

All experiments were performed in compliance with the Animals (Scientific
Procedure) Act 1986 under the project licence 70/7502 19b3. All mice were acclimatised
for 72 hours prior to experimental protocol and housed in individually ventilated cages
(IVC) under a 12h: 12h light cycle (lights on at 0700 off at 1900) at 21-23°C with ad

libitum access to food and water.
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2.15.2. Cell preparation for xenograft model

MDA-MB231 cells were maintained as described in 2.4. and 2.5. to ensure
homogenous distribution. The cells were prepared 24 hours prior to injection by
replacing media with freshly supplemented media to ensure a robust supply. They were
harvested directly prior to injection as described in 2.5. and counted using a

haemocytometer to ensure a standardised distribution.

2.15.3. Experimental protocol for translational study

Male Athymic Crl:NU(NCr)-Foxn1™ mice (Charles River, UK) aged 6- 8 weeks
were caged in IVC under the conditions described in 2.16.1. Mice were grouped, 5 mice
per cage prior to injection and were weighed to ensure no deviation from the mean
cohort. Tumourogenicity was achieved by preparing cells as described in 2.16.2. and
injecting subcutaneous into the right dorsal flank 5 x10° MDA-MB231 cells in 150 uL
media per mouse, using a 25 gauge needle. Cages were divided into 5 groups; Control
saline, CBD, cisplatin, combination and “priming” treatment. Each group was assigned
to 2 cages for a total of 10 mice per group. Tumours were allowed to grow to ~3 mm x
3 mm to a volume of 15-30 mm? before injection. Treatments were injected intratumour
3 times a week and tumours measured using calipers at the same time (Figure 2.5.).
This was carried out until the mice had completed 6 injections of treatment. Tumours
were measured and volumes calculated using the equation below (Figure 2.6.) (Oh et
al. 2013). Upon completion of treatment, the animals were sacrificed, blood was
collected by cardiac puncture and tumours were collected. Blood was collected in plastic
EDTA treated tubes (BD, UK) with 1% protease and phosphatase inhibitors and 10%
fresh serine protease inhibitor 4-(2-aminoethyl)-

benzenesulfonyl fluoride (AEBSF) to ensure no coagulation and clotting. The EDTA
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treated tube was spun for 15 minutes in a cooled centrifuge at 4°C at 12500 RPM. The
supernatant was collected into a fresh Eppendorf tube and stored at -80 °C. Tumour

size was measured prior to sacrifice and stored at -80 °C.

Gop1 CBD | Cisplatin
Group 2 i CBD
3 | Cisplatin
Days 4 Saline i combination
0 3 5 i Saline 43
| | // |31 33 35 {37 39 41 |
1T 7/ |
sensitized  tumour Terminate

injection

Injections

Figure 2.5. Injection Timeline.

Schematic of the experimental protocol and layout of injection protocol beginning with
sensitization for 72 hours. After 3 days the MDA-MB231 tumours were injected and allowed to
grow. Injections were performed on day 31, 33 and 35 along with calliper measurement. The
treatments were changed accordingly for days 37, 39, 41. The animals were terminated on day
43.

(LxW?2)

Figure 2.6 Tumour Volume Equation.

Tumours were measured using a callipers to determine the length (L) and width (W). Using these
measurements volume could be calculated. This ensured that the both the tumours and animals
were monitored for experimental and animal welfare.
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2.16. Statistical Analysis

All statistical analysis was carried out using GraphPad Prism (San Diego, US) unless
otherwise stated. Data is presented as mean + standard error (SEM). Normality was
confirmed with a D’Agostino-Pearson omnibus test prior to statistical analysis. Statistical
significance was calculated using Student’s t-test when comparing between two
treatments or one-way ANOVA with Tukey post-hoc test for multiple comparisons
between the data, dose titration comparison analysis. Significance was accepted at the

level of * p<0.05, * p<0.01, ***p<0.001.
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Chapter 3

The effect of
CBD treatment on
Cancer cells





3. The effect of CBD treatment on cancer cells

3.1. Introduction

3.1.1. The use of CBD in cancer treatment

The use of CBD as an anti-tumour agent has been shown in several cancer cell lines
due to its anti-inflammatory and anti-proliferative mechanisms (Section 1.3.4.) (Guzman
2003, McAllister et al. 2011, Shrivastava et al. 2011, Aviello et al. 2012, Velasco et al.
2012, Ramer et al. 2013, Romano et al. 2014). CBD does not bind to the CB+ receptor
and does not have any psychological effects as previously mentioned which make it an
ideal candidate in clinical studies (Section 1.3.3.1.) (Guzman 2003, McAllister et al.
2011, Velasco et al. 2012). Much preclinical work has been carried out using CBD
however there has been no translation to human cancer trial even due to the successful
use of synthetic and phytocannabinoids in MS and pain relief (Section 1.3.4.) (Guzman
2003, Barnes 2006, Blake et al. 2006, Borgelt et al. 2013). Recent patents have surfaced
suggesting a surge in CBD cancer research in human trials in the near future (McAllister

and Desprez 2014, Sanchez et al. 2014).

3.1.2. Variations to CBD treatment

Previous studies looking at the anti-cancer properties of CBD have used a wide
range of incubation protocols, including a variety of cancer cell lines, incubation times
and a broad range of concentration ranging from 0.1 uM to 200 pM (Section 1.3.4.)
(Ligresti et al. 2006, McAllister et al. 2011, Shrivastava et al. 2011, Aviello et al. 2012,
De Petrocellis et al. 2012, Ramer et al. 2012, Ramer et al. 2013, Macpherson et al. 2014,
Romano et al. 2014). In order to study the potential “priming” properties of CBD it is
important to establish a working protocol that takes into account the potential

translatable nature of the research. With this in mind breast cancer cells (MDA-MB231)

100





and their control counterpart (MCF10A) were selected for the establishment of protocol
conditions. Much work has been carried out with phytocannabinoids on MDA-MB231
cells, however, its molecular mechanism of action is not fully characterized (Ligresti et
al. 2006, Shrivastava et al. 2011, Takeda et al. 2012). Subsequently, other cancer cell
lines including colon (HT29), lung (A549), liver (HepG2) and a mitochondrial altered cell
line (Rho0O) were used to assess the universality of the initial findings. Based on the
literature, two time points were selected for the studies, acute (1 hour) and prolonged
(24 hours), while the concentration of CBD was kept at a lower range (0.1 pm-5 uM) in
order to mimic in vivo levels (Lim et al. 2011, Shrivastava et al. 2011, De Petrocellis et

al. 2012).

3.1.3. CBD’s role in cellular regulation

Once optimal working conditions with CBD had been established, the route and
mode of action was examined to observe what alterations in cellular regulation occurred.
CBD has been reported to increase Ca?* and ROS concentrations in cancer cells leading
to apoptosis (Section 1.3.4.) (Shrivastava et al. 2011, De Petrocellis et al. 2012,
Valvassori et al. 2013). The role of CBD in the mitochondria has not been elucidated yet
however, there has been suggesting of its alteration in the functionality of the
mitochondria and binding to receptors on the mitochondrial membrane (Athanasiou et
al. 2007, Bénard et al. 2012, Rimmerman et al. 2013, Valvassori et al. 2013).
Furthermore, CBD has been shown to regulator cell death through inhibiting AKT activity
(Shrivastava et al. 2011). A full understanding of the cell death regulators controlled by
CBD has not been identified. The role of CBD in inhibiting cell death through AKT and
potentially through the mitochondria were key targets in the study shown here. Key
aspects of mitochondria’s function and regulation were analysed in both cancer lines

and control cells.
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3.2. Aims of study

¢ To examine the optimal working dose and treatment conditions of CBD in both
cancer and control cells.

o Elucidate CBD’s mode of action in mitochondrial regulation.

e Measure CBD’s potential as a “priming” agent.
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3.3. Acute treatment (1 hour) with CBD

3.3.1. Cell viability following CBD treatment

3.3.1.1.  Cancer cells assessment of cell viability following acute
CBD treatment

Cancer cells were exposed to increasing concentration of CBD (0.1 uM, 0.5 yM, 1
MM, 2.5 uM, 5 pM) for 1 hour (acute) (Section 2.6.1.) (Figure 3.1.). Cell viability was
initially assessed using a fluorescence-activated cell sorting (FACS) analyser. The cells
were collected and incubated with Pl to test for viability (Section 2.7.1.). No changes in

cell viability levels were observed compared to untreated cells using FACS analysis.

MDA-MB231
100+

Cell Viability (%)

c T L] L] L)
0 0.1 0.5 1.0 25 5

CBD Incubation concentrations ( pM)

Figure 3.1. 1 hour CBD Cell Viability Analysis on MDA-MB231 cells.
MDA-MB231 cells were treated for 1 hour with CBD and with Pl for FACS analysis of cell viability.
Data shown is repeated 3 times and is represented as mean £ SEM.

Cell viability can be measured using a lactate dehydrogenase assay which
corresponds to cellular damage and toxicity (Section 2.7.3.) (Figure 3.2). Acute (1 hour)
CBD treatment showed a trend to increase in lactate dehydrogenase concentration

finally reaching significance following 5 yM CBD (127.7 £ 6.35 %) (p<0.05) treatment.
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Figure 3.2. The effect of CBD on lactate dehydrogenase concentration in MDA-MB231
cells following 1 hour treatment.

MDA-MB231 cells were treated with CBD 1 hour prior to extraction of the media to analyse for
lactate dehydrogenase production. Data shown is repeated 3 times with 5 technical replicates
per plate. Data is represented as mean + SEM. *p<0.05, vs Untreated.

3.3.2. CBD’s effect on lactate dehydrogenase concentration in
control cells following acute treatment

There was no change in cell viability following acute treatment of CBD in control

cells (Figure 3.3).

MCF10A - 1 hour

-
&
5

3

=

€

]

o

s s sd )
}5100

o

]

c

[

o

5

> 50

T

k)

L]

7]

1

b |

0.1 0.5 10 25 5
CBD Incubation rations (pM)

Figure 3.3. The effect of CBD on lactate dehydrogenase concentration following acute
treatment in MCF10A cells.

Control cells were treated with CBD for 1 hour prior to extraction of the media to analyse for
lactate production. Data shown is repeated 3 times with 5 technical replicates per plate. Data is
represented as mean + SEM.
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3.3.3. ROS concentration levels

3.3.3.1.  Cancer cells ROS levels were measured following acute
treatment of CBD

ROS concentration levels were measured after 1 hour of CBD treatment using a
DCFDA assay (Section 2.9.). Cancer cells showed a significant increase in ROS levels
from 0.5 yM CBD (1.11 £ 0.047 arbitrary units (A.U.)) (p<0.05) (p<0.001) (Figure 3.4.).
This effect increased with increasing CBD; 1 uM CBD (1.30 £ 0.078 A.U.) (p<0.01), 2.5

UM CBD (1.469 + 0.0821 A.U.) (p<0.001) and 5 uM CBD (1.84 £ 0.149 A.U.) (p<0.001).

MDA-MB231 -1 hour
2.5

2.0

1.5 o

1.0+

0.5

ROS levels
(fold change compared to control)

0.0 T T T

CBD Concentrations (uM)

One-way ANOVA p<0.001

Figure 3.4. MDA-MB231 cell’s ROS levels after acute CBD treatment.

MDA-MB231 cells were treated with CBD for 1 hour. ROS levels were measured after incubation.
Data shown is repeated 3 times with 5 replicates per plate and is normalised to cell count. Dashed
line represents untreated levels. Data is represented as mean + SEM. *p<0.05, **p<0.01,
***p<0.001 vs Untreated.

3.3.3.2. Control cells ROS levels measured following acute CBD
treatment

ROS concentration was altered following acute CBD treatment. An initial
increase in ROS levels was observed following 0.1 yM CBD treatment (1.08 + 0.029
A.U.) (p<0.05) (Figure 3.5.). However, this effect was reversed with increasing CBD
showing a reduction in ROS concentration; 2.5 yM CBD (0.88 + 0.019 A.U.) (p<0.001),

5 uM CBD (0.83 + 0.019 A.U.) (p<0.001).
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Figure 3.5. MCF10A cell’s ROS concentration following acute CBD treatment

Control cell’'s ROS activity concentrations were measured following acute 1 hour CBD treatment.
Data shown is repeated 3 times with 5 replicates per plate and is normalised to cell count. Dashed
line represents untreated levels. Data is represented as mean + SEM. *p<0.05, ***p<0.001 vs
Untreated.

3.3.4. Mitochondrial function analysis on acute CBD treatment

3.3.4.1. Cancer cells mitochondrial function following acute CBD
treatment

Mitochondrial analysis was carried out using a Seahorse Bioanalyser which
measures mitochondrial and non-mitochondrial respiration along with several key
mitochondrial factors associated with mitochondrial function through oxygen
consumption that is linked to their activity (Section 2.11.). Basal mitochondrial OCR was
significantly increased following acute CBD treatment, at 0.5 yM CBD (66.88 + 6.377
pMoles/min) (p<0.05), 1 uM CBD (104.1 + 23.71 pMoles/min) (p<0.05), 2.5 yM CBD
(119.9 £ 17.57 pMoles/min and 5 yM CBD (129.6 + 34.36 pMoles/min) (p<0.05)
(Untreated, 50.44 + 13.52 pMoles/min) (Figure 3.6.A.). Non-mitochondrial respiration
had a trend to decrease reaching significance with 2.5 yM CBD (18.83 + 2.686
pMoles/min) (p<0.01) and 5 yM CBD (18.33 + 3.667 pMoles/min) (p<0.05) (Figure

3.6.B.).
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Figure 3.6. Mitochondrial Respiration Analysis following acute CBD treatment on MDA-

MB231 cells.
MDA-MB231 cells were treated with CBD for 1 hour prior to mitochondria functional analysis. (A)

Basal mitochondrial respiration after 1 hour and (B) non-mitochondrial respiration were extracted
from the experimental data. Data shown is repeated 3 times with 4 technical replicates per plate.
Data is represented as mean + SEM. *p<0.05, **p<0.01 vs Untreated.

A dose dependant increase in relative ATP production levels was observed as
CBD treatment increased from 0.5 yM CBD (54.83 + 4.684 pMoles/min) (p<0.01)
compared to untreated cells (37.51 + 8.913 pMoles/min) (Figure 3.7.A). This increase
continued as the doses of CBD increased; 1uM CBD (60.49 + 12.80 pMoles/min)
(p<0.05), 2.5 yM CBD (78.01 £ 13.16 pMoles/min) (p<0.01), 5 uM CBD (69.16 + 16.79
pMoles/min) (p<0.05). A significant dose dependant increase in proton leak was also
observed with all concentrations of CBD; 0.1 yM CBD (14.45 £ 1.709 pMoles/min)
(p<0.05), 0.5 uM CBD (15.22 + 1.431 pMoles/min) (p<0.05), 1 yM CBD (21.59 + 3.216
pMoles/min) (p<0.01), 2.5 yM CBD (26.57 + 4.430 pMoles/min) (p<0.01) and 5 yM CBD
(32.23 £ 9.481 pMoles/min) (p<0.01) (Untreated, 5.839 + 3.298 pMoles/min) (Figure
3.7.B). A dose dependant increase was also observed with maximal respiration that
reached significance with 0.5 yM CBD (81.90 + 8.026 pMoles/min (p<0.05) and
continued as the dose increased to 1 yM CBD (84.87 + 19.39 pMoles/min) (p=0.1), 2.5
uM CBD (115.1 + 22.45 pMoles/min) (p<0.05) and 5 yM CBD (124.4 + 26.35

pMoles/min) (p<0.05) (Untreated, 57.09 * 13.87 pMoles/min) (Figure 3.7.C).
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Interestingly, the spare respiration capacity of the cells showed a biphasic effect. There
was a trend to increase with 0.1 yM CBD treatment that was reduced to levels similar to
untreated cells as CBD treatment increased to 0.5 uM and 1 yM CBD. This reduction
continued as the dose increased with 2.5 uM CBD (-13.56 £ 4.649 pMoles/min) (p<0.01)
and 5 phM CBD (-25.00 + 5.991 pMoles/min) (p<0.01) (Untreated, 6.650 + 2.670

pMoles/min) (Figure 3.7.D).
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Figure 3.7. Mitochondrial Function Alteration following acute CBD treatment on MDA-

MB231 cells.
Assessment of process’ associated with the Mitochondria. MDA-MB231 cells were treated with

CBD 1 hour prior to examination. (A) ATP production was quantified, (B) proton leak, (C) maximal
respiration levels within the mitochondria and (D) the spare respiration capacity of the cell were
examined. Data shown is repeated 3 times with 4 technical replicates per plate. Data is
represented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs Untreated.
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3.3.4.2. Control cell’s mitochondrial function analysis

After acute treatment with CBD, the control cell’s basal mitochondrial respiration
increased in a dose dependant manner as CBD treatment increased (Figure 3.8.A.) The
increase became significant following 1 uM CBD (162.1 £ 21.95 pMoles/min) (p<0.05),
2.5 yM CBD (186.9 + 32.26 pMoles/min) (p<0.05) and 5 yM CBD (196.1 + 24.15
pMoles/min) (p<0.01) (Untreated, 112.7 £ 18.88 pMoles/min). The corresponding non-
mitochondrial respiration within the cell was reduced in a dose dependant manner with
CBD treatment; 0.5 yM CBD (43.06 + 4.690 pMoles/min) (p<0.001), 1 uM CBD (33.84
+ 7.563 pMoles/min) (p<0.001) (Figure 3.8.B.). This reduction levelled as doses of CBD
increased to 2.5 yM CBD (35.27 + 3.719 pMoles/min) (p<0.001) and 5 uM CBD (36.60

+ 4.846 pMoles/min) (p<0.001) (Untreated, 51.41 + 14.531 pMoles/min).
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Figure 3.8. Mitochondrial respiration analysis after acute CBD treatment in MCF10A cells.
Control cells were treated with CBD for 1 hour prior to mitochondria functional analysis. (A) Basal
mitochondrial respiration and (B) non-mitochondrial respiration were examined. Data shown is
repeated 3-5 times with 4 technical replicates per plate. Data is represented as mean + SEM.
*p<0.05, **p<0.01, ***p<0.001 vs Untreated.
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ATP production levels within the control cells were unchanged with 0.1 uM and
0.5 yM CBD (Figure 3.9.A). However, as the dose of CBD increased, ATP levels
reduced in a dose dependent manner; 1 uM CBD (98.69 + 17.11 pMoles/min) (p<0.05),
2.5 yM CBD (86.86 + 7.868 pMoles/min) (p<0.001), 5 yM CBD (48.41 + 7.614
pMoles/min) (p<0.001), Untreated (121.7 £ 26.72 pMoles/min). Proton leak increased in
a dose dependant manner as CBD increased; 1 uM CBD (31.71 £ 4.412 pMoles/min)
(p<0.05), 2.5 uM CBD (42.40 + 5.481 pMoles/min) (p<0.01), 5 uM CBD (41.26 + 8.803
pMoles/min) (p<0.05) (Untreated 20.81 £+ 5.275 pMoles/min) (Figure 3.9.B). There was
no change in maximal respiration compared to untreated cells (Figure 3.9.C). Treatment
with CBD were consistently similar to untreated cells. The cell’s spare respiration
capacity had a trend to decrease in a dose dependant manner which reached
significance at 5 yM CBD (20.42 £ 6.073 pMoles/min) (p<0.05) (Untreated, 38.86 +

10.51 pMoles/min) (Figure 3.9.D).
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Figure 3.9. Mitochondrial Function Alteration following acute CBD treatment on MCF10A

cells.

Assessment of process’ associated with the Mitochondria. Control cells were treated with CBD 1
hour prior to examination. (A) ATP production levels, (B) proton leak, (C) maximal respiration
levels within the mitochondria and (D) the spare respiration capacity of the cell was examined
after CBD treatment for 1 hour. Data shown is repeated 3-5 times with 4 technical replicates per
plate. Data is represented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs Untreated.

3.3.5. The effects of acute CBD treatment on glycolysis in cancer

and control cells

3.3.5.1.
treatment

Cancer cell’s glycolysis analysed following acute CBD

Acute CBD treatment in cancer cells showed a non-significant trend to increase

in glycolysis levels (Figure 3.10.A). Furthermore, a slight dose-dependent trend to

increase was also observed in glycolytic capacity following CBD treatment that was non-
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significant (Figure 3.10.B). There was a similar rate of glycolytic reserve in all treatments
of CBD compared to untreated levels (Figure 3.10.C). Non-glycolytic acidification had

consistent levels compared to untreated levels as CBD treatment increased (Figure
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Figure 3.10. The effects of acute treatment of CBD on glycolysis in MDA-MB231 cells
Various parameters of the glycolytic mechanisms were examined after 1 hour of CBD treatment
with MDA-MB231 cells. (A) Glycolysis was measured along with (B) glycolytic capacity. (C)
Glycolytic reserve and (D) non-glycolytic acidification was also examined after 1 hour of CBD
treatment. Data shown is repeated 3 times with 4 technical replicates per plate. Data is
represented as mean + SEM.

3.3.5.2. The effect of CBD on control cell’s glycolytic activity
following acute treatment

When control cells were treated with CBD for 1 hour there was no change in
glycolytic events within the cell (Figure 3.11.). Acute treatment with CBD showed no
change in glycolysis which remained constant and unchanged compared to untreated
levels (Figure 3.11.A). The same effect was observed in glycolytic capacity in that as the
dose of CBD increased there was no change compared to untreated levels (Figure

3.11.B). No change in glycolytic reserve was observed as CBD dose increased (Figure
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3.11.C). There was no change in non-acidification levels with treatment of CBD (Figure

3.11.D).
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Figure 3.11. Glycolytic Alteration following acute CBD treatment on control cells.

Control MCF10A cells were treated with CBD for 1 hour prior to glycolysis analysis. (A)
Glycolysis, (B) glycolytic capacity, (C) glycolytic reseve and (D) non-glycolytic acidification were
examined compared to untreated cells. Data shown is repeated 3 times with 4 technical replicates

per plate. Data is represented as mean + SEM.
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3.4. The chronic treatment (24 hours) of CBD in cancer and
control cells

3.4.1. CBD’s effect on cell viability in cancer and control cells
following chronic treatment.

3.41.1. The effect of CBD on cancer cell’s viability following
chronic treatment

Cancer cells were also examined following 24 hours of chronic CBD treatment
with the same dose range using FACS (section 2.6.2 and 2.7.1.) (Figure 3.12.). There
was no change in cell viability with 0.1 yM CBD, however a significant reduction in viable
cancer cells was observed with 0.5 uM CBD (76.01 + 3.203 %) (p<0.05). The reduction
in cell viability continued as the dose of CBD increased to 1 uM CBD (65.12 + 3.239 %)
(p<0.001), 2.5 yM CBD (47.03 £ 6.538 %) (p<0.001) and 5 uM CBD (25.08 + 3.834 %)

(p<0.001).
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Figure 3.12. Cell Viability following 24 hours of CBD treatment on MDA-MB231 cells.
MDA-MB231 cells were treated for 24 hours with CBD and with Pl for FACS analysis of cell
viability. Data shown is repeated 3 times and is represented as mean + SEM. *p<0.05, ***p<0.001
vs Untreated.

The reduction in cell viability observed following 24 hours of treatment and FACS

analysis was repeated with an MTT viability assay (Section 2.7.2.) (Figure 3.13.). No
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changes in cell viability was observed following 0.1 yM CBD treatment, however, a
significant reduction in cell viability was detected following 0.5 yM CBD (91.02 + 2.098
%) (p<0.05) treatment. This reduction in viability continued in a dose-dependent manner
as CBD treatment increased to 1 yM CBD (87.10 + 4.531 %) (p<0.05), 2.5 uyM CBD

(78.33 £ 6.243 %) (p<0.05) (p<0.01) and 5 uM CBD (64.20 £ 6.045 %) (p<0.01).

MDA-MB231
120+
1104
100- L .
— 90+ —— T *
29 804
3 -g 70 * &
g O 604
3 o 50
O 40
304
204
104
o

v L] L]
0 0.1 0.5 1.0 2.5 5

CBD Concentrations (pM)
One-way ANOVA P<0.001

Figure 3.13. The assessment of cell viability following chronic CBD treatment in MDA-
MB231 cells with an MTT assay.

Cell viability was determined by MTT assay following chronic CBD treatment. This data shown
represents 5 experimental replicates with 5 technical replicates per plate. Data is represented as
mean * SEM. *p<0.05, **p<0.01 vs Untreated.

Cell viability was also assessed with a lactate dehydrogenase assay (Section
2.7.3.) (Figure 3.14.). Following chronic treatment with CBD there was no change in
lactate dehydrogenase concentration. The levels of lactate dehydrogenase were similar

to untreated cells as the dose of CBD increased.

115





MDA-MB231 - 24 hour

g

=
[=]
£
c
[=]
Q
2
100
Gl | - B
]
[
[ =
[
o
Q
o
2, 504
[
o
@
2
E
Q
-]
-

.

v T T T

LS [\
& & K K 5

CBD Incubation concentrations (uM)

Figure 3.14. Lactate dehydrogenase analysis of MDA-MB231 cells.

MDA-MB231 cells were treated with CBD for 24 hours prior to extraction of the media to analyse
for lactate dehydrogenase production. Data shown is repeated 3 times with 5 technical replicates
per plate. Data is represented as mean + SEM.

Following this, cell growth and proliferation were assessed in order to determine
if there was an alteration in the actual growth of the cells following CBD treatment using
a BrdU cell proliferation assay (Section 2.7.4.). Following chronic CBD treatment in
MDA-MB231, no change in cell growth was observed compared to untreated control

(Figure 3.15.).
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Figure 3.15. The effect of chronic CBD treatment on the cell Growth and Proliferation of
MDA-MB231 cells

Cell proliferation was examined following chronic CBD treatment using a BrdU cell proliferation
assay. Data shown represents a minimum of 3 experimental replicates with 5 technical replicates
per plate. Data is represented as mean + SEM.
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3.41.2. The effects of chronic CBD treatment on the cell viability of
additional cancer cells

Additional cancer cell lines were treated with CBD under the same conditions for
24 hours to test whether this was a specific effect to MDA-MB231 cells (Figure 3.16.).
Colon cancer (HT29) cells showed a reduction in cell viability following 0.5 yM CBD
treatment compared to untreated cells (86 + 3.367 %) (p<0.05) (Figure 3.16.A). This
reduction continued as the doses of CBD increased; 1 uM CBD (85.75 £+ 3.351 %)
(p<0.05), 2.5 yM CBD (79.5 £ 6.50 %) (p<0.05) and 5 uyM CBD (72.1 + 6.36 %) (p<0.05),
which was similar to MDA-MB231 cells. Liver cancer cells (HepG2) showed a significant
reduction of viable cells from 0.1 yM CBD compared to untreated cells (73.80 + 4.030
%) (p<0.05), which again continued to decrease as doses of CBD increased to 0.5 yM
(61.80 £ 7.095 %) (p<0.01), 1 uM CBD (61.20 * 3.992 %) (p<0.001), 2.5 yM CBD (61.40
+ 4.285 %) (p<0.001) and 5 uM CBD (52.80 £ 9.780 %) (p<0.001) (Figure 3.16.B). Lung
cancer cells (A549) showed no change in cell viability with any CBD treatment (Figure
3.16.C). Breast cancer cells (MCF7) showed a trend to decrease that reached
significance following 5 yM CBD (78.25 + 6.343 %) (p<0.05) treatment (Figure 3.16.D.).
Cells that had their mitochondrial complex | and IV deleted showed a significant increase
in cell viability following 2.5 yM (149.5 £ 15.25 %) (p<0.05) and 5 yM CBD (149.3 +

18.83 %) (p<0.05) treatment (Figure 3.16.E).
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Figure 3.16. The effect of chronic CBD treatment on the viability of other cancer cell lines

using an MTT assay.
The effect of CBD on cell viability on different cancer cells was assessed. (A) Colon cancer

(HT29), (B) Liver cancer (HepG2), (C) Lung cancer cells (A549), (D) Breast cancer (MCF7) and
(E) cells that had their mitochondrial complexes altered (Rho0). Data shown represents a
minimum of three experimental replicates with five technical replicates per plate. Data is
represented as mean + SEM. *p<0.05, **p<0.01, ***p<0.001 vs Untreated.
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3.4.2. The effect of chronic CBD treatment on control cell’s viability

Control cells were tested for any changes to viability following CBD treatment.
The cells were treated with CBD for 24 hours and cell viability was analysed using an
MTT assay (Section 2.7.2.). There was a trend to decrease in cell viability that became
significant following 2.5 yM (82.02 + 1.732 %) (p<0.01) and 5 yM CBD (77.11 £ 3.786

%) (p<0.05) treatment (Figure 3.17.).
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Figure 3.17. The effect of chronic CBD treatment on MCF10A cell viability

Control cells (MCF10A) treated with CBD for 24 hours and analysed using an MTT assay. Data
shown is replicated a minimum of 3 experimental replicates with 5 technical replicates per plate.
Data is represented as mean + SEM. *p<0.05, **p<0.01 vs Untreated.
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Cell viability was also assessed with the lactate dehydrogenase assay following
chronic CBD treatment (Section 2.7.3.) (Figure 3.18.). Chronic CBD treatment showed
no change in lactate dehydrogenase concentration compared to untreated levels. There

was a trend to decrease in concentration compared to untreated levels though this

wasn't significant.
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Figure 3.18. The effect of chronic CBD treatment on lactate dehydrogenase
concentration in MCF10A cells.

Control cells were treated with CBD for 24 hours prior to extraction of the media to analyse for

lactate production. Data shown is repeated 3 times with 5 technical replicates per plate. Data is
represented as mean + SEM.

To assess any alteration to cell growth and differentiation a BrdU assay was
carried out following 24 hours of treatment (Section 2.7.4.) There was no change in cell
growth and differentiation of the control cells following treatment with CBD for 24 hours

(Figure 3.19.). The growth of the cells remained consistent to untreated levels.

120





MCF10A
120+

- — o

904
9
Z
2 60
=
o
o

30-

c L T T T
° K K K " D)

CBD Concentration (pM)

Figure 3.19. MCF10A cell growth and differentiation following treatment with CBD.

The growth and proliferation of normal cells was examined after 24 hours of CBD treatment using
a specific BrdU assay. Data shown is repeated a minimum of 3 experimental replicates with 5
technical replicates per plate. Data is represented as mean + SEM.
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3.5. Following chronic CBD treatment, AMPK activity was

measured in cancer and control cells.

AMPK activity was measured as AMPK has been shown to be upregulated under
stress conditions and increased AMPK can lead to tumourogenesis (Jeon et al., 2012;
Hwang et al., 2007). AMPK activity has also been shown to negatively regulate the
“Warburg Effect” and be involved in activating the p53 pathway (Section 1.1.3.) (Faubert
et al. 2013, Faubert et al. 2015). Alterations in AMPK activity following CBD treatment

could highlight its molecular role in inhibiting tumourogenesis.

3.5.1. Cancer cell’s AMPK activity following chronic CBD treatment

Cells were treated with increasing concentrations of CBD for 24 hours before
being analysed for AMPK activity alterations (Section 2.8.). A significant decrease in
AMPK activity was observed in cancer cells following 0.1 yM CBD treatment (88.60 %
2.804 %) (p<0.05) (Figure 3.20.). The other treatments of CBD did not reach significance
however there was a trend to decrease (0.5 yM p=0.057, 1.0 yM p = 0.06, 2.5 yM p =

0.06, 5 uM p = 0.07).
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Figure 3.20. The analysis of AMPK activity following chronic CBD treatment in MDA-
MB231 cells.

MDA-MB231 cells AMPK activity analysed after 24 hours of CBD treatment. Data shown is a
repeated minimum of 4-6 experimental replicates. Data is represented as mean + SEM. *p<0.05
vs Untreated.
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3.5.2. The analysis of AMPK activity in control cells following
chronic CBD treatment

Control cells showed a trend to decrease in AMPK activity that did not reach

significance when treated with increasing CBD for 24 hours (Figure 3.21.).
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Figure 3.21. The activity of AMPK following chronic CBD treatment in MCF10A cells.
MCF10A cells were treated with CBD for 24 hours prior to AMPK activity analysis. Data shown
is a repeated minimum of 4-6 experimental replicates. Data is represented as mean + SEM.
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3.6. The effect of chronic CBD treatment on cellular ROS
levels
Cell metabolism is tightly controlled through several key mechanisms with one such
being ROS (Section 1.1.3.4.) (Brookes et al. 2004, Sena and Chandel 2012). ROS can
control the cells fate through stimulating cell proliferation at low doses but increasing cell

death at high levels (Gupta et al. 2012, Sena and Chandel 2012).

3.6.1. Cancer cell’s ROS levels following chronic CBD treatment

ROS activity levels were measured following 24 hours of CBD treatment using a
DCFDA assay (Section 2.9.) (Figure 3.22). A significant increase was observed following
1 uM CBD (1.09 + 0.037 A.U.) (p<0.05) treatment. This increase continued in a dose
dependant manner as the treatment dose increased to 2.5 yM CBD (1.16 £ 0.057 A.U.)

(p<0.05) and 5 pM CBD (1.289 + 0.0445 A.U.) (p<0.001).
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Figure 3.22. The ROS levels in MDA-MB231 cells following chronic CBD treatment.
MDA-MB231 cells were treated with CBD for 24 hours. ROS levels were measured after
incubation. Data shown is repeated 3 times with 5 replicates per plate and is normalised to cell
count. Dashed line represents untreated levels. Data is represented as mean + SEM. *p<0.05,
***n<0.001 vs Untreated.
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3.6.2. The effect of chronic CBD treatment on ROS levels in control
cells

No change in ROS levels were observed following a chronic 24 hour treatment

with CBD (Figure 3.23).
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Figure 3.23. The levels of ROS in MCF10A cells following chronic CBD treatment

Control cells ROS activity levels were measured following chronic 24 hours of CBD treatment.
Data shown is repeated 3 times with 5 replicates per plate and is normalised to cell count. Dashed
line represents untreated levels. Data is represented as mean + SEM.
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3.7. CBD treatment’s effect on Ca?* levels following chronic
CBD treatment
Ca?* is another important controller of metabolism function and increasing its activity
can lead to cell death (Section 1.1.3.3.) (Mathiasen et al. 2002, Brookes et al. 2004,
Prevarskaya et al. 2011). The regulation of Ca?* levels within the cell was examined to

observe if there was any further loss of control of key regulators of cellular regulation.

3.7.1. Cancer cell’s Ca?* levels following chronic CBD treatment

Ca?* concentration levels were measured following 24 hours of CBD treatment
by using a Fluo-4 Direct™ Calcium Assay (Section 2.10.). MDA-MB231 cells showed an
increase in calcium levels compared to untreated cells; 0.5 yM CBD (1.24 £ 0.049 A.U.)
(p<0.05), 1uM CBD (1.19 + 0.049 A.U.) (p<0.05), 2.5 yM CBD (1.26 + 0.033 A.U.)
(p<0.05), 5 yM CBD (1.895 + 0.0448 A.U.) (p<0.05) (Figure 3.24.). This increase

continued as the dose of CBD increased to 5 uyM (p<0.05).
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Figure 3.24. Calcium levels were assessed in MDA-MB231 cells following chronic CBD
treatment.

Ca?* concentration was measured on MDA-MB231 cells after 24 hours of CBD treatment. Data
shown is repeated 3 times with 5 replicates per plate and is normalised to cell count. Dashed line
represents untreated levels. Data is represented as mean = SEM. *p<0.05 vs Untreated.
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3.7.1. The effect of chronic CBD treatment on control cells Ca?*
levels
Ca?* levels were increased in control MCF10A cells when treated with CBD for
24 hours (Figure 3.25.). A significant increase was observed from 0.5 yM CBD (p<0.05)
treatment that continued to increase in a dose dependant manner; 0.5 yM CBD (1.05 %
0.016 A.U.) (p<0.05), 1 uM CBD (1.10 £ 0.021 A.U.) (p<0.05), 2.5 uyM CBD (1.28 + 0.021

A.U.) (p<0.05), 5 uM CBD (1.40 £ 0.023 A.U.) (p<0.05).
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Figure 3.25. MCF10A cell’s calcium levels following chronic CBD treatment.

Calcium levels of control cells after 24 hours of CBD treatment. Data shown is repeated 3 times
with 5 replicates per plate and is normalised to cell count. Dashed line represents untreated
levels. Data is represented as mean = SEM. *p<0.05 vs Untreated.
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3.8. Chronic CBD’s effect on mitochondrial function

Mitochondrial function is known to be altered in cancer cells compared to control
cells (Section 1.1.3.) (Vander Heiden et al. 2009, Kroon and Taanman 2014). This
alteration is known to affect growth and function of metabolism within cancer cells and
CBD is known to interact with the mitochondria (Section 1.1.3.1. and 1.3.4.) (Samudio

et al. 2009, Vander Heiden et al. 2009, Valvassori et al. 2013).

3.8.1. The effect of chronic CBD treatment on cancer cell’s
mitochondrial function

When MDA-MB231 cells were treated with CBD for 24 hours the acute changes
previously observed in section 3.2.3.1. on mitochondrial respiration remained and were
enhanced following analysis with the Seahorse Bioanalyser (Section 2.11.).
Mitochondrial respiration showed a significant increase in OCR compared to untreated
following 0.1 uM CBD (61.84 £ 5.521 pMoles/min) (p<0.05) treatment (Untreated, 47.50
+ 6.146 pMoles/min) (Figure 3.26.A). This increase in basal mitochondrial respiration
continued to increase in a dose dependant manner as CBD increased; 0.5 uM CBD
(61.20 = 5.722 pMoles/min) (p<0.05), 1 uM CBD (66.55 + 8.150 pMoles/min) (p<0.05),
2.5 yM CBD (79.69 + 4.574 pMoles/min) (p<0.001), 5 yM CBD (77.98 + 10.851
pMoles/min) (p<0.05). Non-mitochondrial respiration decreased in a dose dependant
manner and was significantly lower than untreated cells with 1 yM CBD (66.72 + 6.458
pMoles/min) (p<0.05) and 5 yM CBD (58.67 + 8.167 pMoles/min) (p<0.05) (Untreated,

81.17 £ 15.95 pMoles/min) (Figure 3.26.B).
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Figure 3.26. Mitochondrial respiration analysis following chronic CBD treatment in MDA-
MB231 cells.
MDA-MB231 cells were treated with CBD for 24 hours prior to mitochondria functional analysis.

(A) Basal mitochondrial respiration and (B) non-mitochondrial respiration were extracted from
the experimental data. Data shown is repeated 3-5 times with 4 technical replicates per plate.
Data is represented as mean + SEM. *p<0.05, ***p<0.001 vs Untreated.

ATP levels were also enhanced in a dose dependant manner as CBD treatment
increased; 0.1 uM CBD, 62.83 + 9.152 pMoles/min, p<0.05; 0.5 yM CBD, 71.87 £ 12.952
pMoles/min, p<0.05; 1 yM CBD, 76.73 £ 14.891 pMoles/min, p<0.05; 2.5 yM CBD, 78.68
+ 11.981 pMoles/min, p<0.01; 5 yM CBD, 84.41 + 18.771 pMoles/min, p<0.05;
Untreated, 39.26 + 5.164 pMoles/min (Figure 3.27.A.). Proton leak showed no change
in activity compared to untreated cells with lower doses of CBD (0.1 uM to 0.5 uM CBD)
(Figure 3.27.B.). However, as CBD concentration increased, a dose dependant
decrease in proton leak was observed; 2.5 uM (15.02 + 1.085 pMoles/min) (p<0.05), 5
MM CBD (11.21 £ 2.800 pMoles/min) (p<0.05). Maximal respiration was significantly
increased with 0.5 uM CBD (112.5 + 16.31 pMoles/min) (p<0.05) which continued to
increase in capacity in a dose dependant manner; 1 yM CBD (114.1 + 16.16
pMoles/min) (p<0.05), 2.5 uM CBD (132.3 + 24.561 pMoles/min) (p<0.05), 5 yM CBD
(125.0 £ 23.73 pMoles/min) (p<0.05) (Figure 3.27.C.). No change in spare respiration
capacity was observed compared to untreated cells (Figure 3.27.D.). As CBD increased

the spare respiration capacity remained consistent with untreated levels.
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Figure 3.27. The effect of chronic CBD treatment on mitochondrial function in MDA-MB231
cells.

Assessment of process’ associated with the Mitochondria. MDA-MB231 cells were treated with
CBD 24 hours prior to examination. (A) ATP production levels, (B) proton leak, (C) maximal
respiration levels within the mitochondria and (D) the spare respiration capacity of the cell were
calculated from the extracted data. Data shown is repeated 3-5 times with 4 technical replicates
per plate. Data is represented as mean + SEM. *p<0.05, **p<0.01 vs Untreated.

3.8.2. Chronic CBD treatment’s effect on mitochondrial function in
control cells
The cells basal mitochondrial respiration rates showed no change in OCR
compared to untreated cells (Figure 3.28.A.). As CBD increased basal respiration
remained similar to untreated levels. Similarly, there was no change in non-
mitochondrial respiration of the control cells as CBD treatment doses increased (Figure

3.28.B.).
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Figure 3.28. Chronic CBD'’s effect on mitochondrial respiration and non-mitochondrial

respiration in MCF10A cells.
Control cells were treated with CBD for 24 hours prior to mitochondria functional analysis. (A)

Basal mitochondrial respiration and (B) non-mitochondrial respiration showed no difference
compared to the Untreated cells. Data shown is repeated 3-5 times with 4 technical replicates
per plate. Data is represented as mean + SEM.

No alteration in ATP production levels was observed either compared to
untreated levels (Figure 3.28.A). As CBD treatment increased the ATP production levels
remained similar to untreated levels. There was a tendency for reduction in proton leak
that was significantly reduced with 2.5 yM CBD treatment (13.17 £ 2.717 pMoles/min)
(p<0.05) and 5 uM CBD (11.97 % 3.091 pMoles/min) (p<0.05) (Untreated, 19.35 £ 1.840
pMoles/min) (Figure 3.28.B.). There was no change in maximal respiration which again
remained constant as CBD treatment increased (Figure 3.28.C.) The spare respiration
capacity of the cell also remained unchanged compared to untreated cells (Figure

3.28.D.).
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Figure 3.29. Chronic CBD’s effect on mitochondrial function in MCF10A cells.
Assessment of process’ associated with the Mitochondria. Control cells were treated with CBD
24 hours prior to examination. (A) ATP production levels, (B) proton leak, (C) maximal respiration
levels within the mitochondria and (D) the cells spare respiration capacity were examined after
24 hours of CBD treatment. Data shown is repeated 3-5 times with 4 technical replicates per
plate. Data is represented as mean + SEM. *p<0.05 vs Untreated.
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3.9. The effect of chronic CBD treatment on glycolysis

Along with mitochondrial alteration, cancer cells have been shown to upregulate
glycolytic activity within the cell (Section 1.1.3.) (Hsu and Sabatini 2008, Vander Heiden
et al. 2009, Diaz-Ruiz et al. 2011). Glycolysis is an anaerobic process that produces less
energy than the mitochondria, thus is not as efficient source within the cell (Nelson and

Cox 20086, Israelsen and Vander Heiden 2010).

3.9.1. The effect of chronic CBD treatment on cancer cell’s
glycolysis

Cancer cells showed no change in glycolysis following chronic CBD treatment
using the Seahorse Bioanalyser glycotest (Section 2.11.) (Figure 3.30.A.). The levels
remained similar to untreated levels as CBD treatment increased. There was also no
change in glycolytic capacity which remained similar to untreated cells as CBD
increased (Figure 3.30.B.). There was a reduction in glycolytic reserve following 0.1 uM
CBD (27.72 £ 5.690 mpH/min) (p<0.05) treatment (Figure 3.30.C.). This decrease was
constant as the dose of CBD increased; 0.5 uyM CBD (28.47 + 2.479 mpH/min)
(p<0.001), 1 uM CBD (28.63 + 4.134 mpH/min) (p<0.01), 2.5 yuM CBD (25.82 + 1.554
mpH/min) (p<0.001), 5 uM CBD (23.94 + 4.604 mpH/min) (p<0.01) (Untreated, 42.51 +
7.304 mpH/min). Non-glycolytic acidification was also reduced with 0.1 uM CBD (10.96
1 0.7425 mpH/min) (p<0.001) (Figure 3.30.D.). This decrease also remained constant
as the CBD dose increased; 0.5 yM CBD (11.08 + 1.688 mpH/min) (p<0.01), 1 uM CBD
(10.29 £ 0.9141 mpH/min) (p<0.001), 2.5 yM CBD (11.19 £ 1.496 mpH/min) (p<0.01), 5

uM CBD (11.03 £ 1.390 mpH/min) (p<0.01) (Untreated, 16.41 £ 1.810 mpH/min).
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Figure 3.30. The effect of chronic CBD treatment on glycolysis in MDA-MB231 cells.
Various parameters of the glycolytic mechanism were examined after 24 hours of CBD treatment
with MDA-MB231 cells. (A) Glycolysis, (B) glycolytic capacity, (C) Glycolytic reserve and (D)
Non-glycolytic acidification were examined. Data shown is repeated 3 times with 4 technical
replicates per plate. Data is represented as mean + SEM. *p<0.05, ** p<0.01, *** p<0.001 vs
Untreated.

3.9.2. Glycolysis assessment following chronic CBD treatment in
control Cells

Chronic treatment of control cells showed a dose dependant increase in
glycolysis as CBD treatment increased (Figure 3.31.A.). There was a significant increase
following treatment with 0.1 uM CBD (47.99 £ 3.248 mpH/min) (p<0.05), 0.5 yM CBD
(54.28 + 4.347 mpH/min) (p<0.01), 1 uM CBD (56.74 % 3.113 mpH/min) (p<0.01), 2.5
uM CBD (66.19 + 4.946 mpH/min) (p<0.01) and 5 yM CBD (62.69 + 4.500 mpH/min)
(p<0.01) (Untreated, 40.10 + 2.315 mpH/min). Glycolytic capacity was significantly
reduced with 0.1 yM CBD (84.00 + 8.143 mpH/min) (p<0.05) (Figure 3.31.B.). This
reduction continued in a dose dependant manner as CBD treatment increased; 0.5 yM
CBD (72.57 + 4.076 mpH/min) (p<0.01), 1 uM CBD (72.43 + 7.351 mpH/min) (p<0.01),

2.5 uM CBD (66.34 + 9.118 mpH/min) (p<0.01), 5 uM CBD (60.17 + 11.52 mpH/min)
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(p<0.01) (Untreated, 103.5 £9.565 mpH/min). Furthermore, glycolytic reserve was
trending to decrease slightly as doses of CBD increased; 0.1 yM CBD (52.65 + 4.174
mpH/min) (p<0.05), 0.5 yM CBD (54.96 + 3.664 mpH/min) (p<0.05), 1 uM CBD (48.54
+ 5.532 mpH/min) (p<0.01), 2.5 uM CBD (60.94 + 6.953 mpH/min) (p=0.1), 5 yM CBD
(54.89 £ 5.871 mpH/min) (p<0.05) (Untreated, 73.39 + 6.543 mpH/min) (Figure 3.31.C.).
Interestingly, when control cells were analysed for non-glycolytic acidification rates there
was a significant reduction following treatment with 0.1 yM CBD (6.167 + 0.5702
mpH/min) (p<0.001) (Figure 3.31.D.). This significant reduction trended to increase as
the doses of CBD increased; 0.5 uM CBD (6.70 + 0.982 mpH/min) (p<0.001), 1 yM CBD
(7.0 £ 0.59 mpH/min) (p<0.001), 2.5 yM CBD (8.11 = 1.40 mpH/min) (p<0.05)
(Untreated, 12.39 + 0.691 mpH/min). Moreover, there was no significant difference with

5 uM CBD.
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Figure 3.31. The effect of chronic CBD treatment on the glycolysis of control cells.
Control cells glycolysis was measured after 24 hours of CBD treatment. (A) Glycolysis, (B)
glycolytic capacity, (C) glycolytic reserve and (D) non-glycolytic acidification was examined
compared to untreated cells. Data shown is repeated 3 times with 4 technical replicates per plate.
Data is represented as mean + SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.10. The mitochondrial receptor, VDAC1’s, response to
chronic CBD treatment
CBD has been previously shown to interact with and regulate the VDAC1 channel
(Section 1.4.4.) (Rimmerman et al. 2013). The VDAC1 channel has been linked with
controlling metabolite trafficking and apoptosis within the cell (Madesh and Hajnoczky
2001, Shoshan-Barmatz et al. 2010, Huang et al. 2013). VDAC1 concentrations were

analysed using western blot (Section 2.14.).

3.10.1. The effect of chronic CBD treatment on VDAC1
expression in cancer cells

Chronic treatment with CBD increased VDAC1 protein expression following 0.1
MM CBD (1.64 = 0.104 R.1.) (p<0.01) treatment compared to untreated levels (Figure
3.32.A). This increase remained with 0.5 yM CBD (1.53 + 0.156 R.I.) (p<0.05) and 1 yM
CBD (1.45 = 0.111 R.I) (p<0.05). However, as the dose of CBD increased further
VDAC1 expression trended to decrease to expression levels similar to untreated levels.
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Figure 3.32. The effect of chronic CBD treatment on VDAC1 protein expression levels in

cancer cells.
(A) Protein samples were analysed for changes in VDAC1 expression following CBD treatment

in cancer cells. Data shown is repeated 3-5 times with the dashed line representing untreated
levels. (B) Western blot of relevant graphs with untreated (C) and protein control of B-actin. Data
is represented as mean + SEM. *p<0.05, **p<0.01 vs Untreated.
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3.10.2. The effect of chronic CBD treatment on VDAC1
receptor expression levels in control cells
A significant reduction in VDAC1 protein expression levels was observed following
0.5uM CBD (0.88 £0.034 R.l.) (p<0.05) treatment (Figure 3.33.A.). This effect continued
as concentrations of CBD increased; 1 yM CBD (0.79 £ 0.022 R.1.) (p<0.001), 2.5 yM

CBD (0.84 % 0.029 R.I.) (p<0.01), 5 uM CBD (0.81 + 0.065 R.I.) (p<0.05).
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Figure 3.33. The effect of chronic CBD treatment on VDAC1 protein expression of control
cells.

(A) Control cells VDAC1 changed were measured and compared to untreated levels. Data shown
is repeated 3-5 times with the dashed line representing untreated levels. (B) Western blot of
relevant graphs with untreated (C) and protein control of B-actin. Data is represented as mean %
SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.11. The assessment of genetic changes in the cell following
chronic CBD treatment

The changes observed with the metabolism of the cell following CBD treatment
indicated that there could be some pivotal changes occurring within the regulation of the
cell at a genetic level. Several key pathways were targeted that control cell growth and
apoptosis. The pro-apoptotic p53 pathway was selected along with activators of p53,
HDAC1 and SirT1 (Section 1.4.3.). Nrf2 has been shown to regulate ROS activity and
cellular stress therefore alterations to its mechanism was important to measure (Section
1.1.3.4.1.) (Kensler et al. 2007). Finally the cell growth regulator AKT was also analysed
along with its targets, mMTOR and NFkB. These pathways were analysed by qPCR and

normalised to the relevant housekeeping gene (Section 2.12.).

3.11.1. The effect of chronic CBD treatment on gene
expression in cancer cells

3.11.1.1. Chronic CBD’s effect on the p53 pathway and its regulation

The pro-apoptotic p53 pathway was selected as it is a master regulator of
apoptosis (Ito et al. 2002, Bansal et al. 2011, Wade et al. 2013). HDAC1 has been linked
to deacetylation of p53 which activates cellular growth and inhibits apoptosis (Luo et al.
2000, lto et al. 2002). Whereas SirT1 has been shown to have anti-tumourogenic
properties while in parallel activates p53 and translocates activated p53 to the

mitochondrial to induce intrinsic apoptotic cell death (Yi and Luo 2010, Tan et al. 2014).

A significant decrease in HDAC1 gene expression was observed following
chronic treatment with all doses of CBD; 0.1 uM (1.28 £ 0.273 R.l.) (p<0.001), 0.5 uM
CBD (1.34 + 0.093 R.Il.) (p<0.05), 1 uM CBD (1.53 + 0.103 R.1.) (p<0.05), 2.5 yM CBD
(1.71 £ 0.136 R.I.) (p<0.05), 5 uM CBD (1.75 £ 0.273 R.l.) (p<0.05) (Figure 3.34.A.).

This decrease remained constant and no change was observed between treatments.
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There was a significant increase in SirT1 expression levels following 0.1 uM CBD
(385.2 £ 117.21 R.1.) (p<0.05) treatment (Figure 3.34.B.). This increase followed a dose
dependantincrease as CBD dose increased; 0.5 uM CBD (531.0 £ 123.12 R.l.) (p<0.05),
1 uM CBD (586.0 + 140.22 R.l.) (p<0.05), 2.5 yM CBD (620.2 + 38.49 R.l.) (p<0.001), 5

UM CBD (648.2 + 56.56 R.1.) (p<0.01).

Following chronic CBD treatment p53 gene expression showed a trend to
increase compared to untreated levels (Figure 3.34.C.). This reached significance
following treatment with 0.5 uM CBD (1.34 + 0.093 R.l.) (p<0.05), 1 uM CBD (1.53 %
0.103 R.l.) (p<0.05), 2.5 yM CBD (1.71 £ 0.136 R.1.) (p<0.05), 5 uM CBD (1.75 + 0.273

R.1.) (p<0.05).
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Figure 3.34. The effect of chronic CBD treatment on the gene expression of the p53

pathway in cancer cells.
Cancer cell's mRNA was examined for any alteration to the p53 pathway. (A) HDAC1, (B) SirT1

and (C) p53, gene expression levels were analysed after mRNA extraction. Data shown is
repeated 3-5 times with the dashed line representing untreated levels. Data is represented as
mean * SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.

3.11.1.2. The Nrf2 pathway’s response to chronic CBD treatment in
cancer cells

A key regulator of ROS is Nrf2 which can be regulated directly through Nrf2’s

binding with KEAP1 (Section 1.1.3.4.1.) (Kensler et al. 2007). An increase in ROS leads
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to Nrf2 being liberated from Nrf2. This liberation can also be regulated by increased
inflammation such as with MAPk (Jeong et al. 2006). MAPk can regulate Nrf2 and IL-6

activity (Son et al. 2008).

The cellular stress response pathway of Nrf2 showed an increase in MAPk
expression activity compared to untreated levels. This reached a significant increase
following treatment with 0.1 yM CBD (78.20 £ 2.565 R.1.) (p<0.05) (Figure 3.35.A.). This
effect increased in a dose dependant manner; 0.5 uM CBD (93.36 £ 4.991 R.I.) (p<0.01),
1 uM CBD (112.0 £ 5.14 R.l.) (p<0.01), 2.5 yM CBD (150.4 £ 11.59 R.1.) (p<0.05), 5 uM

CBD (195.3 + 20.96 R.l.) (p<0.05).

Nrf2 gene expression levels also had a trend to increase in expression compared
to untreated cells (Figure 3.35.B.). This reached significance following treatment with 1
MM CBD (2.49 + 0.289 R.l.) (p<0.05) and continued in a dose dependant increase as
CBD doses increased; 2.5 yM CBD (3.77 £ 0.376 R.1.) (p<0.05), 5 yM CBD (6.25 £ 0.512

R.1.) (p<0.01).

There was a significant increase in IL-6 expression, an anti-inflammatory marker,
following 0.1 uM CBD (6.62 + 1.099 R.l.) (p<0.05) treatment (Figure 3.35.C.). As CBD
dose increased, a dose dependant increase was observed; 0.5 yM CBD (7.49 £1.904
R.l.) (p<0.05), 1 uM CBD (10.99 £ 1.849 R.l.) (p<0.05), 2.5 yM (13.03 = 3.699 R.l.)

(p<0.05), 5 yM CBD (15.06 + 2.151 R.I.) (p<0.05).
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Figure 3.35. The effect of chronic CBD treatment on the Nrf2 pathway’s gene expression
in cancer cells.

Cancer cell’'s Nrf2 pathway was examined for alterations to gene expression after chronic CBD
treatment. (A) MAPK, (B) Nrf2 and (C) IL-6 gene expression levels were analysed after mRNA
extraction. Data shown is repeated 3-5 times with the dashed line representing untreated levels.
Data is represented as mean + SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.

3.11.1.3. The effect on gene expression of the AKT pathway
following chronic CBD treatment

The regulation of cellular growth and metabolism has been linked to mTOR and
AKT activity (Sarbassov et al. 2005, Humphrey et al. 2013, Liu et al. 2013). These
regulators have been shown to be over expressed in cancer cells which suggests they
could play an important role in cancer cell regulation (Humphrey et al. 2013).
Furthermore, NFkB is known to inhibit apoptosis and promote cell growth (Nakanishi

and Toi 2005).

AKT gene expression levels showed a trend to increase compared to untreated

levels (Figure 3.36.A.). However, there was no significant alteration to gene expression.

There was a significant increase in mTOR expression following chronic CBD
treatment with 0.1 yM CBD (6.81 £ 1.096 R.1.) (p<0.05) (Figure 3.36.B.). As the dose of
CBD increased, a dose dependant decrease in mTOR expression was observed; 0.5
uM CBD (4.98 £ 0.910 R.1.) (p<0.05), 1 uM CBD (2.55 £ 0.303 R.1.) (p<0.05). When the
dose of CBD reached 2.5 yM CBD and 5 uM CBD there was no further difference to

untreated levels.
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NFkB expression levels showed an increase in expression levels compared to
untreated cells (Figure 3.36.C.). This reached a significant increase following treatment
with 1 uM CBD (2.40 + 0.221 R.1.) (p<0.05), 2.5 uM CBD (4.30 = 0.620 R.l.) (p<0.05)

and 5 uM CBD (6.01 % 0.650 R.l.) (p<0.05).
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Figure 3.36. Chronic CBD’s effect on the gene expression of the AKT pathway in cancer

cells.
Cancer cell’'s mRNA was isolated and examined for AKT alterations to gene expression. (A) AKT,

(B) mTOR and (C) NFkB gene expression levels were analysed after mRNA extraction. Data
shown is repeated 3-5 times with the dashed line representing untreated levels. Data is
represented as mean + SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.

3.11.1.4. The effect of chronic CBD treatment on the gene expression
of TNFa, FOX0O1 and FOXO3 in cancer cells

Additional genes were analysed to aid in further understanding CBD’s mode of
action in cancer cells. Tumour necrosis factor a (Tnfa) has been implicated in
inflammation and have been suggested to play a role in cancer regulation (Miles et al.
1994, Barbisan et al. 2012). Moreover, FOXO activity has been shown to suppress
oxidative stress and inhibit cancer growth (Nunn et al. 2010, Jiang et al. 2013). These
additional regulators of cancer cell growth were included in the investigation of the

molecular mechanism of “priming” with CBD.

There was a trend to increase of TNFa gene expression compared to untreated

(Figure 3.37.A.). However, no significant alteration was observed.
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A dose dependent increase in FOXO1 cancer cell gene expression was
observed following CBD treatment from 0.1 yM (33.79 £ 8.228 R.l.) (p<0.05), 0.5 yM
CBD (31.44 £ R.l.) (p<0.05), 1 uM CBD (33.79 £ 9.896 R.I.) (p<0.05), 2.5 yM CBD (43.66

1+ 7.618 R.l.) (p<0.05) and 5 uM CBD (47.91 + 10.241 R.l.) (p<0.05) (Figure 3.37.B.).

Interestingly following chronic CBD treatment, a decrease in FOXO3 gene
expression was observed with 0.1 yM CBD (0.23 + 0.059 R.l.) (p<0.01) treatment
(Figure 3.37.C.). This decrease initially observed had a trend to increase, in a dose-
dependent manner towards untreated levels as the dose of CBD increased; 0.5 uM CBD
(0.44 £ 0.068 R.1.) (p<0.05), 1 uM CBD (0.43 + 0.071 R.l.) (p<0.05), 2.5 yM CBD (0.64

+0.029 R.1.) (p<0.01) and 5 pM CBD (0.64 + 0.050 R.I.) (p<0.05).
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Figure 3.37. The gene expression of cancer cells TNFa, FOXO1 and FOXO3 following

chronic CBD treatment.
Cancer cell’s (A) TNFa, (B) FOXO1 and (C) FOXO3 were examined after chronic CBD treatment.

Data shown is repeated 3-5 times with the dashed line representing untreated levels. Data is
represented as mean + SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.

3.11.2. The effect of chronic CBD treatment on the gene
expression of control cell

3.11.2.1. The effect to p53 pathway’s gene expression following
chronic CBD treatment in control cells.

Within the p53 pathway, a dose dependant increase in HDAC1 gene expression
following CBD treatment was observed (Figure 3.38.A.). This reached significance

following treatment with 0.1 yM CBD (1.66 = 0.159 R.l.) (p<0.05), 0.5 yM CBD (1.73
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0.223 R.I.) (p<0.05), 1 yM CBD (2.28 + 0.313 R.I.) (p<0.05), 2.5 uM CBD (3.59 % 0.772

R.1.) (p<0.05), 5 uM CBD (3.70 + 0.833 R.l.) (p<0.05).

SirT1 gene expression was significantly reduced following treatment with 0.1 uM
CBD (0.49 £ 0.042 R.I.) (p<0.01) (Figure 3.38.B.). However, as CBD dose increased a
trend to increase in a dose dependant manner was observed. This reached a significant
increase compared to untreated cells at 2.5 yM CBD (2.09 + 0.159 R.l.) (p<0.05) and 5

UM CBD (3.91 + 0.274 R.1.) (p<0.01).

A similar effect was observed following CBD treatment in p53 gene expression
(Figure 3.38.C.) A significant reduction in gene expression was observed following
treatment with 0.1 yM CBD (0.36 + 0.062 R.l.) (p<0.01) which was lost as CBD doses
increased to finally level with untreated cells. There was a significant increase in
expression levels following treatment with 2.5 yM CBD (1.46 £ 0.149 R.1.) (p<0.05) and

5 uM CBD (1.95 + 0.354 R.1.) (p<0.05).
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Figure 3.38. The effect of chronic CBD treatment on the gene expression of the p53
pathway in control cells.

Gene expression levels were analysed for any alterations to the p53 pathway. (A) HDAC1, (B)
SirT1 and (C) p53 were analysed after mRNA extraction. Data shown is repeated 3-5 times with
the dashed line representing untreated levels. Data is represented as mean + SEM. *p<0.05,
**p<0.01 vs Untreated.
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3.11.2.2. Chronic CBD’s effect on the gene expression of the Nrf2
pathway

When the Nrf2 pathway was examined a significant decrease in MAPK was
observed following treatment with 0.1 yM CBD (0.42 + 0.064 R.l.) (p<0.05) (Figure
3.39.A.). This decrease showed a dose dependant trend to increase as CBD dose
increased; 0.5 uM CBD (0.35 + 0.067 R.l.) (p<0.05), 1 yM CBD (0.43 = 0.105 R.I.)
(p<0.05) and 2.5 yM CBD (0.76 + 0.034 R.1.) (p<0.05). There was no significant change

compared to untreated cells when the highest dose of CBD was reached, 5 yM CBD.

Nrf2 gene expression also showed a dose dependant trending increased with
increased CBD treatment (Figure 3.39.B.). This reached significant expression at 2.5

UM CBD (3.10 + 0.735 R.1.) (p<0.05) and 5 uM CBD (4.88 + 1.167 R.I.) (p<0.05).

A dose dependant increase was also observed with IL-6 gene expression
following CBD treatment (Figure 3.39.C.). A significant increase was observed with 2.5

uM CBD (1.19 + 0.013 R.l.) (p<0.05) and 5 uM CBD (1.41 % 0.079 R.I.) (p<0.05).
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Figure 3.39. The effect of chronic CBD treatment on the Nrf2 pathway’s gene expression

in control cells.
Gene expression levels of the Nrf2 pathway were analysed with normal cells. (A) MAPk, (B) Nrf2

and (C) IL-6 gene expression levels were analysed after mRNA extraction. Data shown is
repeated 3-5 times with the dashed line representing untreated levels. Data is represented as
mean * SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.11.2.3. AKT Pathway

AKT expression showed a dose dependant trend to increase as CBD treatment
increased (Figure 3.40.A.). A significant increase was reached following treatment with

2.5 uM CBD (2.45 + 0.497 R.l.) (p<0.05) and 5 yM CBD (4.03 + 0.738 R.I.) (p<0.05).

mTOR gene expression activity also showed a dose dependant trend to increase
compared to untreated levels (Figure 3.40.B.). This reached a significant increase

following treatment with 5 yM CBD (2.31 £ 0.189 R.I.) (p<0.05).

There was a differing response with NFKB expression as an initial increase in
gene expression was observed following treatment with 0.1 yM CBD (2.21 £ 0.257 R.l.)
(p<0.05) (Figure 3.40.C.). However, as doses of CBD increased there was a trending
dose dependant decrease in NFkB expression; 0.5 yM CBD (2.11 £ 0.240 R.1.) (p<0.05)
and 1 uM CBD (1.64 £ 0.147 R.1.) (p<0.05). Once the dose of CBD reached 2.5 uM CBD

and 5 yM CBD there was no significant difference to untreated expression levels.
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Figure 3.40. The effect of chronic CBD treatment on the gene expression of the AKT

pathway in control cells.
Gene expression levels were analysed for AKT pathway alterations; (A) AKT, (B) mTOR, (C)

NFkB, gene expression levels were analysed after mRNA extraction. Data shown is repeated 3-
5 times with the dashed line representing untreated levels. Data is represented as mean + SEM.
*p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.11.2.4. Chronic CBD’s effect on the gene expression of TNFa,
FOXO1 and FOXO3 in control cells

Following chronic treatment with CBD, TNFa showed an increase in expression

+

which reached significance following treatment with 1 yM CBD (3.15 + 0.169 R.l.)

+

(p<0.01), 2.5 yM CBD (3.51 + 0.209 R.l.) (p<0.01), 5 uM CBD (3.80 + 0.073 R.I.)

(p<0.001) (Figure 3.41.A.).

FOXO1 also showed a dose dependant increased response to increased CBD
treatment (Figure 3.41.B.). A significant increase was reached following treatment with
0.5uM CBD (1.79 £ 0.146 R.I.) (p<0.05), 1 uM CBD (2.07 £ 0.294 R.l.) (p<0.05), 2.5 uM

CBD (2.88 + 0.441 R.l.) (p<0.05), 5 uM CBD (3.55 * 0.367 R.I.) (p<0.05).

Furthermore, FOXO3 showed a dose dependent trend to increase in gene
expression as treatment of CBD increased (Figure 3.41.C.). This reached a significant
expression increase following treatment with 2.5 yM CBD (3.81 £ 0.374 R.1.) (p<0.05)

and 5 uM CBD (5.58 + 0.823 R.l.) (p<0.05).
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Figure 3.41. Chronic CBD’s effect on the gene expression of TNFa, FOXO1 and FOXO3 in
control cells.

Gene expression levels were analysed with normal cells for (A) TNFa, (B) FOXO1 and (C)
FOXO3 gene expression levels were analysed after mRNA extraction. Data shown is repeated
3-5 times with the dashed line representing untreated levels. Data is represented as mean %
SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.12. Following chronic CBD treatment protein level was
analysed
The alterations observed with gene expression analysis led to further protein level
concentration examination on the same pathways as described in section 3.11.. This

analysis was carried out using western blotting (Section 2.13.).

3.12.1. The effect following chronic CBD treatment on cancer
cells protein levels
Cells were treated with CBD for 24 hours prior to harvesting for protein analysis.
A certain set of pathways was analysed for alteration in protein expression. The p53
pathway which includes, HDAC1, SirT1 and p53 (Section 3.11.1.1.). The cell stress
response pathway of Nrf2 which consisted of HDAC®6, Nrf2 and IL-6 (Section 3.11.1.2.).
Finally, the growth pathway of AKT: AKT1, global AKT, mTOR and NFkB (Section

3.11.1.3)).

3.12.1.1. Chronic CBD’s treatment effect on the protein levels of p53
pathway in cancer cells

Following chronic treatment with CBD, cancer cel’'s HDAC1 levels were

overexpressed compared to untreated protein levels (Figure 3.42.A.). A significant

+

increase in protein level of HDAC1 was observed; 0.1 uM CBD (1.74 + 0.148 R.I.)

4+

(p<0.05), 0.5 uM CBD (1.59 + 0.059 R.L.) (p<0.05), 1 uM CBD (1.89 + 0.081 R..)
(p<0.01), 2.5 yM CBD (1.85 + 0.159 R.L) (p<0.05), 5 uM CBD (1.81 + 0.126 R.l.)

(p<0.05). This increase remained constant throughout the increased CBD treatment.

SirT1 protein levels were increased following chronic treatment with 0.1 uM CBD
(1.46 + 0.085 R.l.) (p<0.01) and 0.5 yM CBD (1.38 + 0.158 R.l.) (P<0.05) (Figure

3.42.B.). However, as the dose of CBD increased a trend to decrease was observed.
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This decrease reached significance following treatment with 5 yM CBD (0.54 + 0.087

R.L.) (p<0.01).

There was an increase in p53 levels following chronic CBD treatment that had a
trend to increase with increased CBD dose (Figure 3.42.C.). This increase began
following treatment with 0.1 yM CBD (1.96 + 0.257 R.l.) (p<0.05), 0.5 yM CBD (2.38 %
0.411 R.I.) (p<0.05), 1 yM CBD (2.27 + 0.310 R.l.) (p<0.05), 2.5 yM CBD (2.64 + 0.510

R.1.) (p<0.05) and 5 uM CBD (2.26 + 0.359 R.l.) (p<0.05).
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Figure 3.42. The effect of chronic CBD treatment on the protein levels of the p53 pathway

in cancer cells.
Cancer cell’s protein profiles were completed for the p53 pathway after 24 hours of CBD

treatment. (A) HDAC1, (B) SirT1 and (C) p53 were analysed. (D) Western blot of relevant graphs
with untreated (0) and the housekeeper B-actin as control protein. Data shown is repeated 3-5
times with the dashed line representing untreated levels. Data is represented as mean + SEM.
*p<0.05, **p<0.01, *** p<0.001 vs Untreated.

3.12.1.2. The effect of chronic CBD treatment on the protein levels of
the Nrf2 pathway in cancer cells

Following chronic CBD treatment there was no change in HDACG protein levels
compared to untreated cells (Figure 3.43.A.). As the dose of CBD increased the protein

level was unchanged compare to untreated cells.
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There was a significant dose dependant increase in Nrf2 protein levels as CBD
treatment increased (Figure 3.43.B.). This increase reached significance following
treatment with 0.5 yM CBD (1.67 + 0.102 R.l.) (p<0.05), 1 uM CBD (2.43 £ 0.291 R.1.)
(p<0.01), 2.5 uM CBD (2.84 + 0.505 R.l.) (p<0.05) and 5 yM CBD (3.30 £ 0.545 R.I.)

(p<0.05).

When the IL-6 protein levels were measured following chronic CBD treatment,
no change was observed (Figure 3.43.C.). The levels of IL-6 remained similar to

untreated levels.
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Figure 3.43. The effect of chronic CBD treatment on the protein levels of the Nrf2 pathway
in cancer cells.

Cancer cells had their protein profiles completed for the Nrf2 pathway after chronic CBD
treatment. (A) HDACSG, (B) Nrf2 and (C) IL-6 protein expression levels were examined compared
to untreated cells. Data shown is repeated 3-5 times with the dashed line representing untreated
levels. (D) Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as
control protein. Data is represented as mean = SEM. *p<0.05, **p<0.01, *** p<0.001 vs
Untreated.
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3.12.1.3. The effect of chronic CBD treatment on the protein levels of
the AKT pathway in cancer cells.

AKT1 protein levels were measured following chronic CBD treatment (Figure
3.44.A.). There was a slight dose dependant trend to increase in AKT1 protein levels.

However, these were not significant and remained similar to untreated levels.

Thus, the global levels of AKT were analysed following CBD treatment (Figure
3.44.B.). An increase in protein levels were observed following treatment with 0.1 uM
CBD (1.78 £ 0.172 R.1.) (p<0.05). Interestingly though, this increase did not remain and
there was a trend to decrease of global AKT protein levels in the cells. This reached a

significant reduction following treatment with 5 yM CBD (0.44 + 0.126 R.I.) (p<0.05).

mTOR protein levels were measured to complete the mode of action of CBD in
the AKT pathway. An increase in mTOR levels was observed following treatment with
0.1 uM CBD (1.98 £ 0.192 R.1.) (p<0.01) (Figure 3.44.D.). This increase remained with
0.5 uM CBD (1.87 £ 0.127 R.l.) (p<0.01) and 1 uM CBD treatment (1.49 + 0.171 R.l.)
(p<0.05). Additionally, there was a trend to decrease of mTOR protein levels as the dose
of CBD increased. With 2.5 yM CBD treatment the mTOR levels were similar to

untreated levels.

Examining NFkB protein levels revealed no changes compared to untreated
levels (Figure 3.44.D.). However, as the dose of CBD increased a trend to decrease

was observed that did not reach significance.
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Figure 3.44. The effect of chronic CBD treatment on the protein levels of the AKT

pathway in cancer cells.
Cancer cells had their protein profiles completed for the AKT pathway after chronic CBD

treatment. (A) AKT1, (B) Global AKT, (C) mTOR and (D) NFkB protein expression levels were
examined compared to untreated cells. (E) Western blot of relevant graphs with untreated (0)
and the housekeeper B-actin as control protein. Data shown is repeated 3-5 times with the
dashed line representing untreated levels. Data is represented as mean + SEM. *p<0.05,
**p<0.01, *** p<0.001 vs Untreated.

3.12.2. Chronic CBD'’s effect on the protein levels in control
cells

Control cell’'s protein was extracted and analysed after chronic CBD treatment.

The same pathways as described in 3.12.1. were examined.

3.12.21. The effect of chronic CBD treatment on the protein levels in
the p53 pathway examined in control cells

Following chronic CBD treatment a trend to increase in protein levels of HDAC1

was observed (Figure 3.45.A.). However, there was no difference compared to untreated

cell levels.
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SirT1 levels had a dose dependant increase compared to untreated levels when
treated with increasing doses of CBD. A significant increase in SirT1 levels was reached
following 1 uM CBD treatment (1.62 £ 0.141 R.l.) (p<0.01) (Figure 3.45.B.). The increase
continued to elevate as doses of CBD increased; 2.5 yM CBD (1.77 + 0.137

R.1.)(p<0.01), 5 uM CBD (1.94 + 0.331 R..) (p<0.05).

There was a significant reduction in p53 levels following treatment with 0.1 yM
CBD (0.82 + 0.009 R.l) (p<0.001) (Figure 3.45.C.). However, as doses of CBD
increased there was a dose dependant trend to increase which reached a significant
increase following treatment with 2.5 yM CBD (1.75 + 0.202 R.l.) (p<0.05) and 5 yM

CBD (2.11 % 0.309 R.1.) (p<0.05).
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Figure 3.45. The effect of chronic CBD treatment on the protein level of the p53 pathway

in control cells.
Control cells were treated with CBD for 24 hours were analysed for changes to the p53 pathway.

(A) HDAC1, (B) SirT1 and (C) p53 protein expression levels were examined compared to
untreated. (D) Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as
control protein. Data shown is repeated 3-5 times with the dashed line representing untreated
levels. Data is represented as mean + SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.12.2.2. The chronic treatment of CBD’s effect on the protein levels
of the Nrf2 pathway in control cells

The Nrf2 pathway showed no change in protein levels of HDACG6 following
chronic CBD treatment in the control cells (Figure 3.46.A.). There was no difference to

untreated levels as CBD treatment increased.

With the chronic treatment of CBD there was also no change in Nrf2 levels within
the cell (Figure 3.46.B.). The levels of Nrf2 remained similar to untreated levels with no

significant alteration.

Interestingly, there was a significant increase in IL-6 levels following CBD
treatment (Figure 3.46.C.). The increase was observed following treatment with 0.1 uM
CBD (3.08 £ 0.063 R.l.) (p<0.001). This increase trended to decrease in a dose
dependant manner as CBD increased; 0.5 uM CBD (3.19 + 0.054 R.l.) (p<0.001), 1 uM
CBD (3.22 + 0.159 R.l.) (p<0.01), 2.5 yM CBD (2.97 £+ 0.303 R.l.) (p<0.05), 5 uM CBD

(2.57 £ 0.329 R.I.) (p<0.05).
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Figure 3.46. The effect of chronic CBD treatment in the protein levels of the Nrf2 pathway

in control cells.
Control cells were treated with CBD for 24 hours and were examined for alterations in the Nrf2

pathway. (A) HDACS, (B) Nrf2 and (C) IL-6 protein expression levels were examined compared
to untreated cells. (D) Western blot of relevant graphs with untreated (0) and the housekeeper [3-
actin as control protein. Data shown is repeated 3-5 times with the dashed line representing
untreated levels. Data is represented as mean = SEM. *p<0.05, **p<0.01, *** p<0.001 vs
Untreated.

3.12.2.3. The effect of a chronic treatment of CBD in the protein
levels of the AKT pathway in control cells

Cellular growth and control is regulated in part by AKT1. There was no change
in AKT1 levels compared to untreated cells (Figure 3.47.A.). The levels were very stable

and similar to untreated levels.

This inhibition of alteration in AKT1 was also echoed with global AKT levels
(Figure 3.47.B.). There was a trend to decrease of global AKT protein levels compared

to untreated levels with all CBD doses.

NFkB protein levels were examined following chronic CBD treatment in the

control cells. There was an elevation of protein levels compared to untreated following
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treatment with 0.1 uM CBD (2.42 + 0.313 R.l.) (p<0.05) (Figure 3.47.C.). This significant
increase in NFkB levels decreased as doses of CBD increased but remained
significantly increased compared to untreated levels (0.5 yM CBD, 1.65 £ 0.074 R.l,,
p<0.05; 1 yM CBD, 1.57 £ 0.113 R.1., p<0.05; 2.5 yM CBD, 1.43 + 0.069 R.I., p<0.05; 5

uM CBD, 1.49 + 0.102 R.I., p<0.05).

An increase in mTOR protein levels was also observed following treatment with
0.1 uM CBD (2.11 £ 0.288 R.1.) (p<0.05) (Figure 3.47.D.). This increase again began to
have a tendency for reduction however, the significant increase remained (0.5 uM CBD,
1.98 + 0.279 R.l., p<0.05; 1 uM CBD, 1.82 + 0.257 R.Il.,, p<0.05; 2.5 yM CBD, 1.42 +

0.143 R.l., p<0.05; 5 yM CBD, 1.42 + 0.143 R.I., p<0.05).

>
oy)

AKT1 Global AKT

o
o

)
f
[

Relative Intensity
compared to the control

Relative Intensity
compared to the control

(NnNm

CBD Concentrations (M) CBD Concentrations ( pM)

C NFKB D mTOR CBD treatment (pM)
. s 5 25 1 05 01 0
| A B-actin  —— — — — —

s 3 _—r_ . —
ik 1k o i AKT T
g8 -+ 88
£ 52 ciobal AKT
i3 g3 B - s e o
zb 3 NFKB = - W

d ;

mTOR =

Ky K K 2 o

CBD Concentrations (M)
CBD Concentrations ( pM)

Figure 3.47. The chronic treatment of CBD’s effect on protein levels in the AKT pathway

in control cells.
Control cell’'s AKT pathway was examined after chronic CBD treatment. (A) AKT1, (B) Global

AKT, (C) mTOR and (D) NFkB protein expression levels were examined compared to untreated
cells with untreated (0) and the housekeeper (3-actin as control protein. Data shown is repeated
3-5 times with the dashed line representing untreated levels. Data is represented as mean +
SEM. *p<0.05, **p<0.01, *** p<0.001 vs Untreated.
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3.13. The chronic treatment of cells with CBD’s effect on
global DNA methylation state

3.13.1. The effect of global DNA methylation following chronic
CBD treatment in cancer cells

The ratio of 5-methylCytosine to Guanine was assessed in order to ascertain
potential changes in overall total methylation in each treatment group (Section 2.14.).
Cancer cells showed no change in global methylation levels following chronic CBD

treatment (Figure 3.48.).
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Figure 3.48. The effect of chronic CBD treatment on global DNA methylation state in

cancer cells.
Cancer cells were treated with CBD for 24 hours and 5methylCytosine/dGuanine methylation

levels were observed. Data shown is repeated 4 times with 2-3 technical replicates per run. Data
is represented as mean = SEM.

3.13.2. The effect of chronic CBD treatment on the global DNA
methylation state of control cells

Following chronic CBD treatment the control cells were hypomethylated

compared to untreated cells (Figure 3.49.). There was a significant reduction in

methylation state following treatment with 0.1 yM CBD (2.77 £ 0.129 %) (p<0.05). This

significant reduction remained constant as the dose of CBD increased (0.5 uM CBD,
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2.69+0.175 %, p<0.05; 1 yM CBD, 2.65 % 0.169 %, p<0.05; 2.5 yM CBD, 2.76 + 0.123

%, p<0.05; 5 yM CBD, 2.74 + 0.129 %, p<0.05; untreated, 3.29 £ 0.265 %).
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Figure 3.49. The effect of chronic CBD treatment on DNA methylation state in control

cells.
Control cells, treated with CBD for 24 hours were analysed for differences in

5methylCytosine/dGuanine levels compared to untreated cells. Data shown is repeated 4 times
with 2-3 technical replicates per plate. Data is represented as mean + SEM. *p<0.05 vs untreated.
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3.14. Summary following the treatment of CBD in both cancer
and control cells

e The optimal working conditions of CBD treatment

Following a dose dependant examination an optimal working dose of 1 yM CBD
was chosen which significantly reduced cancer cells (p<0.001) but not in control cells

following 24 hours of treatment (Section 3.4.1. and 3.4.2.).

e The mode of action of CBD in the cell

The molecular mechanism of chronic CBD treatment was established to be through
increased ROS and Ca?* concentrations to levels that can induce cell death (Section
3.6. and 3.7.). In parallel an increase in VDAC1 activity was observed which is involved
in increased apoptosis through increased cytochrome c release (Section 3.10.).
Furthermore, following CBD treatment the cancer cells reversed the “Warburg Effect’
with increased mitochondrial respiration and ATP levels suggesting mitochondrial
dysfunction (Section 3.8.). Moreover, p53 and Nrf2 activity was increased while AKT
levels were unchanged (Section 3.11. and 3.12.). This dual activation of p53 and Nrf2
showed that CBD activated a mild-stress response increasing cell death (Lau et al. 2008,
Chen et al. 2012). Finally, this response to chronic CBD treatment was only observed in
cancer cells and not in control cells. Control cells saw no change to cell viability, ROS

concentration, VDAC1 activity or to its mitochondria.
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e The potential of CBD as a “priming” agent

The potential of CBD as a “priming” agent was investigated in this study.
“Priming” has been suggested to enhance chemotherapy’s activity through
mitochondrial sensitisation (Chonghaile et al. 2011, Reed 2011, Sarosiek et al. 2013).
Mitochondrial sensitisation was achieved with CBD through increased ROS and Ca?*
concentration in cancer cells. In parallel VDAC1 activity was increased while the
mitochondrial function was dysregulated (Bragado et al. 2007, Koczor et al. 2013,
Rimmerman et al. 2013, Sarosiek et al. 2013). Most importantly these alterations were
only observed with 24 hours treatment of 1 yM CBD in cancer cells and not in control

cells.
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Chapter 4

The effect of Cisplatin
and Combination
treatment





4. The effect of cisplatin and combination treatment

4.1. Introduction
4.1.1. Current therapy for cancer treatment

Introduced in section 1.2.1., cancer treatment has been centred around the use
of chemotherapeutic agents since their beneficial use in the 1940s (Gilman 1963,
Chabner and Roberts 2005). Since the pioneering work with nitrogen mustard several
key agents surfaced including paclitaxel and the camptothecins (Gilman 1963, Chabner
and Roberts 2005, Caley and Jones 2012, Galmarini et al. 2012). However, of the new
drugs that entered to clinical trial during the 1970s to 1990s only 10% of those achieved
Food and Drug Administration (FDA) approval (Chabner and Roberts 2005). The most
effective use of chemotherapy now is along with surgery either as an adjuvant or neo-

adjuvant (Section 1.2.2.) (Caley and Jones 2012, Galmarini et al. 2012).

4.1.2. Cisplatin’s role as a chemotherapeutic agent

The discovery of cisplatin’s beneficial anti-tumour effect in the 1970s and its
availability for clinical practice later in that decade had major advantages to several
cancer treatments (Section 1.2.2.3.) (Chabner and Roberts 2005, Martins et al. 2008,
Florea and Busselberg 2011). Cisplatin and other platinum compounds damage tumours
through inhibiting DNA synthesis by interacting with the crosslinking mechanism (Jordan
and Carmo-Fonseca 2000, Florea and Busselberg 2011). Furthermore, cisplatin has
been shown to interact with the mitochondria directly in inducing apoptosis (Yang et al.
2006, Martins et al. 2008, Marullo et al. 2013, Santin et al. 2013). This interaction has
been seen in increased ROS levels, Ca?* activity alteration and in p53 targeting (Jordan
and Carmo-Fonseca 2000, Kawai et al. 2006, Bragado et al. 2007, Florea and

Busselberg 2011, Marullo et al. 2013). However, there are many side effects to cisplatin
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use including, nephrotoxicity, nausea and vomiting, neurotoxicity and decreased blood
cell count which were expanded upon in section 1.2.2.3. (Martins et al. 2008, Florea and

Busselberg 2011, Galluzzi et al. 2012).

4.1.3. The effect of combining two chemotherapeutic agents in
cancer therapy

Treatment involving more than one chemotherapeutic agent is seen in most cancer
treatment (Section 1.2.2.2.) (Chabner and Roberts 2005, Florea and Busselberg 2011,
Caley and Jones 2012, Al-Taweel et al. 2014). The treatment of cancer with a
combination of agents has been conventional since the pioneering work with ALL (Frei
et al. 1965, Chabner and Roberts 2005). Combining cisplatin with other agents can
enhance the effect of chemotherapy in breast, ovarian and other cancers (Balmana et
al. 2014, van Maldegem et al. 2015). When combining agents for chemotherapy it is
fundamental that each agent can induce cancer cell death when used as a single
treatment (Caley and Jones 2012). As seen in section 3. following CBD treatment there
was a reduction in cancer cell growth. By examining cisplatin’s effect on breast cancer
cell viability the potential for increased cell death when combining these two agents is

great.

4.2. Aims of this study

e To investigate the mode of action of cisplatin in cancer and control cells.

e Examine the potential of CBD and cisplatin in enhancing cell death when

combined.
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4.3. The effect of cisplatin and combination treatment on cell
viability

4.3.1. Cisplatin treatment’s effect on cancer cell’s viability

Cisplatin was used as a positive cell death inducer for MDA-MB231 and doses
were selected based on previously published data from 50 yM to 150 uM for 24 hours
(Section 2.6.3.) (Arisan et al. 2010). There was a significant reduction of cell viability
(Section 2.7.2.) with all treatment of cisplatin (50 uM cisplatin, 48.11 £ 0.008 %.; 100 uM

cisplatin, 41.03 + 0.131 %; 150 pM cisplatin, 27.13 £ 0.053 %) (p<0.001) (Figure 4.1.).
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Figure 4.1. The effect of cisplatin on cell viability following 24 hour treatment in cancer
cells.

MDA-MB231 cells were treated with cisplatin for 24 hours and consequently assayed for cell
viability using an MTT assay. Data shown is repeated 3 times with 5 technical replicates per plate.
Data is represented as mean + SEM. *** p<0.001 vs Untreated.

4.3.2. The effect of cisplatin treatment in control cells

The effect of cisplatin was also examined on control cells, where a significant
reduction in cell viability was observed; 50 uM cisplatin (90.03 + 0.283 %), 100 yM

cisplatin (37.11 £ 0.078 %), 150 uM cisplatin (26.16 £ 0.086 %) (p<0.001) (Figure 4.2.).
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Figure 4.2. Control cell viability following cisplatin treatment for 24 hours.

MCF10A cells were treated with cisplatin for 24 4hours and consequently assayed for cell death
using an MTT assay. Data shown is repeated 3 times with 5 technical replicates per plate. Data
is represented as mean + SEM. *** p<0.001 vs Untreated.

4.3.3. The effect of CBD and cisplatin combined as a treatment in
cancer cells

Based on previous CBD and cisplatin results obtained with cancer and control
cells (Sections 3.4.1, 3.4.2.,4.3.1. and 4.3.2.), concentrations of 1 yM CBD and 100 uM
cisplatin were chosen to test the potential effect of a combination therapy (Section
2.6.4.). This combination treatment in cancer cells led to a significant reduction in cell
viability (72.67 £ 1.453 %) (p<0.01) (Figure 4.3.) using an MTT cell viability assay
(Section 2.7.2.). However, the decrease observed with combination was not as

pronounced as cisplatin on its own, leading to a suggested “protective” effect (p<0.05).
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Figure 4.3. The effect of combining CBD and cisplatin on cancer cell viability following
24 hours of treatment.

The combination treatment of 1 yM CBD and 100 uM cisplatin was tested on MDA-MB231 cells
and compared to both CBD and cisplatin treatments alone. Data shown is repeated 3 times with
5 technical replicates per plate. Data is represented as mean + SEM. *p<0.05, **p<0.01, ***
p<0.001 vs Untreated; ### p<0.001 vs 1 yM CBD; = p<0.05 vs Cisplatin.

Cell viability was also assessed using a lactate dehydrogenase assay (Section
2.7.3.). There was no change in lactate dehydrogenase concentration following
treatment with 1 yM CBD alone (Figure 4.4.). No change was observed following
cisplatin (138.6 = 8.57 %) or combination (192.5 + 31.46 %) treatments, though there

was a trend to increase compared to untreated levels.

166





MDA-MB231

250+

2004

i P
_

50

Lactate deydrogenase (% of control)

Figure 4.4. Lactate dehydrogenase concentration following treatment with CBD, cisplatin
and combination in MDA-MB231 cells.

Cancer cells were tested for lactate dehydrogenase concentration following 1 yM CBD, 100 uM
cisplatin and combination treatment for 24 hours. Concentration levels were calculated based on
untreated cell levels which is represented by the dashed line. Data shown is repeated 3-5 times
with 5 technical replicates per plate. The data was normalised to cell viability. Data is represented
as mean + SEM. ** p<0.01 vs Untreated.

4.3.4. The effect of combination of CBD and cisplatin treatment in
the viability of control cells for 24 hours
The same combination treatment was examined on control cells (Section 2.6.4.).
Combination treatment led to a reduction in cell viability compared to untreated cells
(70.67 £ 5.457 %) (p<0.05) and to 1 yM CBD alone (p<0.05) (Figure 4.5.). However, the
“protective” effect previously observed with cancer cells was again seen when compared

to cisplatin treatment alone (p<0.05).
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Figure 4.5. Cell Viability of control cells following treatment with CBD, cisplatin and

combination for 24 hours.
The combination treatment was examined with MCF10A cells and compared to both CBD and

cisplatin treatments alone. Data shown is repeated 3 times with 5 technical replicates per plate.
Data is represented as mean £ SEM. *p<0.05, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001
vs 1 uM CBD; = p<0.05 vs Cisplatin.

Cell viability was also assessed using a lactated dehydrogenase assay (Section
2.7.3.). No change was observed in lactate dehydrogenase concentration following CBD
treatment, however, a significant increase was observed with both cisplatin (232.81 +
4.846 %) and combination treatments (147.72 + 3.330 %) (p<0.05) (Figure 4.6.).
Cisplatin was also significantly different to CBD (p<0.001) and combination (p<0.001)
treatments. Combination treatment was also significantly increased compared to CBD

treatment (p<0.01).
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Figure 4.6. Lactate dehydrogenase concentration following CBD, cisplatin and
combination treatments in control cells.

Control cells lactate dehydrogenase concentration following 1 yM CBD, 100 uM cisplatin and
combination treatment for 24 hours was assessed. Lactate dehydrogenase levels were
calculated based on untreated cell levels which is represented by the dashed line. Data shown
is repeated 3-5 times with 5 technical replicates per plate. The data was normalised to cell
viability. Data is represented as mean + SEM. * p<0.05 vs Untreated; ## p<0.01, ### p<0.001 vs
CBD; = p<0.001 vs Cisplatin.
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4.4. Cisplatin and combination treatment’s effect on AMPK
activity in the cell

AMPK activity levels were measured in cancer and control cells when treated with
cisplatin or in combination. AMPK as previously mentioned has a major role in tumour

progression (Section 1.1.3. and section 3.5.).

4.4.1. The effect of cisplatin treatment and combination treatment
in cancer cell’s AMPK activity

AMPK activity was measured following 1 uM CBD, 100 uM cisplatin and
combination as described in section 2.8.. MDA-MB231 AMPK activity showed no change

following treatment with 1 yM CBD, 100 pM cisplatin or combination compared to

untreated cell levels (Figure 4.7.).
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Figure 4.7. MDA-MB231 AMPK activity following CBD, cisplatin and combination

treatment.
MDA-MB231 cells were treated with 1 yM CBD, 100 uM cisplatin and a combination of those

treatments for 24 hours. The cells were harvested for AMPK and activity analysed. Data shown
is repeated 3 - 5 times. Data is represented as mean + SEM.
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4.4.2. The effect of cisplatin treatment and combination treatment
on control cell’s AMPK activity

Control cell's AMPK activity also showed no difference following treatment with

1 M CBD or 100 uM cisplatin compared to untreated cell levels (Figure 4.8.). There

was however a significant increase in AMPK activity when cells were treated in

combination (115.13 £ 3.215 %) (p<0.05).
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Figure 4.8. The effect of cisplatin treatment and combination treat on control cell’s AMPK

activity levels.

Control cells were treated with 1 yM CBD, 100 uM cisplatin and a combination of those treatments
for 24 hours. The cells were harvested for AMPK and activity analysed after treatment. Data
shown is repeated 3 - 5 times. Data is represented as mean £ SEM. * p<0.05 vs Untreated.
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4.5. ROS levels measured following cisplatin treatment and
combination treatment
Changes in ROS, important regulators of many cellular pathways, were observed
when cancer and normal cells were treated with CBD (Section 3.6.). Cisplatin induces
cell death through increased cellular stress due to amplified ROS generation (Section
1.2.2.3.) (Florea and Busselberg 2011, Prevarskaya et al. 2011). Determining if the
cancer cells respond accordingly is important in order to understand the mechanism

behind the combination’s effect on both cancer and control cells.

4.5.1. The effect of cisplatin treatment and combination treatment
on cancer cell’s ROS levels

MDA-MB231 cancer cells showed a significant elevation in ROS levels using a
DCFDA assay (Section 2.9.) following treatment with 1 uM CBD (previously reported in
section 3.6.1.) (1.11 £ 0.039 A.U.) (p<0.05) (Figure 4.9.). Cisplatin treatment resulted in
a significant increase in ROS levels compared to untreated cells (7.11 £ 0.150 A.U.)
(p<0.001) and CBD treated cells (p<0.001). Combination therapy again showed a
significant increase in ROS compared to untreated cells (1.89 + 0.069 A.U.) (p<0.001)
and 1 uM CBD (p<0.01). Although, the increase observed was significantly decreased

compared to cisplatin treatment (p<0.001).
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Figure 4.9. The effect of CBD, cisplatin and combination treatment in ROS levels of MDA-
MB231 cells.

ROS levels were measured with MDA-MB231 cells following 1 uM CBD, 100 uM cisplatin and a
combination of those treatments for 24 hours. The media was analysed after these treatments.
Data shown is repeated 3 times with 5 technical replicates per plate. The dashed line represents
ROS levels of untreated cells. Data is represented as mean + SEM. * p<0.05, *** p<0.001 vs
Untreated; ## p<0.01, ### p<0.001 vs CBD; mox p<0.001 vs Cisplatin.

4.5.2. The effect of cisplatin treatment and combination treatment
in control cell’s ROS levels
No difference in ROS levels were detected following 1 uM CBD treatment (Figure
4.10.). However, a significant increase in ROS levels was observed following treatment
with cisplatin, similar to that observed in cancer cells (section 4.5.1.) (7.15 £ 0.927 A.U.)
(p<0.01). When control cells were treated with combination therapy there was no change

in ROS levels compared untreated cells.
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Figure 4.10. The effect of CBD, cisplatin and combination treatment in ROS levels in
control cells.

Control cell’'s ROS levels were analysed in the media following 1 uM CBD, 100 uM cisplatin and
combination treatment. Data shown is repeated 3 times with 5 technical replicates per plate. The
dashed line represents ROS levels of untreated cells. Data is represented as mean £ SEM. ***
p<0.001 vs Untreated; ### p<0.001 vs CBD; = p<0.001 vs Cisplatin.
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4.6. Cisplatin treatment and combination treatment’s effect
on cellular Ca?* activity
As previously mentioned Ca?* regulation is important when investigating modulators
of cell death (Section 1.1.3.3.). An upregulation of Ca?* was observed following CBD
treatment in section 3.7. for both cell types. Therefore it was important to investigate

whether cisplatin and combination treatment could also have an effect on Ca?* levels.

4.6.1. The levels of Ca?* in cancer cells was measured following
cisplatin treatment and combination treatment

Ca?* concentration levels were measured following cisplatin and combination
treatment by using a Fluo-4 Direct™ Calcium Assay (Section 2.10.). An increase in
calcium levels was observed following CBD treatment compared to untreated cells (1.18
+ 0.038 A.U.) (p<0.001) (Figure 4.11.). 100 uM cisplatin treatment also showed an
increase in calcium levels (1.52 £ 0.157 A.U.) compared to untreated cells (p<0.05) and
to CBD treatment levels (p<0.05). However, following combination treatment (0.72 *
0.086 A.U.) a significant decrease in calcium levels was observed compared to

untreated calcium levels (p<0.05), CBD (p<0.01) and cisplatin treatment (p<0.01).
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Figure 4.11. The effect of CBD, cisplatin and combination treatment on calcium levels in
MDA-MB231 cells.

MDA-MB231 cells were tested for any changes in Ca2* levels following 24 hours of 1 uM CBD,
100 uM cisplatin and combination treatments. Data shown is repeated 3 times with 5 technical
replicates per plate. The dashed line represents calcium levels of untreated cells. Data is
represented as mean + SEM. * p<0.05, *** p<0.001 vs Untreated; # p<0.05, ## p<0.01 vs CBD;
aan p<0.001 vs Cisplatin.

4.6.2. The effect of cisplatin treatment and combination treatment
in Ca?* levels in control cells
There was a significant increase in Ca?* levels following 1 yM CBD treatment
(1.12 £ 0.018 A.U.) (p<0.01) compared to untreated cells (Figure 4.12.). Cisplatin also
showed an increase in Ca?* levels (4.91 + 0.457 A.U.) compared to untreated cells
(p<0.01) and CBD alone (p<0.01). Following combination treatment, an increase in Ca?*
levels (3.25 £ 0.303 A.U.) was observed compared to untreated cells (p<0.01) but the

Ca ?* levels were significantly reduced compared to cisplatin treatment alone (p<0.001).
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Figure 4.12. The effect of CBD, cisplatin and combination treatment on calcium levels in
control cells.

Control cells were analysed for any changes in Ca2* levels following 24 hours of 1 yM CBD, 100
MM cisplatin and combination treatment. Data shown is repeated 3 times with 5 technical
replicates per plate. The dashed line represents calcium levels of untreated cells. Data is
represented as mean * SEM. ** p<0.01 vs Untreated; ## p<0.01 vs CBD; max p<0.001 vs
Cisplatin.
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4.7. The Mitochondria’s function was assessed following
cisplatin treatment and combination treatment.
The importance of the mitochondria was highlighted in section 1.1.3.1. and 1.3.4.
and was investigated following CBD treatment in section 3.8.. The differences observed
here following cisplatin and combination treatment with AMPK, ROS and calcium

pointed to the importance of understanding the role of the mitochondria further.

4.7.1. The effect of cisplatin treatment and combination treatment
on the mitochondria’s function in cancer cells

Mitochondrial analysis was carried out as in section 3.8. using a Seahorse
Bioanalyser to investigate mitochondrial respiration (Section 2.11.). As already reported
in section 3.7.1. an increase in basal mitochondrial respiration was observed following
treatment with 1 yM CBD (411.1 + 28.19 pMoles/min) (Untreated; 323.1 + 41.95
pMoles/min) (p<0.05) (Figure 4.13.A). However, no change in basal mitochondrial
respiration was observed with cisplatin or combination treatment. Non-mitochondrial
respiration showed a reduced capacity with 1 yM CBD compared to untreated cells
(279.6 £ 31.92 pMoles/min) (Untreated; 499.1 £+ 99.19 pMoles/min) (p<0.05) (Figure
4.13.B.). This reduction was also observed following treatment with 100 pM cisplatin
(175.0 £ 25.29 pMoles/min) (p<0.001) and the combination treatment (229.9 + 61.53

pMoles/min) (p<0.01).
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Figure 4.13. The effect of CBD, cisplatin and combination treatment on mitochondrial
respiration and non-mitochondrial respiration in cancer cells.

MDA-MB231 cells (A) mitochondrial respiration and (B) non-mitochondrial respiration was
analysed compared to untreated cells. This was carried out following 1 uM CBD, 100 uM cisplatin
and combination treatment for 24 hours. Data shown is repeated 3-4 times with 4 technical
replicates per plate. The data was normalised to protein level. Data is represented as mean +
SEM. * p<0.05, **p<0.01, *** p<0.001 vs Untreated.

Alterations within mitochondrial functions were also assessed. An increase in
relative ATP production levels was observed when the cells were treated with 1 yM CBD
(358.2 £ 17.30 pMoles/min) (Untreated; 243.5 = 36.93 pMoles/min) (p<0.01) (Figure
4.14.A.). No changes in ATP was observed following treatment with cisplatin or with
combination treatment. Although, a significant difference was observed between CBD
and cisplatin treated cells (p<0.05). There was no change in the cells proton leak
following treatment with 1 yM CBD, cisplatin or combination treatment (Figure 4.14.B).
The cells maximal respiration potential was significantly increased following treatment
with 1 uM CBD (625.5+ 70.17 pMoles/min) compared to untreated cells (406.2 + 45.56
pMoles/min) (p<0.05), cisplatin (p<0.01) and combination treatment (p<0.01) (Figure
4.14.C.). Following combination treatment there was a significant reduction in the cell’s
maximal respiration (319.8 + 34.27 pMoles/min) compared to untreated cells (p<0.05).
However, there was no change following cisplatin treatment. There was no change in
the spare respiration capacity of the cell following treatment with 1 yM CBD (Figure

4.14.D.). However, cisplatin treatment showed a significant reduction in the spare
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respiration capacity (58.9 + 22.82 pMoles/min) compared to untreated cells (149.5 +
34.56 pMoles/min) (p<0.01). Furthermore, no change was observed following the

combination treatment.
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Figure 4.14. Mitochondrial functional analysis following CBD, cisplatin and combination
treatment on MDA-MB231 cells.

When MDA-MB231 cells were treated with 1 yM CBD, 100 pM cisplatin and combination
treatment their mitochondrial function was tested directly afterwards to observe any potential
alteration. (A) ATP production levels, (B) proton leak, (C) maximal respiration and (D) spare
respiration capacity was analysed. Data shown is repeated 3-4 times with 4 technical replicates
per plate. The data was normalised to protein level. Data is represented as mean + SEM. *
p<0.05, **p<0.01 vs Untreated; # p<0.05, ## p<0.01 vs CBD.
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4.7.2. The effect of cisplatin treatment and combination treatment
on the mitochondrial function of control cells

Control cells basal mitochondrial respiration was unchanged following treatment
with 1 uM CBD compared to the untreated cells but 100 uM cisplatin showed a significant
reduction (295.8 + 36.86 pMoles/min) compared to untreated cells (508.4 + 56.75
pMoles/min) (p<0.001) (Figure 4.15.A.). No change was observed following the
combination treatment. The corresponding non-mitochondrial respiration showed a
significant increase in OCR when the control cells were treated with 1 uM CBD (430.9
18.69 pMoles/min) compared to untreated cells ( 348.1 + 64.52 pMoles/min) (p<0.05)
(Figure 4.15.B.). There was a significant reduction in non-mitochondrial OCR when the
cells were treated with cisplatin (208.1 + 31.48 pMoles/min) compared to untreated cells

(p<0.01) and CBD alone (p<0.05). There was no alteration when cells were treated with

combination treatment.
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Figure 4.15. The effect of mitochondrial and non-mitochondrial respiration following
treatment with cisplatin and combination treatment in control cells.

The alteration in (A) mitochondrial respiration and (B) non-mitochondrial respiration with control
cells was analysed following 1 yM CBD, 100 uM cisplatin and combination treatments for 24
hours. Data shown is repeated 3-4 times with 4 technical replicates per plate. The data was
normalised to protein level. Data is represented as mean + SEM. * p<0.05, **p<0.01, *** p<0.001
vs Untreated; # p<0.05 vs CBD.
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The function of the mitochondria was also analysed and showed that there was
no change in ATP production levels following treatment with CBD, cisplatin or in
combination compared to untreated cells (Figure 4.16.A.). However, a significant
reduction in proton leak was observed following 1 uM CBD (26.7 £ 4.26 pMoles/min)
(p<0.001), cisplatin (64.4 + 11.14 pMoles/min) (p<0.001) and combination (91.9 + 16.72
pMoles/min) (p<0.001) treatments compared to untreated cells (184.8 + 23.21
pMoles/min) (Figure 4.16.B.). There was also a significant difference in proton leak
capacity between CBD treatment alone and the combination treatment (p<0.05). A
significant reduction in the cell’s maximal respiration capacity was observed following
cisplatin treatment (p<0.05) (499.7 + 101.03 pMoles/min) compared to untreated cells
(751.7 £ 189.53 pMoles/min) (Figure 4.16.C.). There was no change in maximal
respiration following combination treatment. The control cell’s spare respiration capacity
showed no significant change following cisplatin or combination treatment compared to

untreated cells (Figure 4.16.D.).
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Figure 4.16. The effect of CBD, cisplatin and combination treatment on mitochondrial

functional in control cells.
Control cells were treated with 1 yM CBD, 100 uM cisplatin and combination treatment prior to

their mitochondrial function was tested to observe any potential alteration. (A) ATP production
levels, (B) proton leak, (C) maximal respiration and (D) spare respiration capacity was analysed.
Data shown is repeated 3-4 times with 4 technical replicates per plate. The data was normalised
to protein level. Data is represented as mean + SEM. * p<0.05, *** p<0.001 vs Untreated; #

p<0.05 vs CBD.
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4.8. The effect of cisplatin treatment and combination
treatment on glycolysis in the cell
The alteration of the glycolytic cycle was important to understand in the investigation
of cisplatin and combination’s mode of action as cancer cells alter glycolytic activity
(Section 1.1.3.). CBD treatment on its own was shown to alter the “Warburg Effect”
switching the cancer cells from glycolytic respiration to mitochondrial respiration (Section
3.8. and section 3.9.). Exploring the role of glycolysis in the cell is an important step in

the investigation of cisplatin and combination’s mode of action.

4.8.1. The effect of cisplatin treatment and combination treatment
on cancer cell’s glycolytic functions

The cell’'s glycolytic function was assessed using the Seahorse Bioanalyser’s
glycotest (Section 2.11.). Following CBD treatment (section 3.8.1.), an increase in
glycolysis was observed with 1 uM CBD (54.2 + 4.127 mpH/min) compared to untreated
cells (35.4 £ 2.47 mpH/min) (p<0.001) (Figure 4.17.A.). However, a significant decrease
in glycolysis was observed following treatment with cisplatin (19.9 + 1.30 mpH/min)
(p<0.001) and combination (17.2 * 3.55 mpH/min) (p<0.01). Both cisplatin and
combination treatment was also significantly reduced compared to CBD treated cells
(p<0.001). The glycolytic capacity of the cell was unchanged following CBD treatment
however there was a significant reduction with both cisplatin (23.4 + 2.34 mpH/min)
(p<0.001) and combination treatment (23.1 £ 5.06 mpH/min) (p<0.001) compared to
untreated cells (73.4 £ 6.45 mpH/min) (Figure 4.17.B.). Again, these differences were
significantly reduced compared to CBD treatment alone (p<0.001). The cells glycolytic
reserve was unchanged following CBD treatment but was reduced with cisplatin (2.2 +
1.86 mpH/min) and combination treatment (8.5 + 2.24 mpH/min) (Untreated, 42.5 + 7.30
mpH/min) (p<0.001) (Figure 4.17.C.). Cisplatin treatment was significantly reduced

compared to CBD treatment also (p<0.05). The non-glycolytic acidification rate of the
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cancer cells was significantly reduced following 1 yM CBD treatment (7.8 £ 1.24
mpH/min) (p<0.001) compared to untreated cells (16.4 + 1.81 mpH/min) and cisplatin
treatment (p<0.05) (Figure 4.17.D.). However, there was no change when the cells were

treated with cisplatin or combination treatment.
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Figure 4.17. The effect of CBD, cisplatin and combination treatment on the glycolysis of

MDA-MB231 cells.
Following treatment with 1 yM CBD, 100 pM cisplatin and combination for 24 hours the cells

glycolytic activity was measured. (A) Glycolysis, (B) glycolytic capacity, (C) glycolytic reserve and
(D) non-glycolytic acidification rate were examined. Data shown is repeated 3-4 times with 4
technical replicates per plate. The data was normalised to protein level. Data is represented as
mean + SEM. ** p<0.01, *** p<0.001 vs Untreated; # p<0.05. ### p<0.001 vs CBD.
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4.8.2. The effect of cisplatin treatment and combination treatment
in control cell’s glycolytic functions

An increase in control glycolysis levels was observed following treatment with 1
MM CBD (56.7 £ 3.11 mpH/min) (p<0.01) (Untreated, 40.4 + 2.99 mpH/min) (Figure
4.18.A.). However, a decrease in glycolysis was observed following cisplatin (5.2 + 0.42
mpH/min) (p<0.001) and combination treatment (12.2 + 1.62 mpH/min) (p<0.001)
compared to untreated cells. Both treatments were also significantly reduced compared
to CBD treatment alone (p<0.001). The control cells glycolytic capacity was reduced
following CBD (98.1 £ 11.41 mpH/min) (p<0.01), cisplatin (46.6 £ 3.34 mpH/min) and
combination treatments (57.3 + 4.04 mpH/min) (p<0.001) (Untreated, 123.5 + 6.34
mpH/min) (Figure 4.18.B.). Again, compared to CBD treatment alone there was a
significant reduction in cisplatin (p<0.001) and combination (p<0.05) glycolytic capacity
levels. A significant decrease in glycolytic reserve was observed following 1 yM CBD
(48.5 £ 5.53 mpH/min) (p<0.01), cisplatin (42.1 + 3.23 mpH/min) (p<0.001) and
combination treatment (44.2 + 2.67 mpH/min) (p<0.001) compared to untreated cells
(83.1 £ 7.19 mpH/min) (Figure 4.18.C.). Control cell’s non-glycolytic acidification rate
was significantly reduced with 1 yM CBD (7.0 + 0.59 mpH/min) (p<0.001) and
combination treatment (9.6 + 0.85 mpH/min) (p<0.01) (Untreated, 13.2 £ 0.71 mpH/min)
(Figure 4.18.D.). There was no change following cisplatin treatment but a significant

difference was observed between CBD and cisplatin treatment alone (p<0.05).
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Figure 4.18. The effect of CBD, cisplatin and combination treatment on the glycolytic

regulation of control cell.
Following 1 yM CBD, 100 uM cisplatin and the combination treatment the cells were directly

assayed for any alterations in the glycolytic pathway. (A) Glycolysis, (B) glycolytic capacity, (C)
glycolytic reserve and (D) non-glycolytic acidification rate were observed. Data shown is repeated
3-4 times with 4 technical replicates per plate. The data was normalised to protein level. Data is
represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ###

p<0.001 vs CBD.
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4.9. The mitochondrial receptor, VDAC1’s concentration
following cisplatin treatment and combination treatment
The VDAC1 receptor is known to play a pivotal role in the response of mitochondria
to cellular stress (Section 1.4.4.) (Madesh and Hajndczky 2001, Shoshan-Barmatz et al.
2010, Tewari et al. 2015). Both cisplatin and CBD have been shown to increase VDAC1
activity (Rimmerman et al. 2013, Yang et al. 2006). VDAC1 concentrations levels were

analysed using western blot (Section 2.14.).

4.9.1. The effect of cisplatin treatment and combination treatment
on VDACH1 levels in cancer cells
An increase in VDAC1 protein levels was seen following treatment with 1 uM
CBD (1.45 + 0.111 R.l) (p<0.05) (Figure 4.19.). No difference in VDAC1 expression
levels were observed between 100 uM cisplatin and untreated cells. However, levels of
VDAC1 were significantly lowered following combination treatment (0.28 + 0.039 R.l.)

compared to the control (p<0.001), CBD (p<0.01) and 100 uM cisplatin (p<0.05).
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Figure 4.19. The effect of CBD, cisplatin and combination treatment on VDAC1 protein
levels in cancer cells.

(A) MDA-MB231 cells following 1 yuM CBD, 100 uM cisplatin and combination treatment for 24
hours. The cells were then harvested and tested for VDAC1 protein expression and compared to
untreated levels. Data shown is repeated 3 - 5 times with the dashed line representing untreated
cells. (B) Western blot of relevant graphs with untreated (0) and control of B-actin. Data is
represented as mean + SEM. *** p<0.001 vs Untreated; ## p<0.01 vs 1 yM CBD; = p<0.05 vs
Cisplatin.
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4.9.2. Cisplatin treatment and combination treatment’s effect on
VDAC1 levels in control cells

A significant reduction in VDAC1 protein levels was observed following 1 yM
CBD (0.79 + 0.022 R.I.) (p<0.001), 100 uM cisplatin (0.37 + 0.048 R.l.) (p<0.001) and
combination (0.38 £ 0.083 R.1.) (p<0.01) treatment compared to untreated cells (Figure

4.20.).
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Figure 4.20. CBD, cisplatin and combination treatment’s effect on control cell’s VDAC1
protein levels.

(A) Control cells following 1 uM CBD, 100 uM cisplatin and combination treatment for 24 hours.
The cells were harvested and examined for VDAC1 protein expression and compared to
untreated levels. Data shown is repeated 3 - 5 times with the dashed line representing untreated
VDACH1 levels. (B) Western blot of relevant graphs with untreated (0) and control of B-actin. Data
is represented as mean + SEM. **p<0.01, *** p<0.001 vs Untreated.
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4.10. Cisplatin treatment and combination treatment’s effect
on cellular genetics

Cisplatin is known to damage the DNA cross linking mechanism of cells and hence
affect genetic control (Section 1.2.2.3.) (Takahara et al. 1995, Arisan et al. 2010).
Following CBD treatment there was an alteration in the gene expression of key pathways
that regulate cell death (p53 (Section 1.4.3.) and Nrf2 (Section 1.1.3.4.1.)) and cell
growth (AKT) (Section 3.11.). By using qPCR and normalising to the relevant
housekeeping gene (Section 2.12.) the same pathways as in section 3.11. were

analysed following cisplatin and combination treatment.

4.10.1. The effect of cisplatin treatment and combination
treatment on cancer cell’s gene expression

4.10.1.1. Cisplatin treatment and combination treatments’ effect on
the p53 pathway’s gene expression in cancer cells

As mentioned previously in section 3.11.1.1. the pro-apoptotic p53 pathway was

analysed along with its regulators HDAC1 and SirT1.

There was a significant reduction in HDAC1 expression following treatment with
1 uM CBD (0.32 + 0.049 R.l.) (p<0.001) and combination (0.46 + 0.041 R.l.) (p<0.01)
compared to untreated levels (Figure 4.21.A.). A trend to increased HDAC1 gene

expression levels was observed following cisplatin treatment.

SirT1 expression was increased following 1 uM CBD treatment (586.02 *
140.211 R.l.) compared to untreated cells (p<0.05) (Figure 4.21.B.). No change was
observed following cisplatin or combination treatment compared to untreated cell levels,

however, they were both significantly different to CBD treatment alone (p<0.001).
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A significant increase in the gene expression levels of p53 was observed
following 1 yM CBD treatment (1.53 + 0.103 R.l.) (p<0.05) (Figure 4.21.C.). No change

in p53 expression was shown following treatment with cisplatin or combination.
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Figure 4.21. The effect of CBD, cisplatin and combination treatment on the gene
expression levels of the p53 pathway in MDA-MB231 cells.

Cancer cells were harvested for genetic expression analysis on the p53 pathway following 24
hours of 1 uM CBD, 100 uM cisplatin and combination treatment. (A) HDAC1, (B) SirT1 and (C)
p53 expression were examined. The dashed line represents untreated expression levels. Data
shown is repeated 3-5 times. Data is represented as mean + SEM. * p<0.05, ** p<0.01, ***
p<0.001 vs Untreated; ## p<0.01 vs CBD.

4.10.1.2. The effect of cisplatin treatment and combination treatment
on the Nrf2 pathway’s gene expression in cancer cells

Cisplatin and combination treatment increased ROS levels compare to untreated
cells (Section 4.5.1.. As previously mentioned in section 1.1.3.4.1. and 3.11.1.2.
increased ROS leads to increased Nrf2 activity. Important regulators of the Nrf2 pathway

were also examined as in section 3.11.1.2..

The expression of MAPk was significantly increased following 1 yM CBD
treatment (112.11 £ 5.412 R.I.) (p<0.01) (Figure 4.22.A.). Furthermore, the increase in
MAPK expression with CBD was significantly increased compared to cisplatin and

combination treatment (p<0.001). A significant increase in MAPKk gene expression levels
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were observed following cisplatin treatment (7.56 + 0.447 R.l.) compared to untreated
cells (p<0.01). However, no change in MAPk expression was observed following

combination treatment.

There was a significant increase in Nrf2 gene expression following 1 yM CBD
treatment (2.49 £ 0.289 R.l.) (p<0.05) (Figure 4.22.B.). No change was observed
following treatment with cisplatin and combination, but they did show a difference

compared to CBD treatment alone (p<0.05).

IL-6 gene expression was also increased following treatment with 1 yM CBD
(10.99 £ 1.849 R.1.) (p<0.05) (Figure 4.22.C.). But again there was no difference when

the cells were treated with cisplatin and combination.
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Figure 4.22. The effect of CBD, cisplatin and combination treatment on the gene
expression of the cancer cell’s Nrf2 pathway.

Cancer cell’s Nrf2 pathway was examined following 24 hours of 1 yM CBD, 100 puM cisplatin and
combination treatment. (A) MAPK, (B) Nrf2 and (C) IL-6 expression were examined. The dashed
line represents the untreated expression level. Data shown is repeated 3-5 times. Data is
represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; # p<0.05, ### p<0.001 vs CBD.

4.10.1.3. The AKT pathway’s gene expression response to cisplatin
treatment and combination treatment in cancer cells

Following the reduction in cell viability with cisplatin and combination treatment
in section 4.3. investigating the regulation of cell growth was important as previously

seen in section 3.11.1.3..
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No change in AKT expression was observed following 1 yM CBD and cisplatin
treatment (Figure 4.23.A.). A significant reduction was shown following combination
treatment (0.49 = 0.047 R.l.) (p<0.01). Interestingly, combination treatment was also

significantly reduced compared to CBD treatment (p<0.01).

mTOR expression was significantly increased following treatment with 1 yM CBD
(2.55 + 0.303 R.l.) (p<0.05), however, no change was observed following cisplatin or

combination treatments (Figure 4.23.B.).

NFkB expression showed a significant increase following treatment with 1 yM
CBD (2.40 £ 0.221 R.1.) (p<0.05) which was also significant to cisplatin and combination
treatments (p<0.001) (Figure 4.23.C.). No change in NFKkB gene expression was

observed following treatment with cisplatin or combination.
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Figure 4.23. The effect of CBD, cisplatin and combination treatment on the gene
expression of the AKT pathway in MDA-MB231 cells.

Cancer cell's AKT pathway was examined following 24 hours of 1 uM CBD, 100 uM cisplatin and
combination treatment. (A) AKT, (B) mTOR and (C) NFkB expression was examined. The
dashed line represents the untreated expression levels. Data shown is repeated 3-5 times. Data
is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; # p<0.05, ### p<0.001 vs

CBD.
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4.10.1.4. The effect of cisplatin treatment and combination treatment
in cancer cell’s FOXO1 gene expression

FOXO1 was also analysed further following cisplatin and combination treatment
due to its role in suppressing cellular oxidative stress and cancer growth (Section

3.11.1.4.).

FOXO1 expression levels were significantly increased following treatment with 1
MM CBD (33.79 + 9.896 R.1.) (p<0.05) (Figure 4.24.). A significant reduction of FOXO1
was observed following treatment with cisplatin (0.08 = 0.029 R.l.) (p<0.01) and

combination (0.46 + 0.091 R.1.) (p<0.05) compared to untreated cells and CBD treatment

alone (p<0.05).
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Figure 4.24. The effect of CBD, cisplatin and combination treatment on the gene
expression of FOXO1 in MDA-MB231 cells.

Cancer cells FOXO1 was analysed following 24 hours of 1 yM CBD, 1000 uM cisplatin and
combination treatment. The dashed line represents untreated expression levels. Data shown is
repeated 3-5 times. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; #
p<0.05 vs CBD.

195





4.10.2. Cisplatin treatment and combination treatment’s effect
on control cell’s gene expression

4.10.2.1. The effect of cisplatin treatment and combination treatment
on the p53 pathway in control cells

An increase in HDAC1 gene expression was observed following 1 yM CBD
treatment (2.28 + 0.313 R.l.) compared to untreated levels (p<0.05) (Figure 4.25.A.).

There was a trend to increase following treatment with cisplatin and combination.

No change in SirT1 gene expression was observed following 1 uM CBD, cisplatin

and combination treatment (Figure 4.25.B.).

p53 gene expression was unchanged following treatment with 1 uM CBD and
combination (Figure 4.25.C.). However, when treated with cisplatin a significant increase
in p53 expression was observed (2.84 + 0.662 R.l.) compared to untreated cells

(p<0.05), CBD (p<0.01) and combination (p<0.05).
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Figure 4.25. The effect of CBD, cisplatin and combination treatment on the gene

expression of control cell’s p53 pathway.
Control cells were treated with 1 yM CBD, 100 uM cisplatin or combination treatment for 24 hours

prior to mRNA extraction. (A) HDAC1, (B) SirT1 and (C) p53 expression was examined. The
dashed line represents the untreated expression levels. Data shown is repeated 3-5 times. Data
is represented as mean = SEM. * p<0.05 vs Untreated; ## p<0.01 vs CBD.
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4.10.2.2. Cisplatin treatment and combination treatment’s effect on
the gene expression of the Nrf2 pathway in control cells

The expression of MAPk was significantly reduced following treatment with 1 yM
CBD (0.43 = 0.105 R.l.) (p<0.05) (Figure 4.26.A.). A trend to increase in MAPk gene
expression was observed following cisplatin treatment was not significant to untreated
levels. However, treatment with cisplatin was significantly increased compared to CBD
alone (p<0.01) and combination treatment (p<0.01). No change in MAPk expression

was observed following combination treatment.

Nrf2 expression was unchanged following treatment with 1 yM CBD (Figure
4.26.B.). A significant increase in the gene expression of Nrf2 was observed following
cisplatin treatment (7.35 £ 1.818 R.l.) (p<0.05). Furthermore, the increase observed with
cisplatin was also significant to CBD (p<0.01) treatment. There was no change in Nrf2

expression with combination treatment.

No change in IL-6 expression was observed following CBD and combination
treatment (Figure 4.26.C.). However, when the cells were treated with cisplatin there

was a significant increase in IL-6 expression (2.06 + 0.198 R.1.) (p<0.05).
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Figure 4.26. The effect of CBD, cisplatin and combination treatment on the gene
expression of the Nrf2 pathway in control cells.

Control cells were treated with 1 uM CBD, 100 uM cisplatin or combination treatment for 24 hours
prior to MRNA extraction. (A) MAPK, (B) Nrf2 and (C) IL-6 expression was examined. The dashed
line represents the untreated expression levels. Data shown is repeated 3-5 times. Data is
represented as mean + SEM. * p<0.05 vs Untreated; ## p<0.01 vs CBD; aa p<0.01 vs Cisplatin.
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4.10.2.3. The effect of cisplatin treatment and combination treatment
on the gene expression of the AKT Pathway in control cells

AKT’s gene expression was unchanged following treatment with 1 yM CBD and
combination (Figure 4.27.A.). There was however a significant increase of AKT gene

expression following treatment with cisplatin (2.91 + 0.402 R.I.) (p<0.05).

No change in mTOR gene expression was observed following 1 uM CBD
treatment (Figure 4.27.B.). An increase in mTOR gene expression was observed
following cisplatin treatment (3.36 £ 0.0.483 R.l.) compared to untreated cells (p<0.05),
CBD (p<0.05) and combination treatment (p<0.01). No change in mTOR gene

expression was observed following combination treatment.

NFkB expression was significantly increased following treatment with 1 yM CBD
(1.64 £ 0.241 R.1.) (p<0.05) (Figure 4.27.A.). No change was observed following cisplatin

and combination treatments compared to untreated levels.
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Figure 4.27. The effect of CBD, cisplatin and combination on the gene expression of

MCF10A cell’s AKT pathway.
Control cells were treated with 1 uM CBD, 100 uM cisplatin or combination treatment for 24 hours

prior to mRNA extraction. (A) AKT, (B) mTOR and (C) NFkB expression was examined. The
dashed line represents the untreated expression levels. Data shown is repeated 3-5 times. Data
is represented as mean £ SEM. * p<0.05 vs Untreated; # p<0.05 vs CBD; ax p<0.01 vs Cisplatin.
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4.10.2.4. Cisplatin treatment and combination treatment’s effect on
the gene expression of FOXO1 in control cells

FOXO1 gene expression was increased following 1 yM CBD treatment (2.07 +
0.294 R.l.) (p<0.05) (Figure 4.28.). No change was observed following cisplatin
treatment. However, combination treatment led to a significant reduction in FOXO1 gene
expression (0.15 + 0.042 R.l.) compared to untreated levels (p<0.01) and CBD alone

(p<0.01).
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Figure 4.28. The effect of FOXO1 gene expression following CBD, cisplatin and

combination treatment in control cells.
Control cells were treated with 1 yM CBD, 100 uM cisplatin and combination treatment for 24

hours prior to mRNA extraction for FOXO1 analysis. The dashed line represents the untreated
expression levels. Data shown is repeated 3-5 times. Data is represented as mean + SEM. *
p<0.05, ** p<0.01 vs Untreated; ## p<0.01 vs CBD.
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4.11. The effect of cisplatin treatment and combination
treatment on the protein levels in the cell
The cells protein alteration was assessed to determine if treating with cisplatin alone
or with combination could have an augmented effect on the cancer cells. Protein levels
were analysed based on the same pathways as with CBD (Section 3.12.) and were

carried out using western blotting (Section 2.13.).

4.111. Cisplatin treatment and combination treatments effect
on the protein level’s in cancer cells
The cancer cells were examined for any alteration in protein expression following
cisplatin and combination treatments. The pathways selected were the pro-apoptotic
p53 pathway which included HDAC1, SirT1 and p53 (Section 3.11.1.1.). A cell stress
response pathway, Nrf2, was also analysed which included HDAC6 and Nrf2 (Section
3.11.1.2)). Finally, the AKT pathway which controls cell growth was analysed which

included AKT, mTOR and NFkB (Section 3.11.1.3.).

4.11.1.1. The effect of cisplatin treatment and combination treatment
on the protein levels of the p53 pathway in cancer cells

HDAC1 expression levels were increased following treatment with 1 uM CBD
(1.89£0.081 R.l.) (p<0.01) and showed a trend to increase with cisplatin treatment (5.66
+ 1.925 R.l.) (p=0.06) (Figure 4.29.A.). However, when cells were treated with the
combination therapy there was a significant reduction in HDAC1 expression compared

to untreated cells (0.40 + 0.069 R.I.) (p<0.001) and cisplatin (p<0.05).

There was no alteration in SirT1 protein expression levels following CBD and

combination treatment (Figure 4.29.B.). However, there was a significant increase with
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cisplatin treatment compared to untreated cells (3.01 + 0.747 R.l.) (p<0.05), CBD

(p<0.05) and combination (p<0.05).

When p53 protein levels were examined an increase was observed following 1
MM CBD (2.27 + 0.310 R.l.) (p<0.05) and cisplatin treatment (59.76 + 6.531 R.l.)
(p<0.001) compared to untreated cells (Figure 4.29.C.). Cisplatin was also significantly
increased compared to CBD (p<0.001) and combination treatment (p<0.001).
Combination treatment showed a significant reduction in p53 levels (0.39 + 0.095 R.1.)
(p<0.001).
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Figure 4.29. The effect of CBD, cisplatin and combination treatment on the protein levels
in the p53 pathway of MDA-MB231 cells.

Following MDA-MB231 treatment with 1 uM CBD, 100 uM cisplatin and combination their protein
levels were analysed for alterations in the p53 pathway. (A) HDAC1, (B) SirT1 and (C) p53 levels
were all examined. The dashed line represents the untreated cell levels. (D) Western blot of
relevant graphs with untreated (0) and the housekeeper B-actin as control protein. Data shown
is repeated 3-5 times. Data is represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs
Untreated; # p<0.05, ### p<0.001 vs CBD; = p<0.05, aax p<0.001 vs Cisplatin.

4.11.1.2. The effect of cisplatin treatment and combination treatment
on the protein levels in the Nrf2 pathway in cancer cells

HDACSG protein levels were unchanged following treatment with both 1 uM CBD

and the combination treatment (Figure 4.30.A.). There was a significant increase in
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HDACG protein levels when the cells were treated with cisplatin (2.68 + 0.769 R.l.)

(p<0.05).

An increase in Nrf2 protein levels was observed following treatment with 1 uM
CBD (2.43 £ 0.291 R.l.) (p<0.01) and cisplatin (2.09 £ 0.299 R.l.) (p<0.05) (Figure
4.30.B.). However, no change was observed of Nrf2 protein levels when cancer cells
were treated with combination treatment compared to untreated cells.
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Figure 4.30. Following treatment with CBD, cisplatin and combination, the protein levels
of the Nrf2 pathway in MDA-MB231 cells.

Following MDA-MB231 treatment with 1 uM CBD, 100 uM cisplatin and combination their protein
expression levels were analysed for alterations to the Nrf2 pathway. (A) HDAC6 and (B) Nrf2
levels were all examined. The dashed line represents the untreated cell level. Data shown is
repeated 3-5 times. (C) Western blot of relevant graphs with untreated (0) and the housekeeper
B-actin as control protein. Data is represented as mean = SEM. * p<0.05, ** p<0.01 vs Untreated.

4.11.1.3. The AKT pathway’s protein levels following cisplatin
treatment and combination treatment in cancer cells

AKT protein levels were unchanged following treatment with 1 yM CBD and the
combination treatment (Figure 4.31.A.). There was a trend to increase AKT protein

levels following cisplatin treatment.

Following 1 uM CBD treatment a significant increase in mTOR protein levels was
observed (1.49 + 0.171 R.l.) (p<0.05) (Figure 4.31.B.). This was not seen following
treatment with cisplatin. However, combination treatment did see a significant increase

in mTOR levels (1.52 + 0.042 R.1.) (p<0.01).
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There was also no change in NFKB protein levels following treatment with 1 uM
CBD and cisplatin (Figure 4.31.C). However, there was a trend to increase in NFkB

protein levels following combination treatment.
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Figure 4.31. The effect of CBD, cisplatin and combination treatment on the protein
expression levels of MDA-MB231 cells.

Following treatment with 1 yM CBD, 100 uM cisplatin and combination MDA-MB231 cells protein
expression levels were analysed for alterations in the AKT pathway. (A) AKT, (B) mTOR and (C)
NFKB levels were all examined. The dashed line represents the untreated cell levels. Data shown
is repeated 3-5 times. (D) Western blot of relevant graphs with untreated (0) and the housekeeper
B-actin as control protein. Data is represented as mean + SEM. * p<0.05, ** p<0.01, vs Untreated.

4.11.2. The effect of cisplatin treatment and combination
treatment on the protein levels of control cells

Control cells were also analysed as above in section 4.11.1..

4.11.2.1. Cisplatin treatment and combination treatment’s effect on
the protein levels in the p53 pathway of control cells

No change was observed following 1 yM CBD treatment (Figure 4.32.A.).
However, when treated with cisplatin (0.54 £ 0.104 R.l.) and combination (0.44 + 0.046

R.l.) there was a significant reduction in HDAC1 protein levels (p<0.01). This reduction
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observed with cisplatin and combination was also significant compared to CBD

treatment alone (p<0.01).

SirT1 levels were significant increased following treatment with 1 uM CBD (1.62
+ 0.141 R.1.) (p<0.01) (Figure 4.32.B.). Interestingly, there was no change in SirT1 levels
following cisplatin or combination treatment compared to untreated levels but there was

a significant difference compared to CBD alone for both treatments (p<0.05).

No change in p53 levels was observed following 1 uM CBD treatment (Figure
4.32.C.). However, a significant reduction in protein levels was observed following
treatment with cisplatin (0.32 £ 0.041 R.l.) (p<0.001) and the combination treatment

(0.49 + 0.022 R.I.) (p<0.001).
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Figure 4.32. The control cell’s p53 pathway protein levels following CBD, cisplatin and
combination treatment.

Control cells were analysed for alterations to the p53 pathway following 1 yM CBD, 100 yM
cisplatin or combination treatments. (A) HDAC1, (B) SirT1 and (C) p53 levels were all examined.
The dashed line represents the untreated cell levels. Data shown is repeated 3-5 times. (D)
Western blot of relevant graphs with untreated (0) and the housekeeper (3-actin as control protein.
Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs Untreated; ## p<0.01 vs CBD.
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4.11.2.2. The effect of cisplatin treatment and combination treatment
on the protein levels of the Nrf2 pathway in control cells

HDACSG protein levels were unchanged following 1 yM CBD and combination
treatment (Figure 4.33.A.). However, a significant decrease was observed following

cisplatin treatment (0.66 = 0.085 R.l.) compared to untreated cells (p<0.001).

There was no change in Nrf2 expression levels following CBD, cisplatin and

combination treatments compared to untreated cell levels (Figure 4.33.B.).
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Figure 4.33. The effect of CBD, cisplatin and combination treatment on control cell’s Nrf2

pathway protein levels.
Control cells were analysed for alterations to the Nrf2 pathway following 1 yM CBD, 100 yM

cisplatin or combination treatment. (A) HDAC6 and (B) Nrf2 levels were all examined. The
dashed line represents the untreated cell levels. Data shown is repeated 3-5 times. (C) Western
blot of relevant graphs with untreated (0) and the housekeeper 3-actin as control protein. Data
is represented as mean = SEM. *** p<0.001 vs Untreated.

4.11.2.3. Cisplatin treatment and combination treatment’s effect on
the protein levels of the AKT pathway in control cells

A trend to decrease of AKT protein levels was observed following CBD treatment
(Figure 4.34.A.). However, there was no change following CBD, cisplatin and

combination treatment.
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mTOR levels were significantly increased following 1 uM CBD treatment (1.82 +
0.257 R.l.) (p<0.05) (Figure 4.34.B.). However, levels were reduced following cisplatin
(0.55 £ 0.115 R.l.) (p<0.05) and combination treatment (0.46 £ 0.074 R.l.) (p<0.001).
Furthermore, cisplatin and combination treatment were significantly reduced compared

to CBD treatment (p<0.001).

Control cell’s NFkB protein levels were increased following CBD treatment (1.57
1+ 0.113 R.I.) (p<0.05) (Figure 4.34.C.). No change was observed following cisplatin and
combination treatment. However, the increase observed with CBD was also significantly

increased compared to cisplatin treatment (p<0.05).
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Figure 4.34. The effect of CBD, cisplatin and combination treatment on control cell’s
protein levels in the AKT pathway.

Control cells were analysed for alterations to the AKT pathway following 1 yM CBD, 100 yM
cisplatin and combination treatment. (A) AKT, (B) mTOR and (C) NFkB levels were all examined.
The dashed line represents the untreated cell levels. Data shown is repeated 3-5 times. (D)
Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as control protein.
Data is represented as mean £ SEM. * p<0.05, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001
vs CBD.
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4.12. Cisplatin treatment and combination treatment’s effect
on the global DNA methylation of the cell

4121. Cancer cell’s global DNA methylation state following
cisplatin treatment and combination treatment
The ratio of 5-methylCytosine to Guanine was investigated as in section 3.13.
(Section 2.14.). The overall DNA methylation state of cancer cells showed no change
following 1 uM CBD treatment, however, there was a significant decrease in
5methylcytosine/dGuanine levels following treatment with cisplatin (2.22 £ 0.003 %)

(p<0.01) and combination (2.07. + 0.019 %) (p<0.05) (Control, 2.45 + 0.128 %) (Figure

4.35.).
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Figure 4.35. The effect of CBD, cisplatin and combination on the global methylation state

of MDA-MB231 cells.
MDA-MB231 cells were treated for 24 hours with 1 yM CBD, 100 uM cisplatin or combination

prior to extraction for methylation examination. Data shown is repeated 3-5 times and is
represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated.
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4.12.2. Global methylation state in control cells following
cisplatin treatment and combination treatment

Control cells showed a significant reduction in methylation state following 1 yM
CBD treatment (2.65 + 0.169 %) (p<0.05) (Untreated, 2.87 + 0.119 %) (Figure 4.36.).
There was also a decreasing trend with cisplatin (p=0.09) and combination (p=0.08)

though this did not reach significance.
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Figure 4.36. MCF10A cells methylation state following CBD, cisplatin and combination

treatment.
Control cells whole methylation was examined following 1 yM CBD, 100 uM cisplatin and

combination treatment. Data shown is repeated 3-5 times and is represented as mean + SEM. *
p<0.05 vs Untreated.
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4.13. Summary of the effects of cisplatin treatment and
combination treatment on both cancer and control cells

e The mode of action of cisplatin in cancer and control cells

Cisplatin was shown to reduce the viability of both cancer and control cells (p<0.001)
(Section 4.3.). Previous work has shown that cisplatin can increase cell death through
increased ROS and DNA damage (Bragado et al. 2007, Martins et al. 2008, Florea and

Busselberg 2011, Galluzzi et al. 2012).

Here | have established that the molecular mechanism of cisplatin in cancer cells is
through increased ROS and Ca?* concentrations to unsustainable levels that modulate
the mitochondria’s response to induce cell death (Section 4.5.1., 4.6.1. and 4.7.1.). In
parallel there was a trend to increased VDAC1 activity which has been linked to
increased apoptosis (Section 4.9.1.). Moreover, p53 levels were increased to high levels
following cisplatin treatment (p<0.001) along with increased Nrf2 levels (Section 4.10.1.
and 4.11.1.). AKT levels were unchanged and FOXO1 was significantly reduced
(Section 4.10.1. and 4.11.1.). As observed following CBD treatment (Section 3.14)
increased dual activation of p53 and Nrf2 can lead to a mild-stress response which

increases cell death furthermore (Lau et al. 2008, Chen et al. 2012).

Interestingly the molecular mechanism of cisplatin was not similar in control cells.
An increase in ROS and Ca?* concentrations to unsustainable levels was observed
(Section 4.5.2. and 4.6.2.). However, a reduction in basal mitochondrial respiration along
with a significant reduction in proton leak (p<0.001) was observed. Along with this the
cell’'s maximal respiration was reduced following cisplatin treatment (p<0.05) (Section
4.7.2.). Moreover VDAC1 activity was reduced following cisplatin treatment in the control
cells (p<0.001) (Section 4.9.2.). Interestingly a reduction in p53 protein levels and Nrf2

levels were unchanged compared to untreated levels (Section 4.11.2.). Finally, there
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was no change to global methylation state which was reduced in cancer cells (Section

4.12.).

Cancer cell's mode of action following cisplatin treatment is similar to CBD treatment.
However, it is interesting to note that even with the reduced cell viability in control cells
following cisplatin treatment the molecular mechanism is different. This shows the

importance of cisplatin as a chemotherapeutic agent.

o The potential of CBD and cisplatin in enhancing cell death when combined

Both CBD and cisplatin reduced cell viability over the 24 hour treatment period
(Section 3.4.1. and 4.3.1.). However, a “protective” effect from the increased cell viability
of cisplatin was observed in cancer cells (Section 4.3.3.). Following combination
treatment an increase in ROS concentrations was observed though it was not as
significant as cisplatin treatment alone (Section 4.5.). Ca?* concentrations were reduced
with cancer cells but increased with control cells (p<0.01) (Section 4.6.). Interestingly, a
reduction in VDAC1 activity was observed in cancer (p<0.001) and control (p<0.01) cells
following combination treatment (section 4.9.). As previously mentioned VDAC1 is an
important regulator in mitochondrial apoptosis and cytochrome c release (Section 1.4.4.
and 3.14.) (Madesh and Hajn6czky 2001, Shoshan-Barmatz et al. 2010, Shoshan-
Barmatz et al. 2014, Tewari et al. 2015). Moreover a reduction in p53 (p<0.001) was
observed in both cancer and control cells (Section 4.11.1.1. and 4.11.2.1.). No change
in Nrf2 levels or AKT levels was observed following combination treatment (Section

411.1.2,,411.1.3.,,4.11.2.2. and 4.11.2.3.).

Interestingly, combination treatment did not increase the efficiency of cisplatin
treatment. The molecular mechanism of combination was similar for both cancer and

control cells as mentioned above. Here | have shown that the “protective” effect
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observed following combination treatment is through decreased p53 expression and
unchanged Nrf2 activity while in parallel VDAC1 activity was reduced. This suggests that

the mitochondria are protecting their function from the stress of combination treatment.

211






Chapter 5

“Priming” with CBD
enhances cell death





5. “Priming” with CBD enhances cell death

5.1. An emerging chemotherapy treatment — “priming”

“Priming” is a novel chemotherapy treatment that treats cancers in a two-staged
process (Section 1.4.1.) (Sharma et al. 2005, Chonghaile et al. 2011, Reed 2011, Kumar
and Singh 2012). The first stage uses an agent that sensitizes the mitochondria to cell
death (Section 1.4.3. and 1.4.4.) (Chonghaile et al. 2011, Reed 2011, Sarosiek et al.
2013). Apoptosis is controlled through the mitochondria and reducing its membrane
potential and increasing its sensitivity to chemotherapeutic agents can increase this cell
death potential (Brookes et al. 2004, Galluzzi et al. 2006, Kuhar et al. 2006, Chonghaile
et al. 2011, Reed 2011, Wallace 2012, Sarosiek et al. 2013). The second stage of
“priming” is the use of a chemotherapy agent to kill the sensitized cancer cells (Section
1.4.1. and 1.4.5.) (Yang et al. 2006, Chonghaile et al. 2011, Reed 2011, Sarosiek et al.

2013).

5.2 Natural plant products effectiveness in enhancing cell

death through “priming”

The mechanism of “priming” has been shown to be effective in many different
cancers with various agents as mentioned in section 1.4.. The natural plant products
curcumin, quercetin, aspirin and thymoquionone have been shown to enhance the
potential of chemotherapy when used as a “priming” agent (Section 1.4.2.) (Sharma et
al. 2005, Kuhar et al. 2007, Kunnumakkara et al. 2007, Kumar and Singh 2012, Mu et
al. 2014). Furthermore, quercetin showed to increase ROS levels following “priming”,
curcumin has been noted to interact with the mitochondrial receptor VDAC1 and aspirin
increased apoptotic mitochondrial regulators (Kuhar et al. 2006, Kuhar et al. 2007,

Kumar and Singh 2012, Tewari et al. 2015).
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5.3. The potential of CBD as a “priming” agent

The positive effect of killing cancer cells with CBD treatment for 24 hours as seen in
section 3.4.1.1. confirmed its potential as a therapeutic treatment. Chronic treatment
with CBD reduced cancer cell viability while the acute treatment had no change. This
led to the hypothesis that a 24 hour treatment would be superior to an acute treatment
in enhancing chemotherapeutic treatment. As expected, a reduction in cancer cell
growth was also observed following cisplatin treatment (section 4.3.). However, when
the two therapeutic agents were combined there was no added benéefit, if anything
cisplatin in the presence of CBD seemed to have reduced efficacy (section 4.5.). The
novel idea of “priming”, which has been previously used with other agents, mentioned in
section 1.4. and 5.2., appeared as a logical course of investigation with CBD (Ni
Chonghaile et al., 2011; Kuhar et al., 2007). “Priming” consists of pre-treating cells prior
to treatment with a chemotherapeutic agent (Section 2.6.5.). In this study “priming” was
initially tested in MDA-MB231 and MCF10A cells with increasing concentrations of CBD
(0.1 uM, 0.5 pM, 1 pM, 2.5 uM, 5 um) 24 hours prior to 50 uM and 100 uM cisplatin
treatment (Section 3.4.1.1. and 4.3.1.). “Priming” was further tested in additional cancer
cell lines which included A549 lung cancer cells with and without functioning

mitochondria (RhoO).

5.4. Aims of this study

e Does “priming” with CBD enhance the effectiveness of the chemotherapy
agent, cisplatin, in cancer cells alone.

e Eluting the mode of action for “priming” with CBD in cancer cells.

e Examining the potential translational effect of “priming” in vivo.
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5.5. The assessment of cell viability following “priming”

5.5.1. How “priming” in cancer cells effects cell viability

5.5.1.1. The effect of “priming” prior to 50 yM cisplatin on cancer
cell viability

MDA-MB231 cells were “primed” with 0.1 yM - 5 uM CBD 24 hours prior to 50
MM cisplatin treatment for 24 hours (Figure 5.1.) (Section 2.6.5.). The cell viability was
assessed using an MTT assay (Section 2.7.2.). Cisplatin treatment alone led to ~50%
cell death (51.04 £ 2.963 %) (p<0.001) as previously reported (section 4.3.1.). “Priming”
led to a reduction in cell viability following 0.1 uM CBD (76.00 £ 1.225 %) (p<0.001) and
0.5 yM CBD “priming” treatment (64.17 + 2.522 %) (p<0.01). However, this decrease
was not as enhanced as cisplatin treatment alone and were increased compared to
cisplatin treatment (0.1 uM CBD, p<0.001; 0.5 uM CBD, p<0.01). There was a reduction
in cell viability with 1 yM CBD (55.33 + 4.910 %) (p<0.01), 2.5 yM CBD (41.33 + 2.404
%) (p<0.001) and 5 yM CBD “primed” (16.00 + 2.082 %) (p<0.001). These decreases

observed were not significant to cisplatin treatment alone.
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Figure 5.1. The effect of “priming” with CBD in MDA-MB231 cells prior to 50 uM cisplatin
treatment.

MDA-MB231 cells following “priming” with 0.1 yM-5 uM CBD 24 hours prior to 50 uM cisplatin
treatment for 24 hours. The cells viability was examined using an MTT assay. Data shown is
repeated 3 times with 5 technical replicates per plate. Data is represented as mean + SEM. **
p<0.01, *** p<0.001 vs Untreated; axx p<0.001 vs Cisplatin.

5.5.1.2. The effect of “priming” with CBD prior to 100 uM cisplatin in
cancer cells

MDA-MB231 cells were “primed” prior to 100 uM cisplatin treatment for 24 hours
and cell viability was assessed using an MTT assay (Figure 5.2.) (Section 2.7.2.). A
significant reduction in cell viability was observed following cisplatin (47.33 1 5.044 %)
(p<0.001) and combination treatment (72.67 + 1.453 %) (p<0.01). Following “priming”
treatment, a significant reduction in cell viability was observed; 0.1 uM CBD (30.11 %
7.012 %), 0.5 yM CBD (27.33 + 4.333 %), 1 uM CBD (21.33 £ 0.882 %), 2.5 yM CBD
(7.66 = 1.453 %), 5 uM CBD (8.33 £ 0.881 %)) (p<0.001). A significant reduction in cell
viability compared to cisplatin treatment alone was observed following “priming”
treatments with 1 yM CBD (p<0.01), 2.5 yM CBD (p<0.001), 5 yM CBD (p<0.01).

Comparing “primed” treatments against combination a significant reduction for all

216





treatments was seen; 0.1 yM CBD (p<0.01), 0.5 uM CBD (p<0.01), 1 uM CBD (p<0.001),

2.5 uM CBD (p<0.001), 5 uM CBD (p<0.01).

Note that further to these viability assessments “priming” will consist of a
complete profile of pre-treatment with 0.1 yM CBD, 0.5 yM CBD, 1 yM CBD, 2.5 yM
CBD and 5 yM CBD for 24 hours prior to 100 uM cisplatin for 24 hours. Moreover a
comparison of 1 yM CBD, 100 uM cisplatin, combination and 1 uM “priming” will be

examined for each assessment unless otherwise stated.
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Figure 5.2. The effect of “priming” with CBD prior to 100 uM cisplatin treatment for 24
hours on cancer cell viability.

Cancer cells following "priming” with 0.1 yM-5 yM CBD 24 hours prior to 100 yM cisplatin
treatment for 24 hours. The cells viability was examined using an MTT assay. Data shown is
repeated 3 times with 5 technical replicates per plate. Data is represented as mean £ SEM. **
p<0.01, *** p<0.001 vs Untreated; & p<0.05, aa p<0.01, aaa p<0.001 vs Cisplatin; °° p<0.01, °°°
p<0.001 vs Combination.

To further asses cell viability a lactate dehydrogenase assay was carried out
which assess damage and toxicity to the cell (Section 2.7.3.). An increase in lactate
dehydrogenase concentrations was observed following “priming” treatment with 0.1 uyM
CBD (348.8 +4.33 %) (p<0.001), 0.5 uM CBD (279.6 + 44.24%) (p<0.05) and 1 uM CBD
(263.5 + 41.15 %) (p<0.001) (Figure 5.3.). However the increase observed had a dose
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dependant decrease as “priming” dose increased. Furthermore, this decrease returned

to non-significant levels as the dose increased to 2.5 yM CBD and 5 yM CBD “primed”.
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Figure 5.3. The effect of “priming” with CBD on MDA-MB231’s lactate dehydrogenase
concentrations.

MDA-MB231 cell's lactate dehydrogenase were analysed following “priming” treatment. Data
shown is repeated 3-5 times with 5 technical replicates per plate. The dashed line represents
untreated cells and data was normalised to cell count. Data is represented as mean + SEM. *
p<0.05, *** p<0.001 vs Untreated.

Lactate dehydrogenase concentrations were compared for each treatment
carried out: CBD, cisplatin, combination and “priming” (Figure 5.34). Levels of lactate
dehydrogenase which indicated cellular damage and toxicity were unchanged with
cisplatin and combination treatment however, when the cells were “primed” there was
an increase compared to untreated cells (263.5 £ 41.15 %) (p<0.05) (Figure 5.4.). This

increase was also significantly enhanced compared to CBD (p<0.05).
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Figure 5.4. MDA-MB231 lactate dehydrogenase concentration following treatment with
CBD, cisplatin, combination and “priming” with CBD.

Lactate dehydrogenase concentration was compared against each other. Data shown is
repeated 3-5 times with 5 technical replicates per plate. The dashed line represents untreated
cells and data was normalised to cell count. Data is represented as mean + SEM. * p<0.05, **
p<0.01 vs Untreated; # p<0.05 vs CBD.

Assessment of the cancer cells growth and proliferation was carried out using a
BrdU cell proliferation assay (Section 2.7.4.). Cancer cell's growth and proliferation
showed a significant decrease with 100 pM cisplatin and all “priming” doses (p<0.001)

(Figure 5.5.) (Table 5.1.).
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Figure 5.5. The cell growth and proliferation of MDA-MB231 cells following treatment with
100 uM cisplatin and “priming”.

MDA-MB231’s growth was examined following 100 uM cisplatin and 0.1 uM-5 yM CBD “priming’
treatment. Data shown is repeated 3 times with 5 technical replicates per plate. Data is
represented as mean £ SEM. *** p<0.001 vs Untreated.

Table 5.1. Cell growth and proliferation of MDA-MB231 values following “priming”.
0.1uMCBD | 0.5uMCBD 1uMCBD  25uMCBD  5uM CBD | 100 uM Cisplatin |

Average (%) 25.33 24.67 27.00 26.67 24.00 27.33
S.E.M. 2.906 2.848 5.033 6.173 7.506 2.186

5.5.2. The effect of “priming” on control cell’s viability

Control cells were also examined for “priming” to observe whether the “normal”
cells would react the same as cancer cells. Cell viability was again assessed by MTT
assay (Section 2.7.2.) and lactate concentration (Section 2.7.3). Cell proliferation was

assessed using a BrdU proliferation assay (Section 2.7.4.).
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5.5.21. “Priming” with CBD prior to 50 uM cisplatin treatment’s
effect on control cell viability

Control cells cell viability was measured using an MTT assay (Section 2.7.2.)
and was reduced following 50 uM cisplatin treatment (83.54 + 2.280 %) (p<0.05) (Figure
5.6.). No significant reduction in cell viability was observed following “priming” treatment
until 2.5 yM CBD (73.67 £ 4.667 %) (p<0.05) and 5 uM CBD treatment (61.04 + 6.429

%) (p<0.001).
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Figure 5.6. The effect of “priming” with CBD prior to 50 uM cisplatin treatment on control
cell’s viability.

Control cells following “priming” with 0.1 yM- 5 yM CBD 24 hours prior to 50 uM cisplatin
treatment for 24 hours. Cell viability was examined using an MTT assay. Data shown is repeated
3 times with 5 technical replicates per plate. Data is represented as mean £+ SEM. * p<0.05, ***
p<0.001 vs Untreated.

5.5.2.2. The effect of “priming” with CBD prior to 100 uM cisplatin
treatment on control cell’s viability

To assess cell viability following “priming” with CBD prior to 100 uM cisplatin an
MTT assay was carried out (Section 2.7.2.). A significant reduction in cell viability was
observed following 100 pM cisplatin (33.46 £ 2.794 %) (p<0.001) and combination

treatment (70.67 = 5.457 %) (p<0.05) (Figure 5.7.). Control cell viability was reduced
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following “priming” treatment; 0.1 yM CBD (45.23 + 11.382 %) (p<0.01), 0.5 uM CBD,
(48.38 + 15.621 %) (p<0.01), 1.0 uM CBD (41.17 £ 9.914 %) (p<0.001), 2.5 uM CBD,
(33.90 £ 14.551 %) (p<0.001), 5 uM CBD (30.61 = 16.190 %) (p<0.001). However, no

difference between “priming” and 100 uM cisplatin alone was observed.

Note that further to these viability assessments “priming” will consist of a
complete profile of pre-treatment and a comparison graph as discussed in section

5.2.1.2.

MCF10A

1501

100+

Cell Viability
{% of Control)

i

¥
_|;t
ES
H

0 T T T T T

N \'b-\\o ,3;000 & Qfa WO '1,?:' L)
Sl : |
Q@‘x‘ ® CBD Concentrations (uM)
N prior to 100 puM cisplatin

Figure 5.7. Control cell viability following treatment of “priming” with CBD prior to 100 uM
cisplatin treatment for 24 hours.

Control cells following “priming” with 0.1 yM- 5 yM CBD 24 hours prior to 100 yM cisplatin
treatment for 24 hours. The cells viability was examined using an MTT assay. Data shown is
repeated 3 times with 5 technical replicates per plate. Data is represented as mean + SEM. *
p<0.05, ** p<0.01, *** p<0.001 vs Untreated.

To measure cell viability further a lactate dehydrogenase assay was carried out
(Section 2.7.3.). Lactate dehydrogenase concentration showed a significant dose
dependant increase following “priming” treatment (Figure 5.8.). The increase was
observed following 0.1 yM CBD (305.3 £ 5.33 %) (p<0.001), 0.5 uM CBD (317.1 £ 6.92

%) (p<0.001), 1 uM CBD (326.5 + 8.76 %) (p<0.001), 2.5 uM CBD (535.1 + 11.21 %)
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(p<0.001) and 5 yM CBD (587.2 + 84.17 %) (p<0.01) treatment compared to untreated

cells.
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Figure 5.8. Control cells lactate dehydrogenase concentration following “priming”
treatment.

Control cell’s lactate dehydrogenase concentrations were analysed following “priming” treatment.
Data shown is repeated 3-5 times with 5 technical replicates per plate. The dashed line
represents untreated cells and data was normalised to cell count. Data is represented as mean
+ SEM. ** p<0.01, *** p<0.001 vs Untreated.

The lactate dehydrogenase concentration of each previous treatment used:
CBD, cisplatin, combination and “priming”, was compared to each other (Figure 5.9).
Lactate dehydrogenase concentrations were unchanged following CBD treatment. An
increase in lactate dehydrogenase concentrations was observed following treatment
with cisplatin (232.8 + 4.85 %) compared to untreated cells (p<0.05), CBD (p<0.001)
and combination (p<0.001) treatment. Following treatment with combination a significant
increase (147.7 £ 3.33 %) compared to untreated cells (p<0.05) and CBD (p<0.001) was

observed. “Priming” treatment showed an increase in lactate dehydrogenase
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concentrations (326.5 + 8.76 %) compared to untreated cells (p<0.01), CBD (p<0.001),

cisplatin (p<0.001) and combination (p<0.001).
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Figure 5.9. Lactate dehydrogenase concentration in control cells for all treatments
compared to each other.

Control cell's lactate dehydrogenase concentrations were compared against each other. Data
shown is repeated 3-5 times with 5 technical replicates per plate. The dashed line represents
untreated cells and data was normalised to cell count. Data is represented as mean + SEM. *
p<0.05, *** p<0.001 vs Untreated; ### p<0.001 vs CBD; =ax p<0.001 vs Cisplatin; °°° p<0.001
vs Combination.

Control cell growth and proliferation was investigated using a BrdU proliferation
assay (Section 2.7.4.). Control cell growth was inhibited following treatment with 100 uM
cisplatin (p<0.001) (Figure 5.10.) (Table 5.2.). There was a similar response following
“priming” treatment. No difference was observed between cell growth of 100 uM cisplatin

and “primed” cells.
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Figure 5.10. The effect of control cell growth and differentiation following treatment with
100 pM cisplatin and “priming” with CBD.

Normal cell’s growth was examined after 100 uM cisplatin and 0.1 yM-5 yuM CBD “priming”. Data
shown is repeated 3 times with 5 technical replicates per plate. Data is represented as mean *
SEM. *** p<0.001 vs Control.

Table 5.2. Control cell growth and differentiation absolute values following “priming”.

0AuyMCBD | 05uMCBD | 1pMCBD | 25uMCBD | 5uMCBD | 100 uM Cisplatin

Average (%) 17.33 14.33 14.33 16.00 15.67 18.00
S.E.M. 1.764 2.963 6.360 2.082 3.480 1.528

5.5.3. The effect of “priming” with CBD on additional cancer cell’s
viability
“Priming” with 1 uM CBD and 100 uM cisplatin treatment on MDA-MB231 breast
cancer cells was shown to enhance cancer cell death. Several additional cancer cell
lines were examined following “priming” with CBD. Cell viability was assessed using an

MTT assay (Section 2.7.2.).
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5.5.3.1. The effect of “priming” with CBD in liver cancer cells
(HepG2) cell viability
Liver cancer cells (HepG2) showed a significant reduction in cell viability
following 100 uM cisplatin (57.33 + 0.882 %) (p<0.01) and combination treatment (58.33
1 5.608 %) (p<0.05) (Figure 5.11.). “Priming” showed a significant reduction in viable
cells with all treatments; 0.1 uM CBD (67.40 + 5.644 %) (p<0.01), 0.5 uM CBD (64.80 +
4.352 %) (p<0.01), 1 uM CBD (54.50 £ 2.723 %) (p<0.001), 2.5 uM CBD (52.50 + 1.258
%) (p<0.001), 5 uM CBD (39.13 + 1.958 %) (p<0.001). Furthermore, 5 yM CBD “primed”

showed a significant decrease compared to 100 pM cisplatin treatment alone (p<0.05).
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Figure 5.11. Liver cancer cell’s viability following “priming” with CBD prior to 100 uM
cisplatin treatment, cisplatin and combination treatments.

Liver cancer cells were examined following “priming” with 0.1 uM-5 yM CBD for 24 hours prior to
100 uM cisplatin treatment for 24 hours. Data shown is repeated 3 times with 5 technical
replicates per plate. Data is represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs
Untreated; & p<0.05 vs Cisplatin.
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5.5.3.2.  Cell viability’s effect following “priming” with CBD in colon
cancer cells (HT29)

HT29, colon cancer cell lines showed a significant reduction in cell viability with
100 uM cisplatin treatment (81.50 + 2.742 %) (p<0.001) (Figure 5.12.). No difference
between combination and control treatments was observed. However, “priming” showed
a significant reduction in cell viability; 0.1 yM CBD (72.11 £ 2.646 %) (p<0.01), 0.5 uyM
CBD (71.25 £ 6.460 %) (p<0.01), 1 uM CBD (65.04 + 3.215 %) (p<0.001), 2.5 yM CBD
(56.23 £ 2.646 %) (p<0.001), 5 yM CBD (55.33 + 2.667 %) (p<0.001). A significant
decrease was observed compared to cisplatin following 1 yM CBD “primed” (p<0.01),
25 uyM CBD “primed” (p<0.001) and 5 uyM CBD “primed” treatment (p<0.001).
Furthermore, a significant decrease was observed compared to combination treatment
following 1 yM CBD “primed” (p<0.01), 2.5 yM CBD “primed” (p<0.001) and 5 yM CBD

“primed” treatment (p<0.001).
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Figure 5.12. The effect of cisplatin, combination and “priming” treatment on colon cancer
cells viability.

Colon cancer cells were examined following “priming” with 0.1 yM-5 yM CBD for 24 hours prior
to 100 uM cisplatin treatment for 24 hours. Data shown is repeated 3 times with 5 technical
replicates per plate. Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs Untreated;
on p<0.01, = p<0.001 vs Cisplatin; °° p<0.01, °°° p<0.001 vs Combination.
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5.5.3.3. The effect of “priming” with CBD in breast cancer cells
(MCF7) cell viability

MCF7, breast cancer cells were assessed as a negative “priming” control due to
cisplatin having no effect on MCF7 cell viability. No change was also observed with
combination treatments (Figure 5.13.). Following “priming”, a significant increase in
viable cells was observed; 0.1 yM CBD (136.41 £ 5.913 %) (p<0.001), 0.5 yM CBD
(135.63 + 7.760 %) (p<0.001), 1 yM CBD (123.42 + 9.147 %) (p<0.05). This increase
had a tendency for reduction as the dose increased resulting in no difference between

untreated cells and 2.5 yM CBD and 5 yM CBD “primed”.
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Figure 5.13. Breast cancer (MCF7) cells cell viability following treatment with cisplatin,
combination and “priming” with CBD prior to 100 pM cisplatin.

Breast cancer (MCF7) cells following “priming” with 0.1 uM-5 yM CBD for 24 hours prior to 100
UM cisplatin treatment for 24 hours. Data shown is repeated 3 times with 5 technical replicates
per plate. Data is represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated.
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5.5.3.4. The effect of “priming” with CBD in lung cancer cells (A549)
cell viability

Lung cancer, A549, cells showed no difference following 100 uM cisplatin and
combination treatments (Figure 5.14.). As another negative control to “priming” a trend
to increase in cell viability was observed as doses of CBD “priming” increased from 1
puM CBD (138.53 + 11.273 %) (p<0.05), 2.5 yM CBD (164.82 + 15.221 %) (p<0.05) to 5
MM CBD (135.21 + 9.394 %) (p<0.05). Compared to cisplatin a significant increased
difference was observed with 0.5 uM CBD (p<0.05), 1 uM CBD (p<0.05), 2.5 yM CBD
(p<0.001) and 5 yM CBD (p<0.05). A significant increase compared to combination

treatment was observed with 2.5 yM CBD (p<0.01).
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Figure 5.14. The effect of cisplatin, combination and “priming” on the cell viability of lung

cancer cells.

Lung cancer cells following treatment with “priming” 0.1 uM-5 uM CBD for 24 hours prior to 100
UM cisplatin treatment. Data shown is repeated 3 times with 5 technical replicates per plate. Data
is represented as mean + SEM. * p<0.05 vs Untreated; & p<0.05, max p<0.001 vs Cisplatin; °°

p<0.01 vs Combination.
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5.5.3.5. “Priming” with CBD’s effect on the cell viability of
mitochondria altered cells (Rho0)

Complex | and IV in the mitochondria were altered in A549 cells to create a
mitochondria “free” cell line, Rho0. RhoO cell viability was significantly reduced
compared to the control with 100 yM cisplatin (77.67 £ 8.762 %) (p<0.01) and
combination treatment (67.67 £ 3.480 %) (p<0.001) (Figure 5.15.). A trend to decrease
in cell viability was observed following “priming” from 0.1 uM CBD (59.60 £ 3.280 %),
0.5 uM CBD (54.13 + 2.302 %), 1 uM CBD (51.40 + 2.874 %), 2.5 uM CBD (46.40 +
2.227 %), 5 yM CBD (36.20 £ 3.184 %) (p<0.001). A significant difference compared to
cisplatin treatment was observed with 0.1 yM CBD (p<0.05), 0.5 uM CBD (p<0.05), 1
uM CBD (p<0.001), 2.5 yM CBD (p<0.001) and 5 yM CBD (p<0.001). A significant
decrease compared with combination was observed following 2.5 yM CBD “priming”

(p<0.01), 5 uM CBD “priming” (p<0.001) treatment.
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Figure 5.15. The effect of cell viability in mitochondria altered cells following treatment
with cisplatin, combination and “priming” with CBD.

Mitochondria altered cells following “priming” treatment with 0.1 yM-5 yM CBD for 24 hours prior
to 100 uM cisplatin treatment for 24 hours. Data shown is repeated 3 times with 5 technical
replicates per plate. Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs Untreated,;
1 p<0.05, ax p<0.01, = p<0.001 vs Cisplatin; °° p<0.01, °°° p<0.001 vs Combination.
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5.5.4. The effect of cell viability following “priming” with other
molecules

5.5.41. “Priming” with quercetin’s effect on cell vaibility

The effect of “priming” with quercetin treatment has already been pursued in
cancer cells (Sharma et al. 2005, Kuhar et al. 2007). This work was re-evaluated here
using MDA-MB231 cancer cells and MCF10A control cells with the same “priming” dose

cited.

Cancer cells showed no difference in cell viability following treatment with 40 yM
quercetin alone but a significant reduction with cisplatin treatment was observed (44.25
1 2.529 %) (p<0.01) (Figure 5.16.A.). A significant reduction in cell viability was shown
following “priming” with quercetin (42.28 + 8.064 %) however, it was only significantly

different to untreated (p<0.01) and 40 uM quercetin alone treatment (p<0.05).

Control cells showed no difference when treated with 40 uM quercetin (Figure
5.16.B.). A significant reduction in cell viability was observed following “priming” (45.94
1 8.148 %) however, again this was only significantly different to untreated cells (p<0.01)

and 40 uM quercetin treatment (p<0.05).
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Figure 5.16. The effect of cell viability following treatment with 40 pM quercetin, cisplatin
and “priming” with quercetin in MDA-MB231 and MCF10A cells.

“Priming” with 40 uM quercetin for 24 hours prior to 100 uM cisplatin treatment for 24 hours was
assessed. (A) MDA-MB231 cells and (B) MCF10A cells were assessed using an MTT assay.
Data shown is repeated 3 times with 5 technical replicates per plate. Data is represented as mean
+ SEM. ** p<0.01 vs Untreated; ¢ p<0.05 vs Quercetin.

5.5.4.2. The effect of cell viability following “priming” with acetate

Acetate was also examined as a potential “priming” model for both the MDA-

MB231 cancer cells and control cells.

Treatment with TmM acetate showed no change in cell viability (98.33 + 1.453
%) (Figure 5.17.A.). “Priming” with acetate showed a significant reduction in cell viability
(58.11 £ 0.577 %) (p<0.001). This reduction was also significate to 1 mM acetate alone

(p<0.001) and 50 pM cisplatin (p<0.01).

The control cells showed no change in cell viability following 1 mM acetate
treatment (112.11 £ 11.551 %) (Figure 5.17.B.). However, when the cells were “primed”
a significant increase (194.71 + 0.882 %) in viable cells was observed compared to

untreated cells (p<0.001), 1 mM acetate (p<0.001) and 50 pM cisplatin (p<0.001).
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Figure 5.17. The effect of 1 mM acetate, 50 uM cisplatin and “priming” with acetate prior
to 50 uM cisplatin in cancer and control cell viability.

Acetate (1 mM) was used as a “priming” treatment 24 hours prior to 50 yM cisplatin treatment for
24 hours. (A) MDA-MB231 cells were treated with 1 mM acetate, 50 uM cisplatin and acetate
“priming”. (B) MCF10A cells were treated with the same conditions prior to MTT assay. Data
shown is repeated 3 times with 5 technical replicates per plate. Data is represented as mean +
SEM. ** p<0.01, *** p<0.001 vs Untreated; ¥¥¥ p<0.001 vs Acetate; © p<0.05, ax p<0.01, son
p<0.001 vs Cisplatin.

“Priming” with 1 mM acetate and 100 uM cisplatin treatment showed no change
in cell viability following 1mM acetate treatment (Figure 5.18.A.). However, acetate
“priming” showed a significant decrease in cell viability (56.14 £ 2.646 %) (p<0.01). This
was not only significant to untreated levels but also when compared with 1 mM acetate
alone (p<0.001). However, no added enhancement was observed compared to cisplatin

alone.

Control cells showed no change following 1 mM acetate treatment. Interestingly
a significant decrease in cell viability was observed with “priming” (80.13 + 4.564 %)
(p<0.05) (Figure 5.18.B.). No added effect was observed when compared to acetate or

cisplatin treatment alone.
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Figure 5.18. The effect of 1 mM acetate, 100 uM cisplatin and “priming” with acetate prior
to 100 uM cisplatin treatment on cancer and control cell viability.

Acetate (1 mM) was used as a “priming” treatment 24 hours prior to 100 uM cisplatin treatment
for 24 hours. (A) MDA-MB231 cells were treated with 1 mM acetate, 100 uM cisplatin and acetate
“priming”. (B) MCF10A cells were treated with the same conditions prior to MTT assay. Data
shown is repeated 3 times with 5 technical replicates per plate. Data is represented as mean +
SEM. * p<0.05, ** p<0.01 vs Untreated; ¥¥¥ p<0.001 vs Acetate.
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5.6. “Priming” with CBD’s effect on AMPK activity in the cell

AMPK activity was measured as it has been previously mentioned to increase
tumourogensis when AMPK itself is increased (Section 3.5.). Following CBD treatment
there was a trend to decreased AMPK activity in cancer cells (3.5.1.). Investigating
AMPK's role in “priming” with CBD could highlight the molecular mechanism by which

“priming” is working.

5.6.1. Cancer cell’s AMPK activity following “priming” with CBD

5.6.1.1. The effect of “priming” with CBD in cancer cell’'s AMPK
activity
AMPK activity was measured following “priming” with CBD in cancer cells (Section
2.8.). A significant decrease in AMPK activity was observed following treatment with 0.1
uM CBD (65.80 + 7.742 %), 0.5 uM CBD (62.80 + 10.032 %), 1 uM CBD (69.13 + 9.051
%), 2.5 uM CBD (66.20 * 7.832 %) and 5 uM CBD (67.85 + 5.967 %) (p<0.05) (Figure

5.19.). This decrease remained constant for all doses of CBD “priming”.
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Figure 5.19. AMPK activity was assayed following treatment with “priming” in cancer cells.
MDA-MB231 cells were analysed for any alteration to AMPK activity following “priming”
treatment. Data shown is repeated 3-4 times. Data is represented as mean + SEM. * p<0.05, vs
Untreated.
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5.6.1.2. The comparison of “priming” with CBD with all other
previous treatments in cancer cells

AMPK activity of all the treatments were compared against each other and showed

no added difference between treatments (Figure 5.20.).

MDA-MB231

200+

150

100+

AMPK Activity
(%based on control levels)

504

Figure 5.20. The effect of CBD, cisplatin, combination and “priming” on MDA-MB231’s
AMPK activity.

MDA-MB231 cell treatments were compared against each other for AMPK activity comparison.
Data shown is repeated 3-4 times. Data is represented as mean + SEM. * p<0.05, vs Untreated.

5.6.2. The effect of “priming” with CBD on the AMPK activity of
control cells

5.6.2.1. “Priming” with CBD’s effect on AMPK activity in control
cells

Control cell's AMPK activity showed no difference to untreated levels with all
treatment doses of “priming” (Figure 5.21.). “Priming” with CBD was similar to untreated

cell levels.
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Figure 5.21. Control cell’s AMPK activity following “priming” treatment.
Control cells were analysed for any alteration to AMPK activity following “priming” treatment. Data

shown is repeated 3-4 times. Data is represented as mean = SEM.

5.6.2.2. Comparing “priming” with CBD with all other previously
examined treatments

Comparing all treatments performed on the control cells showed no further

difference between treatments (Figure 5.22.).

MCF10A

2004

150+

1004 T

AMPK Activity
(%based on control levels)

otetitatete!

R

feteteds

4

bt

Figure 5.22. Control cell’s AMPK activity treatments compared to each other.
The treatments performed on control cell’'s AMPK activity was compared against each other. Data
shown is repeated 3-4 times. Data is represented as mean + SEM. * p<0.05, vs Untreated.
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5.7. The effect of “priming” with CBD on the ROS levels in
the cell

There are several key regulators of cellular metabolism which include ROS (Section
1.1.3.4. and 3.6.). ROS levels can control a cell's fate whereby increased ROS leads to
increased cell death (Brookes et al. 2004, Sena and Chandel 2012). Increased levels of

ROS were observed in cancer cells following CBD treatment (Section 3.6.1.) and

cisplatin treatment (4.5.1.).

5.7.1. Cancer cell’s ROS levels following “priming” with CBD

5.7.1.1. The effect of “priming” with CBD on cancer cell’s ROS
levels

ROS levels were measured using a DCFDA assay (Section 2.9.) following
“priming” treatment (Section 2.6.5.). There was a significant increase in ROS following
“priming” treatment with 0.1 yM CBD (8.95 £ 0.256 A.U.) (p<0.01), 0.5 uM CBD (8.88 +
0.253 A.U.) (p<0.01), 1 uM CBD (9.87 £+ 0.338 A.U.) (p<0.01), 2.5 uM CBD (15.39 +
0.629 A.U.) (p<0.01) and 5 uM CBD (18.32 + 1.898 A.U.) (p<0.05) (Figure 5.23.). A dose

dependant increase was observed with “priming”.
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Figure 5.23. MDA-MB231 ROS levels following “priming” treatment.

Cancer cells (MDA-MB231) ROS levels were analysed following “priming” treatment. Data shown
was repeated 3-5 times with 5 technical replicates per plate. The dashed line represents
untreated cells and data was normalised to cell count. Data is represented as mean + SEM. *
p<0.05, ** p<0.01 vs Untreated.

5.71.2. The effect of “priming” with CBD compared to all other
previously examined treatments

Following cisplatin treatment ROS levels increased (7.11 = 0.150 A.U.)
compared to untreated cells (p<0.001), CBD (p<0.001) and combination treatment
(p<0.001) (Figure 5.24.). The increase observed with “priming” was not only significant
to untreated cells (p<0.05) but also to CBD (p<0.001), cisplatin (p<0.01) and

combination (p<0.001) treatments.
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Figure 5.24. MDA-MB231 cells ROS levels were compared to all other treatments.
MDA-MB231 cell's ROS levels were compared against each other. Data shown is repeated 3-5
times with 5 technical replicates per plate. The dashed line represents untreated cells and data
is normalised to cell count. Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs
Untreated; ### p<0.001 vs 1 uM CBD; ax p<0.01, max p<0.001 vs Cisplatin; °°° p<0.001 vs
Combination.
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5.7.2. The effect of “priming” with CBD in control cell’s ROS levels

5.7.21. “Priming” with CBD’s effect on control cell’s ROS levels

ROS showed a trend to decrease following “priming” compared to untreated cells
(Figure 5.25.). A significant reduction was observed following treatment with 0.5 yM CBD
(0.81 £ 0.044 A.U.) (p<0.05), 1 uM CBD (0.69 + 0.047 A.U.) (p<0.05) and 2.5 uM CBD

“primed” (0.58 + 0.047 A.U.) (p<0.05).
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Figure 5.25. The effect of “priming” with CBD on control cell’s ROS levels.

Control cell’'s ROS levels were analysed following “priming”. Data shown is repeated 3-5 times
with 5 technical replicates per plate. The dashed line represents untreated cells and data is
normalised to cell count. Data is represented as mean + SEM. * p<0.05, vs Untreated.

5.7.2.2. The effect of “priming” with CBD compared to all other
previously examined treatments

Following cisplatin treatment ROS levels were significantly increased compared
to untreated levels (7.15 £ 0.927 A.U.) (p<0.01), CBD (p<0.05), combination (p<0.01)

and “priming” (p<0.05) treatment (Figure 5.26.).
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Figure 5.26. Control cell’s ROS levels compared with all treatments.

Control cell’'s ROS levels were compared against each other. Data shown is repeated 3-5 times
with 5 technical replicates per plate. The dashed line represents untreated cells and data is
normalised to cell count. Data is represented as mean + SEM. * p<0.05, vs Untreated; # p<0.05
vs 1 uM CBD; = p<0.05, ax p<0.01 vs Cisplatin.
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5.8.

The cellular Ca?* level’s following “priming” with CBD

As mentioned previously another important regulator of cellular metabolism and cell

viability is Ca?* levels (Section 1.1.3.3. and 3.7.). Following both CBD (Section 3.7.1.)

and cisplatin (Section 4.6.1.) treatment an increase in Ca?* levels was observed.

5.8.1. The effect of “priming” with CBD in the Ca?* levels of cancer

cells

5.8.1.1.
cells

“Priming” treatment’s effect on the Ca?* levels of cancer

Measuring Ca?* levels was carried out using a Fluo-4 Direct™ Calcium Assay

(Section 2.10.). Following “priming” treatment a significant dose dependant increase in

calcium levels was observed compared to untreated cells (Figure 5.27.). This increase

was observed with all doses of “priming” (p<0.001) (Table 5.3.).
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Figure 5.27. MDA-MB231 calcium levels following “priming” treatment.

MDA-MB231 cell’s calcium levels following “priming” treatment. Data shown is repeated 3-5 times
with 5 technical replicates per plate. The dashed line represents untreated cells and data is
normalised to cell count. Data is represented as mean + SEM. *** p<0.001 vs Untreated.
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Table 5.3. MDA-MB231 calcium levels absolute values following “priming”.

01puMCBD |05pMCBD | 1uMCBD | 25uMCBD |5puM CBD

Average (A.U.) 2.83 3.35 3.57 4.99
S.E.M. 0.244 0.218 0.168 0.286

5.8.1.2. The effect of “priming” with CBD compared against the
previously examined treatments

A significant increase in calcium levels was observed following cisplatin
treatment (1.52 £ 0.157 A.U.) which was significant to untreated cells (p<0.05), CBD
(p<0.05), combination (p<0.001) and “priming” (p<0.001) treatment (Figure 5.28.).
Combination treatment (0.72 + 0.086 A.U.) showed a significant decrease in calcium
levels compared to untreated cells (p<0.05) and CBD (1.19 £ 0.038 A.U.) (p<0.001).
Finally, a significant increase in calcium levels was observed with “priming” (3.57 £ 0.168
A.U.) compared to untreated cells (p<0.001), CBD (p<0.001), cisplatin (p<0.001) and

combination (p<0.001).
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Figure 5.28. MDA-MB231 calcium levels for all treatments compared against each other.
MDA-MB231 cell’s calcium levels were compared against each other. Data shown is repeated 3-
5 times with 5 technical replicates per plate. The dashed line represents untreated cells and data
is normalised to cell count. Data is represented as mean + SEM. * p<0.05, *** p<0.001 vs
Untreated; # p<0.05, ## p<0.01, ### p<0.001 vs 1 yM CBD; =rmr p<0.001 vs Cisplatin; °°°
p<0.001 vs Combination.
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5.8.2. The effect of Ca?* levels in control cells following “priming”
with CBD

5.8.2.1. “Priming” with CBD’s effect on Ca?* levels in control cells

A significant increase in calcium levels was observed following “priming” with
0.1 uM, 0.5 M, 1 uM, 2.5 pM and 5 uM CBD compared to untreated cells (p<0.001)

(Figure 5.29.) (Table 5.4.). The increase observed was at a constant level for all doses

of “priming”.
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Figure 5.29. Control cells calcium levels following “priming” treatment.
Control cell’s calcium levels were analysed following “priming”. Data shown is repeated 3-5 times

with 5 technical replicates per plate. The dashed line represents untreated cells and data is
normalised to cell count. Data is represented as mean + SEM. *** p<0.001 vs Untreated.

Table 5.4. Control cells calcium levels after “priming” values.

0.1uM CBD | 0.5uM CBD | 1 pM CBD 25uMCBD | 5puM CBD

Average (A.U.) 1.58 1.81 1.75 1.69 1.80
S.E.M. 0.109 0.139 0.143 0.115 0.145
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5.8.2.2. The effect of “priming” on control cell’s Ca?* levels when
compared to all other previously examined treatments

Calcium levels following cisplatin treatment (4.91 + 0.457 A.U.) showed a
significant increase compared to untreated cells (p<0.01), CBD (p<0.001) and
combination treatment (p<0.001) (Figure 5.30.). An increase was also observed
following combination treatment (3.25 * 0.303 A.U.) compared to untreated cells
(p<0.01) and CBD (p<0.001). Following treatment with “priming” (1.75 £ 0.143 A.U.) a
significant increase was observed compared to untreated levels (p<0.001) and CBD
(p<0.05). However, a significant decrease was observed compared to cisplatin

(p<0.001).
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Figure 5.30. The effect of CBD, cisplatin, combination and “priming” treatment in control
cells calcium levels.

Control cell’s calcium levels were compared against each other. Data shown is repeated 3-5
times with 5 technical replicates per plate. The dashed line represents untreated cells and data
is normalised to cell count. Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs
Untreated; # p<0.05, ### p<0.001 vs 1 yM CBD; = p<0.001 vs Cisplatin.
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5.9. “Priming” with CBD’s effect on the mitochondrial
function in the cell
Mitochondrial sensitization has been shown to be important for “priming” and
understanding any alterations within mitochondrial function is key (Section 1.4.1., 1.4.3.
and 1.4.4.) (Chonghaile et al. 2011, Reed 2011, Sarosiek et al. 2013). As seen earlier,
treatment with CBD for 24 hours increased in mitochondrial dysfunction and respiration

(Section 3.8.).

5.9.1. The cancer cell’s mitochondrial function following “priming”
with CBD

5.9.1.1. The effect of “priming” with CBD compared to previously
examined treatments

Mitochondrial respiration was analysed using a Seahorse Bioanalyser Mitostress
test (Section 2.11.). An increase in basal mitochondrial respiration was observed
following CBD treatment (411.0 £ 28.19 pMoles/min) (p<0.05). However, following
treatment with “priming” (226.3 + 18.63 pMoles/min) a decrease was observed
compared to untreated cells (313.1 + 41.95 pMoles/min) (p<0.01) (Figure 5.31.A). No

further significance was observed between the treatments.

Non-mitochondrial respiration was reduced following treatment with CBD (279.6
+ 31.92 pMoles/min) (p<0.05), cisplatin (175.1 + 25.29 pMoles/min) (p<0.001),
combination (229.9 + 61.53 pMoles/min) (p<0.01) and “priming” (193.9 + 64.06
pMoles/min) (p<0.01) compared to untreated cells (499.1 + 99.19 pMoles/min) (Figure

5.31.B). There was no additional significant alterations between treatments.
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Figure 5.31. Mitochondrial and non-mitochondrial respiration of MDA-MB231 cells with all
treatments compared to each other.
MDA-MB231 cell’'s (A) basal mitochondrial and (B) non-mitochondrial respiration was compared

against each other. Data shown is repeated 3-5 times with 4 technical replicates per plate. Data
is normalised to protein concentration. Data is represented as mean £ SEM. * p<0.05, ** p<0.01,
*** p<0.001 vs Untreated.

A significant increase in relative ATP production levels was observed following
CBD treatment (358.1 + 17.32 pMoles/min) (p<0.01), which was also significant
compared to cisplatin (p<0.05) and “priming” treatment (p<0.05) (Untreated cells; 243.5
+ 36.93 pMoles/min) (Figure 5.32.A). “Priming” showed a significant reduction in ATP
production (136.6 + 6.87 pMoles/min) compared to untreated cells (p<0.001). Proton
leak levels had no additional difference compared to each other (Figure 5.32.B).
However, proton leak was increased compared to untreated cells following treatment
with “priming” (85.5 + 2.85 pMoles/min) (p<0.01) (Untreated cells; 70.4 + 8.65
pMoles/min). Maximal respiration was increased following CBD treatment compared to
untreated cells (625.5 + 70.17 pMoles/min) (p<0.001), cisplatin (p<0.01), combination
(p<0.01) and “priming” (p<0.05) (Untreated cells; 406.2 £+ 45.56 pMoles/min) (Figure
5.32.C.). Following combination treatment a decrease in maximal respiration was
observed compared to untreated cells (319.8 £ 34.27 pMoles/min) (p<0.05). A significant

reduction in spare respiration capacity was observed following cisplatin treatment (58.9
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+ 22.82 pMoles/min) (p<0.01) compared to untreated cells (149.5 + 34.56 pMoles/min)

however, there was no added difference to any other treatments (Figure 5.32.D.).
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Figure 5.32. MDA-MB231 mitochondrial function analysis for all treatments compared to

each other.
MDA-MB231 cell’s mitochondrial (A) ATP levels, (B) Proton leak, (C) maximal respiration and

(D) spare respiration capacity were compared against each other. Data shown is repeated 3-5
times with 4 technical replicates per plate. Data was normalised to protein concentration. Data is
represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05 vs 1 yM

CBD.
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5.9.2. The effect of “priming” with CBD on control cell’s
mitochondrial function

5.9.21. “Priming” with CBD’s effect on mitochondrial function in
control cells compared to previously examined treatments

Basal mitochondria respiration was decreased following treatment with cisplatin
(208.1 £ 31.48 pMoles/min) (p<0.001) and “priming” (248.2 + 48.62 pMoles/min)
(p<0.001) compared to untreated cells (508.4 + 56.75 pMoles/min) (Figure 5.33.A.). The
decrease observed following “priming” treatment was also significant to CBD (p<0.05)

and combination (p<0.05).

A significant decrease in non-mitochondrial respiration was observed following
cisplatin treatment (208.1 £ 31.48 pMoles/min) compared to untreated (p<0.01) and
CBD treatment (p<0.05) (Untreated; 348.1 + 64.52 pMoles/min) (Figure 5.33.B.).
“Priming” treatment showed a significant decrease (159.9 %= 19.43 pMoles/min)

compared to untreated cells (p<0.001) and CBD (p<0.01).
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Figure 5.33. Control cells mitochondrial and non-mitochondrial respiration following
“priming” treatment.

Control cell’'s (A) basal mitochondrial respiration and (B) non-mitochondrial respiration were
compared against each other. Data shown is repeated 3-5 times with 4 technical replicates per
plate. Data was normalised to cell count. Data is represented as mean + SEM. ** p<0.01, ***
p<0.001 vs Untreated; # p<0.05, ## p<0.01 vs 1 uM CBD; ° p<0.05 vs Combination.
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Relative ATP production levels were unchanged for all treatments compared to
the untreated and compared to each other (Figure 5.34.A.). A significant reduction in
proton leak levels were observed following treatment with CBD (26.7 + 4.26
pMoles/min), cisplatin (64.4 + 11.14 pMoles/min), combination (91.9 + 16.72
pMoles/min) and “priming” (60.1 + 19.66 pMoles/min) (p<0.001) when compared to
untreated levels (184.8 + 23.21 pMoles/min) (Figure 5.34.B.). Furthermore, combination
was significantly increased compared to (p<0.05). The maximal respiration capacity of
the cell was decreased following cisplatin (499.7 £ 101.11 pMoles/min) (p<0.05) and
“priming” treatment (423.1 £ 104.62 pMoles/min) (p<0.01) (Figure 5.34.C.). However,
there was no difference to each other or any other treatments. No change in the cell’'s
spare respiration capacity was observed for all treatments compared to untreated cells

and to each other (Figure 5.34.D.).
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Figure 5.34. Control cells mitochondrial functional analysis compared to all other

treatments.
Control cell’s mitochondrial (A) ATP levels, (B) proton leak, (C) maximal respiration and (D) spare

respiration capacity were compared against each other. Data shown is repeated 3-5 times with
4 technical replicates per plate. Data was normalised to cell count. Data is represented as mean
+ SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05 vs 1 yM CBD.
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5.10. The effect of “priming” with CBD on cellular glycolysis

As mentioned previously, cancer cells primarily carry out respiration through
glycolysis known as the “Warburg Effect” (Section 1.1.3.). However, following CBD
treatment for 24 hours there was a shift from the cancerous glycolytic phenotype towards

increased mitochondrial respiration (Section 3.8. and 3.9.).

5.10.1. Cancer cell’s glycolysis following “priming” with CBD
5.10.1.1. “Priming” with CBD’s effect on glycolysis in cancer cells

The cells glycolysis was measured following “priming” with CBD using a
Seahorse Bioanalyser glycotest (Section 2.11.). A decrease in glycolysis was observed
following “priming” treatment for all doses of CBD compared to untreated cells (38.2 +
3.35 mpH/min); 0.1 yM CBD (24.3 + 2.63 mpH/min), 0.5 yM CBD (23.2 + 1.89 mpH/min),
1 uM CBD (23.7 + 2.55 mpH/min), 2.5 uM CBD (18.9 + 1.79 mpH/min), 5 uM CBD (21.9
+ 2.20 mpH/min) (p<0.001) (Figure 5.35.A.). This decrease was at a consistent level for

all treatments of “priming”.

The glycolytic capacity was also decreased following “priming” treatment for all
doses compared to untreated cells (67.0 £ 4.49 mpH/min); 0.1 uM CBD (35.0 + 3.82
mpH/min), 0.5 yM CBD (32.6 £ 2.60 mpH/min), 1 uM CBD (39.6 + 4.95 mpH/min), 2.5
MM CBD (27.0 = 3.02 mpH/min), 5 uM CBD (33.9 £ 3.77 mpH/min) (p<0.001) (Figure

5.35.B.). The doses of “priming” were also constant and similar for all doses.

Following “priming” treatment all doses showed a reduction in the glycolytic
reserve of the cell compared to untreated cells (28.7 £ 2.79 mpH/min); 0.1 yM CBD (12.3
+ 1.43 mpH/min), 0.5 uM CBD (9.1 + 1.28 mpH/min), 1 uyM CBD (13.1 £ 1.28 mpH/min),
2.5 uM CBD (8.8 + 1.06 mpH/min), 5 uM CBD (10.2 £ 1.77 mpH/min) (p<0.001) (Figure

5.35.C.).
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A reduction in non-glycolytic capacity was observed following “priming” treatment

compared to untreated cells (2.9 + 1.96 mpH/min); 0.1 yM CBD (6.4 + 1.19 mpH/min)

(p<0.01), 0.5 uM CBD (8.3 + 1.81 mpH/min) (p<0.05), 1 uM CBD (6.5 1.3 mpH/min)

(p<0.001), 2.5 uM CBD (6.7 = 1.97 mpH/min) (p<0.05), 5 uM CBD (5.4 + 0.695 mpH/min)

(p<0.001) (Figure 5.35.D.).
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Figure 5.35. The effect of “priming” with CBD in MDA-MB231’s glycolytic function.

MDA-MB231 cell’s activity of (A) glycolysis, (B) glycolytic capacity, (C) glycolytic reserve and (D)
non-glycolytic acidification were analysed following “priming” treatment. Data shown is repeated
3-5 times with 4 technical replicates per plate. Data was normalised to protein concentration.

Data is represented as mean + SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated.
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5.10.1.2. The effect of “priming” with CBD compared to other
treatments in effecting glycolytic function

An increase in glycolysis following CBD treatment (56.7 £ 3.11 mpH/min.) was
observed compared to untreated levels (35.4 + 2.47 mpH/min) (p<0.001), cisplatin
(p<0.001), combination (p<0.001) and “priming” (p<0.001) (Figure 5.36.A.). A significant
decrease was observed compared to untreated cells following cisplatin (19.9 + 1.30
mpH/min) (p<0.001), combination (17.2 £ 3.55 mpH/min) (p<0.01) and “priming” (23.7

2.55 mpH/min) (p<0.001) treatment.

No change was observed in glycolytic capacity following CBD treatment
compared to untreated cells (73.4 + 6.45 mpH/min) (Figure 5.36.B.). However, a
significant increase was observed compared to cisplatin, combination and “priming”
(p<0.001). A significant decrease in glycolytic capacity was observed following cisplatin
(23.4 + 2.34 mpH/min) (p<0.001), combination (25.1 + 5.06 mpH/min) (p<0.001) and

“priming” (43.3 = 5.41 mpH/min) (p<0.001) compared to untreated cells.

A significant reduction in glycolytic reserve was observed following treatment
with cisplatin (23.4 £ 2.34 mpH/min) (p<0.001) compared to untreated cells (73.4 £ 6.45
mpH/min) and CBD (32.5 + 5.09 mpH/min) (p<0.05) (Figure 5.36.C.). Furthermore, a
significant reduction was observed following combination (8.5 * 2.24 mpH/min)

(p<0.001) and “priming” (19.3 £ 1.89 mpH/min) (p<0.001) compared to untreated cells.

A significant decrease in non-glycolytic acidification was observed following
treatment with CBD (7.8 + 1.24 mpH/min) compared to untreated cells (16.4 + 1.81
mpH/min) (p<0.001) and cisplatin treatment (p<0.5) (Figure 5.36.D.). “Priming” also
showed a significant decrease (8.2 + 1.66 mpH/min) compared to untreated levels

(p<0.001) and cisplatin (p<0.05).
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Figure 5.36. MDA-MB231 glycolysis alterations compared to all other treatments to each

other.

MDA-MB231 cell's (A) glycolysis, (B) glycolytic capacity, (C) glycolytic reserve and (D) non-
glycolytic acidification were compared against each other. Data shown is repeated 3-5 times with
5 technical replicates per plate. Data was normalised to protein concentration. Data is
represented as mean + SEM. ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001 vs

CBD; = p<0.05 vs Cisplatin.
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5.10.2. The effect of “priming” with CBD on the glycolysis of
control cells

5.10.2.1. “Priming” treatment’s effect on control cell’s glycolysis

Following “priming” treatment, glycolysis was significantly reduced compared to
untreated cells (44.3 £ 4.56 mpH/min) for all treatments; 0.1 yM CBD (18.1 + 1.88
mpH/min), 0.5 uM CBD (21.0 £ 2.43 mpH/min), 1 uM CBD (17.8 £ 2.62 mpH/min), 2.5
uM CBD (13.0 £ 1.22 mpH/min), 5 uM CBD (14.3 * 2.36 mpH/min) (p<0.001) (Figure

5.37.A.). The reduction observed was consistent across all doses of “primed” CBD.

The glycolytic capacity was also reduced following “priming” treatments
compared to untreated cells (89.4 + 6.68 mpH/min) for all treatments; 0.1 yM CBD (47.6
+6.21 mpH/min), 0.5 uM CBD (38.7 + 3.44 mpH/min), 1 yM CBD (42.9 + 6.38 mpH/min),
2.5 uM CBD (36.2 + 2.68 mpH/min), 5 uM CBD (38.3 + 3.92 mpH/min) (p<0.001) (Figure

5.37.B.). Again, the levels of decrease were consistently similar with all “primed” doses.

Glycolytic reserves was decreased following “priming” treatment compared to
untreated cells (60.0 + 4.90 mpH/min) for all doses; 0.1 uM CBD (34.7 + 4.07 mpH/min),
0.5 uM CBD (30.3 * 2.46 mpH/min), 1 y M CBD (37.7 * 2.69 mpH/min), 2.5 yM CBD
(33.7 £ 1.67 mpH/min), 5 yM CBD (38.1 + 3.08 mpH/min) (p<0.001) (Figure 5.37.C.).

The decrease observed was similar for all doses of “priming”.

Following “priming” treatment, non-glycolytic acidification was reduced in a dose
dependant manner showing a u-shaped curve compared to untreated cells (21.2 + 1.63
mpH/min) (Figure 5.37.D.). A decrease was observed from 0.1 uM CBD (14.9 + 2.40
mpH/min) (p<0.05), 0.5 yM CBD (13.8 + 1.11 mpH/min) (p<0.01) and 1 yM CBD (13.5
+ 2.34 mpH/min). This decrease began to increase with 2.5 yM CBD (17.8 + 1.19

mpH/min) (p<0.05) and 5 yM CBD (15.1 £ 2.45 mpH/min) (p<0.05).
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Figure 5.37. Control cells glycolysis activity following “priming” treatment.

Control cell’s (A) glycolysis, (B) glycolytic capacity, (C) glycolytic reserve and (D) non-glycolytic
acidification were analysed following “priming” treatment. Data shown is repeated 3-5 times with
4 technical replicates per plate. Data was normalised to protein concentration. Data is
represented as mean = SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated.

5.10.2.2. “Priming” with CBD compared to previously examined
treatments and their effect on glycolytic functions in control cells

A significant increase in glycolysis was observed following CBD treatment (56.7
1 3.11 mpH/min) compared to untreated cells (40.4 + 2.99 mpH/min) (p<0.01), cisplatin
(p<0.001), combination (p<0.001) and “priming” (p<0.01) (Figure 5.38.A.). A significant
decrease was observed compared to untreated cells following cisplatin (5.2 + 0.42

mpH/min) (p<0.001), combination (12.2 + 1.62 mpH/min) (p<0.001) and “priming”
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treatment (25.7 £ 3.31 mpH/min) (p<0.001). The decrease observed following cisplatin
treatment was significantly reduced compared to “priming” (p<0.001). Moreover,

combination treatment was also significantly reduced compared to “priming” (p<0.05).

A reduction in the glycolytic capacity was observed following CBD treatment
(72.4 £ 7.35 mpH/min) (p<0.01) compared to untreated cells (123.5 + 6.34 mpH/min),
cisplatin (p<0.001), combination (p<0.05) and “priming” (p<0.001) (Figure 5.38.B.). A
reduction was also observed following cisplatin (46.5 + 3.34 mpH/min) (p<0.001),
combination (57.3 = 4.04 mpH/min) (p<0.001) and “priming” (49.8 = 7.16 mpH/min)

(p<0.001) compared to untreated cells.

H+

Glycolytic reserve was reduced compared to untreated cells (83.1 7.19

mpH/min) following CBD (48.5 + 5.53 mpH/min) (p<0.01), cisplatin (42.1

H+

3.23
mpH/min) (p<0.001), combination (44.2 + 2.267 mpH/min) (p<0.001) and “priming” (46.1
+ 3.29 mpH/min) (p<0.001) treatment (Figure 5.38.C.). The difference was similar to

each other and showed no further significant difference.

Non-glycolytic acidification showed a significant reduction following CBD
treatment (7.0 £ 0.59 mpH/min) compared to untreated cells (13.2 £ 0.05 mpH/min)
(p<0.001) and cisplatin (p<0.05) (Figure 5.38.D.). A significant reduction was observed
following combination (9.6 £ 0.85 mpH/min) (p<0.01) and “priming” (9.2 + 0.96 mpH/min)
(p<0.01) treatment compared to untreated cells however, no significant difference was

seen compared to any other treatment.
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Figure 5.38. Control cell glycolysis following treatment with CBD, cisplatin, combination
and “priming” with CBD.

Control cell's (A) glycolysis, (B) glycolytic capacity, (C) glycolytic reserve and (D) non-glycolytic
acidification were compared against each other. Data shown is repeated 3-5 times with 4
technical replicates per plate. Data was normalised to protein concentration. Data is represented
as mean £ SEM. ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001 vs CBD; nxx

p<0.001 vs Cisplatin; ° p<0.05 vs Combination.
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5.11. “Priming” with CBD’s effect on the mitochondrial
receptor, VDAC1
As mentioned previously the main suggested mechanism of “priming” is through
mitochondrial sensitization (Section 1.4.1., 1.4.3. and 1.4.4.). The VDAC1 channel has
been linked to increased mitochondrial apoptosis (Section 1.4.4. and 3.10.). Both CBD
and cisplatin showed an increase in VDAC1 activity following treatment (Section 3.10.
and 4.9.). However, combination treatment showed a significant decrease in VDAC1

activity (Section 4.9.). VDAC1 levels will be measured using western blot (Section 2.14.).
5.11.1. The effects of “priming” with CBD on cancer cell’s
VDAC1 receptor levels
5.11.1.1. “Priming” with CBD’s effect on VDAC1 levels in cancer cell

A dose dependant increase of VDAC1 expression was observed following
“priming” treatment (Figure 5.39.). A significant increase was shown following 1 yM CBD
(1.32 £ 0.119 R.I.) (p<0.05), 2.5 yM CBD (1.59 + 0.192 R.l.) (p<0.05) and 5 yM CBD

(1.84 £ 0.157 R.l.) treatment (p<0.01).
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Figure 5.39. MDA-MB231’s VDAC1 expression following “priming” treatment.

(A) MDA-MB231 cells protein was extracted following “priming” treatment and VDAC1 expression
was analysed. Data shown is repeated 6 times. The dashed line represents untreated cells. Data
is normalised to the constitutively expressed house-keeper 3-actin. (B) Western blot of relevant
graphs untreated (0) and protein control of B-actin. Data is represented as mean + SEM. * p<0.05,
** p<0.01 vs Untreated.

5.11.1.2. “Priming” with CBD compared to previously examined
treatments and their effects on VDAC1 levels in cancer cells

No change in VDAC1 expression was observed following CBD and cisplatin
treatment (Figure 5.40.). A significant decrease was observed following combination
treatment (0.28 + 0.039 R.l.) compared to untreated cells (p<0.001), CBD (p<0.05) and
cisplatin (p<0.05). A significant increase of VDAC1 expression was observed following
‘priming” treatment (1.32 + 0.119 R.l.) compared to untreated cells (p<0.05) and

combination treatment (p<0.001).

262





MDA-MB231 VDAC1

2.0q

o~
[<,]
1

Relative Intensity
compared to the control
2

o
3]
1

0.0

Figure 5.40. VDAC1 expression levels in cancer cells following CBD, cisplatin,
combination and “priming” with CBD treatments.

MDA-MB231 cells VDAC1 expression was compared against each other. Data shown is repeated
6 times. The dashed line represents untreated cells. Data is normalised to the constitutively
expressed house-keeper B-actin. Data is represented as mean £ SEM. * p<0.05, *** p<0.001 vs
Untreated; # p<0.05 vs CBD; = p<0.05 vs Cisplatin; °°° p<0.001 vs Combination.

5.11.2. The effect of “priming” with CBD on VDAC1 levels in
control cells

5.11.2.1. “Priming” with CBD treatment’s effect on VDAC1 receptor
levels in control cells

VDAC1 expression showed a dose dependant increase following “priming”
treatment compared to untreated cells (Figure 5.41.). A significant increase was
observed following 1 yM CBD (1.56 + 0.195 R.l.) (p<0.05), 2.5 uM CBD (1.57 £ 0.212

R.l.) (p>0.05) and 5 uM CBD (1.55 £ 0.087 R.I.) treatment (p<0.01).

263





VDAC1

2.0-
CBD treatment (uM)

T T . § 25 1 05 01 0
B-actin —

_|
_|

vorct [

Relative Intensity
compared to the control
2 =
L
1
1
1
1
1
1

L
o
1

0.0

CBD Concentrations (uM)

Figure 5.41. Control cells VDAC1 expression following “priming” treatment

(A) Control cells VDAC1 expression following “priming” treatment. Data shown is repeated 7
times. The dashed line represents untreated cells. Data is normalised to the constitutively
expressed house-keeper B-actin. (B) Western blot of relevant graphs untreated (0) and protein
control of B-actin.. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated.

5.11.2.2. VDACHT’s response to “priming” with CBD compared to
previously examined treatments in control cells

A decrease in VDAC1 expression was observed following CBD (0.79 + 0.021
R.l.) (p<0.001), cisplatin (0.37 £ 0.048 R.l.) (p<0.001) and combination (0.38 + 0.083
R.l.) (p<0.01) treatment (Figure 5.42.). An increase in VDAC1 expression levels was
observed following “priming” treatment (1.56 + 0.195 R.l.) compared to untreated cells

(p<0.001), CBD (p<0.001), cisplatin (p<0.001) and combination (p<0.001).
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Figure 5.42. Control cells VDAC1 expression levels compared to all treatments.

Control cells (MCF10A) VDAC1 expression was compared to each other. Data shown is repeated
5-7 times. The dashed line represents untreated cells. Data is normalised to the constitutively
expressed house-keeper B-actin. Data is represented as mean + SEM. ** p<0.01, *** p<0.001 vs
Untreated; ### p<0.001 vs CBD; axx p<0.001 vs Cisplatin; °°° p<0.001 vs Combination.
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5.12. “Priming” with CBD’s effect on the cell’s genetic control

The changes observed in cellular metabolism and cell viability lead to an
investigation into pathways that alter cell growth and death. The investigation was
carried out as in section 3.11. and 4.10.. The pro-apoptotic pathway p53 was
investigated along with the stress response pathway Nrf2. In parallel the cell growth
regulator AKT was examined along with its regulators. The genetic analysis was carried
out using gPCR with data being normalised to the relevant housekeeping gene (Section

2.12.).

5.12.1. Cancer cell’s genetic expression following “priming”
with CBD

5.12.1.1. The effect of “priming” with CBD in the gene expression of
cancer cell’s p53 pathway

As previously described in section 3.11.1.1. the pro-apoptotic p53 pathway was
analysed for alterations in its regulation. HDAC1 and Sirt1 have been shown to interact

with p53 activating its expression and hence increased cell death (Section 1.4.3.).

HDAC1 gene expression showed a dose dependant trend to increase following
“‘priming” treatment (Figure 5.43.A.). However, no significant change to untreated cell

levels was observed.

A dose dependant trend to increase was also observed in SirT1 gene expression
following “priming” treatment (Figure 5.43.B.). However, no significant change was again

observed compared to untreated cells.

Following “priming” treatment p53 expression showed a u-shaped response
curve compared to untreated cells (Figure 5.43.C.). An increase in p53 expression was
observed following 0.1 yM CBD treatment (3.79 + 0.542 R.l.) (p<0.05). As “priming”
increased the expression was reduced similar to the untreated levels. However, as
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“priming” further increased a significant increase was observed with 2.5 yM CBD (1.80

+0.291 R.1.) (p<0.05) and 5 pM CBD (3.82 + 0.569 R..) (p<0.01).
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Figure 5.43. MDA-MB231’s gene expression of the p53 pathway following “priming”
treatment.

MDA-MB231 cell's gene expression of (A) HDAC1, (B) SirT1 and (C) p53 were analysed
following “priming” treatments. Data shown is repeated 3-5 times with technical replicates in
triplicate per plate. The dashed line represents untreated cells and data was normalised to
constitutively expression housekeepers a-tubulin or B-actin. Data is represented as mean + SEM.
** p<0.01 vs Untreated.

5.12.1.2. “Priming” with CBD’s effect on the gene expression of the
Nrf2 pathway in cancer cells

The stress response pathway Nrf2 is activated in response to increased ROS
levels (Kensler et al. 2007) (Section 1.1.3.4.1.). As previously shown Nrf2 interacts with
MAPk and can activate an inflammatory response from IL-6 (Section 3.11.1.2. and

4.10.1.2.).

A dose dependant trend to increase was observed in MAPk gene expression
following “priming” treatment (Figure 5.44.A.). However, no significant difference was

observed compared to untreated cells.

Nrf2 gene expression was significantly reduced following “priming” treatment
with 0.1 yM CBD (0.39 + 0.122 R.I.) (p<0.01), 0.5 yM CBD (0.31 £ 0.089 R.I.) (p<0.05),
1 uM CBD (0.39 £ 0.029 R.I.) (p<0.01), 2.5 uM CBD (0.48 £ 0.116 R.l.) (p<0.05) and 5

uM CBD (0.79 £ 0.031 R.l.) (p<0.05) compared to untreated cells (Figure 5.44.B.).
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No change in IL-6 gene expression was observed following “priming” treatment
(Figure 5.44.C.). However, 5 yM CBD “priming” showed a significant increase in IL-6

expression (1.52 £ 0.062 R.I.) (p<0.05).
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Figure 5.44. MDA-MB231’s gene expression of the Nrf2 pathway following “priming”

treatment.
MDA-MB231 cell’'s gene expression of (A) MAPK, (B) Nrf2 and (C) IL-6 analysed following

“priming” treatment. Data shown is repeated 3-5 times with technical replicates in triplicate per
plate. The dashed line represents untreated cells and data was normalised to constitutively
expression housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, **
p<0.01 vs Untreated.

5.12.1.3. The effect of “priming” with CBD on the gene expression of
the AKT pathway in cancer cells

Cell growth and regulation can be controlled by AKT as previously mentioned
(Section 3.11. and 3.11.1.3.). The AKT pathway involving mTOR and NFkB can regulate
the cells growth response and stimulate proliferation (Nakanishi and Toi 2005,

Sarbassov et al. 2005, Humphrey et al. 2013).

No change in AKT gene expression was observed following “priming” treatment
(Figure 5.45.A.). A trend to decrease was observed following 0.1 uM CBD treatment that

had a dose dependant trend to increase that remained similar to untreated cell levels.

A dose dependent trend to decrease was observed in mTOR gene expression

following “priming” treatment (Figure 5.45.B.). A significant reduction was observed
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following 1 uM CBD (0.29 + 0.030 R.l.) (p<0.01), 2.5 uM CBD (0.21 + 0.006 R..)

(p<0.001) and 5 uyM (0.34 + 0.121 R.I.) (p<0.05) treatment.

A significant reduction in NFkB gene expression was observed following
“priming” treatment with 0.1 yM CBD (0.29 + 0.028 R.l.) (p<0.01) (Figure 5.45.C.). A
dose dependant trend to increase was seen following the initial decrease observed with
0.1 uM CBD; 0.5 yM CBD (0.34 + 0.059 R.I.) and 1 yM CBD (0.35 + 0.059 R.I.) (p<0.01).

As the dose of “priming” increased there was no change compared to untreated cells.
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Figure 5.45. The gene expression of cancer cell’'s AKT pathway following “priming” with
CBD.
MDA-MB231 cell’'s gene expression of (A) AKT, (B) mTOR and (C) NFkB following “priming”

treatment. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01, ***
p<0.001 vs Untreated.

5.12.1.4. The gene expression of FOXO1 following “priming” with
CBD in cancer cells

FOXO1 has been shown to inhibit cancer growth and been activated following
CBD treatment (Section 3.11.1.4.). A significant reduction was observed following
“priming” treatment with 0.1 yM CBD (0.5631 R.l. £ 0.05642 S.E.M.) and 0.5 yM CBD
(0.4523 R.1. £ 0.1272 S.E.M.) (p<0.05) (Figure 5.46.). However, as the dose of “priming”
increased a dose dependant trend to increase was observed compared to untreated cell

levels.
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Figure 5.46. MDA-MB231’s FOXO1 gene expression following “priming” with CBD.
MDA-MB231 cell’'s gene expression of FOXO1 was analysed following “priming” treatment. Data
shown is repeated 3-5 times with technical replicates in triplicate per plate. The dashed line
represents untreated cells and data was normalised to constitutively expression housekeepers
a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05 vs Untreated.

5.12.2. The gene expression in cancer cells following
“priming” with CBD compared to each of the previously
reported treatments

5.12.2.1. The effect of the p53 pathway in cancer cell’s following the
previously reported treatments compared with “priming”

A reduction in HDAC1 gene expression was observed following CBD (0.32 +
0.049 R.1.) (p<0.001) and combination treatment (0.46 + 0.041 R.l.) (p<0.01) compared
to untreated cells (Figure 5.47.A.). There was no additional significance between any

other treatments.

SirT1 gene expression was significantly increased following CBD treatment
(586.1 + 140.21 R.l.) compared to untreated cells (p<0.05), cisplatin (p<0.001),
combination (p<0.001) and “priming” (p<0.001) treatments (Figure 5.47.B.). No added

difference was observed between any other treatments.
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An increase in p53 expression was observed following CBD treatment (1.22 %
0.169 R.l.) compared to untreated cells (p<0.05) (Figure 5.47.C.). No other difference

was observed between the treatments.
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Figure 5.47. MDA-MB231’s p53 pathway gene expression following treatment with CBD,
cisplatin, combination and “priming” compared to each other.

MDA-MB231 cell’s gene expression of (A) HDAC1, (B) SirT1 and (C) p53 were compared against
each other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs
Untreated; ## p<0.01, ### p<0.001 vs CBD.

5.12.2.2. “Priming” with CBD compared to other previously reported
treatment’s effect in cancer cell’s Nrf2 pathway

A significant increase in MAPk gene expression was observed following CBD
treatment (112.11 1+ 5412 R.l.) compared to untreated cells (p<0.01), cisplatin
(p<0.001), combination (p<0.001) and “priming” (p<0.001) treatments (Figure 5.48.A.).

No addition difference was observed between treatments.

A significant increase in Nrf2 expression was observed following CBD treatment
(2.49 £ 0.289 R.1.) compared to untreated cells (p<0.05), cisplatin (p<0.05), combination
(p<0.05) and “priming” (p<0.01) treatments (Figure 5.48.B.). A significant decrease was
observed following “priming” treatment (0.39 + 0.029 R.l.) compared to untreated cells

(p<0.01).
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IL-6 gene expression levels were significantly increased following CBD treatment
(10.99 + 1.849 R.I.) compared to untreated cells (p<0.05) (Figure 5.48.C.). However,

there was no difference with any other treatment condition with each other.
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Figure 5.48. Cancer cell’s Nrf2 pathway gene expression following previously examined

treatments compared to each other.
MDA-MB231 cell’'s gene expression of (A) MAPk, (B) Nrf2 and (C) IL-6 were compared against

each other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs
Untreated; # p<0.05, ## p<0.01, ### p<0.001 vs CBD.

5.12.2.3. The effect of “priming” with CBD compared to the
previously examined treatments and their effect on the AKT
pathway in cancer cells

A reduction in AKT gene expression was observed following combination
treatment (0.49 + 0.047 R.1.) (p<0.01) (Figure 5.49.A.). The trend to increased AKT gene
expression was observed following CBD treatment that was significant compared to

combination (p<0.01) and “priming” (p<0.05).

An increase in gene expression of mMTOR was observed following CBD treatment
(2.55 + 0.303 R.I.) (p<0.05) (Figure 5.49.B.). Furthermore, a decrease was observed
following “priming” treatment (0.29 + 0.030 R.l.) (p<0.01). However there was no

difference between any of the treatments with each other.

NFkB gene expression was significantly increased following CBD treatment

(240 = 0.221 R.l.) compared to untreated cells (p<0.05), cisplatin (p<0.001),

272





combination (p<0.001) and “priming” (p<0.001) treatments (Figure 5.49.C.). A significant

decrease was observed following “priming” treatment (0.35 + 0.059 R.1.) (p<0.01).
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Figure 5.49. MDA-MB231’s AKT pathway gene expression following CBD, cisplatin,
combination and “priming” with CBD compared to each other.

MDA-MB231 cell's gene expression of (A) AKT, (B) mTOR and (C) NFkB were compared against
each other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs
Untreated; # p<0.05, ### p<0.001 vs CBD.

5.12.2.4. “Priming” with CBD compared to previously examined
treatments in effecting FOXO1 gene expression in cancer cells

A significant increase was observed in FOXO1 gene expression following CBD
treatment (33.79 £ 9.896 R.l.) compared to untreated cells (p<0.05), cisplatin (p<0.05),
combination (p<0.05) and “priming” (p<0.05) treatments (Figure 5.50.). A significant
decrease in FOXO1 expression was observed following cisplatin (0.08 + 0.029 R.I.)
(p<0.01) and combination (0.46 + 0.091 R.1.) (p<0.05) treatments compared to untreated

cells.
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Figure 5.50. MDA-MB231°’s FOXO1 gene expression following the previously reported
treatments compared to each other.
MDA-MB231 cell’s gene expression of FOXO1 was compared against each other. Data shown

is repeated 3-5 times with technical replicates in triplicate per plate. The dashed line represents
control treatments and data was normalised to constitutively expression housekeepers a-tubulin
or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; # p<0.05 vs
CBD.

5.12.3. The effect of “priming” with CBD on control cells gene
expression

5.12.3.1. “Priming” with CBD in control cell’s effect on the gene
expression in the p53 pathway

No difference in HDAC1 gene expression was observed following “priming”
treatment (Figure 5.51.A.). A similar trend for all doses was observed compared to

untreated levels.

A dose dependant increase in SirT1 expression was observed following “priming”
treatment (Figure 5.51.B.). A significance was reached from 2.5 yM CBD (28.63 + 4.495

R.l.) (p<0.05) and 5 yM CBD (34.25 + 4.434 R.l.) (p<0.05) compared to untreated cells.

An increase in p53 gene expression was observed following “priming” treatment

compared to the untreated cells with 1 yM CBD (1.35 + 0.110 R.l.) (p<0.05), 2.5 pM
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CBD (1.32 + 0.069 R.I.) (p<0.05) and 5 uM CBD (1.53 + 0.164 R.l.) (p<0.05) (Figure

5.51.C.).
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Figure 5.51. Control cell’s p53 pathway gene expression following “priming” treatment.
Control cell’s gene expression of (A) HDAC1, (B) SirT1 and (C) p53 following “priming” treatment.
Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The dashed line
represents untreated cells and data was normalised to constitutively expression housekeepers
a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05 vs Untreated.

5.12.3.2. The effect of “priming” with CBD in the gene expression of
the Nrf2 pathway in control cells

A dose dependant increase was observed in MAPk expression following
“priming” treatment (Figure 5.52.A.). This reached a significant increase with 1 yM CBD
(5.36 £ 0.958 R.I.) (p<0.05), 2.5 yM CBD (5.77 + 1.222 R.l.) (p<0.05) and 5 uM CBD

(5.71 + 1.081 R.l.) (p<0.05).

A dose dependant increase was observed following “priming” treatment in Nrf2
gene expression (Figure 5.52.B.). A significant increase was observed with 2.5 yM CBD

(1.97 £ 0.155 R.1.) (p<0.01) and 5 uM CBD (2.15 + 0.249 R.1.) (p<0.05).

A significant reduction in IL-6 gene expression was observed following “priming”
treatment from 0.1 yM CBD (0.19 £ 0.110 R.1.) (p<0.05), 0.5 yM CBD (0.11 £ 0.059 R.1.)
(p<0.01), 1 yM CBD (0.20 + 0.071 R.l.) (p<0.01), 2.5 yM CBD (0.22 + 0.035 R.l.)

(p<0.01) and 5 uM CBD (0.34 + 0.094 R.I.) (p<0.05) (Figure 5.52.C.).
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Figure 5.52. Control cell’s Nrf2 pathway gene expression following “priming” treatment.
Control cell’'s gene expression of (A) MAPK, (B) Nrf2 and (C) IL-6 were analysed after “priming”
treatments. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs
Untreated.

5.12.3.3. Following “priming” with CBD in control cells the effect of
the treatment on the gene expression in the AKT pathway

A dose dependant increase was observed in AKT gene expression following
“priming” treatment (Figure 5.53.A.). A significant increase was observed with 2.5 uM

CBD (1.72 + 0.227 R.1.) (p<0.05) and 5 pM CBD (2.58 + 0.344 R.I.) (p<0.05).

MmTOR gene expression was significantly decreased with all doses of CBD
“priming” compared to untreated cells (Figure 5.53.B.). A significant decrease was
observed from 0.1 yM CBD (0.12 £ 0.070 R.I.) (p<0.01), 0.5 uM CBD (0.04 + 0.027 R.1.)
(p<0.001), 1 uM CBD (0.06 + 0.003 R.Il.) (p<0.001), 2.5 yM CBD (0.13 + 0.052 R.Il.)

(p<0.01), 5 yM CBD (0.30 + 0.129 R.l.) (p<0.05).

A dose dependant increase was observed in NFKB gene expression following
“priming” treatment (Figure 5.53.C.). A significance was reached with 2.5 yM CBD (3.48
+ 0.454 R.l.) (p<0.05) and 5 yM CBD (5.09 £ 0.272 R.1.) (p<0.01) compared to control

cells.
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Figure 5.53. The effect of “priming” with CBD in control cell’s AKT pathway gene

expression.
Control cell’s gene expression of (A) AKT, (B) mTOR and (C) NFkB were analysed after “priming”

treatments. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01, ***

p<0.001 vs Untreated.

5.12.3.4. “Priming” with CBD’s effect on the gene expression of
control cell’s FOXO1

A dose dependant increase was observed in FOXO1 gene expression following
“priming” treatment (Figure 5.54.). Significance was reached with 0.1 yM CBD (11.71
2.318 R.l.), 0.5 yM CBD (14.60 + 1.494 R.l.), 1 yM CBD (16.69 = 2.644 R.l.), 2.5 yM

CBD (29.39 + 5.458 R.I.) and 5 uM CBD (33.02 + 4.601 R.l.) (p<0.05) compared to

control treatment.
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Figure 5.54. Control cell’s FOXO1 gene expression following “priming” treatment.

Control cell’s gene expression of FOXO1 following “priming” treatment. Data shown is repeated
3-5 times with technical replicates in triplicate per plate. The dashed line represents untreated
cells and data was normalised to constitutively expression housekeepers a-tubulin or 3-actin.
Data is represented as mean £ SEM. * p<0.05 vs Untreated.

5.12.4. The gene expression of “priming” with CBD compared
against previously examined treatments in control cells

5.12.4.1. The p53 pathway’s gene expression in response to
“priming” with CBD compared to previously examined treatments
in control cells

An increase in HDAC1 gene expression was observed following CBD treatment
(2.28 £ 0.313 R.1.) (p<0.05) (Figure 5.55.A.). A trend to increase was observed following
cisplatin and combination treatment, however, no added difference was seen between

the treatments and each other. No change was observed following “priming” treatment.

No change was observed in SirT1 gene expression following CBD, cisplatin and
combination treatment compared to untreated cells (Figure 5.55.B.). Following “priming”
treatment a trend to increase was observed compared to untreated cells. However, a
significant difference was observed between “priming” and CBD (p<0.01), cisplatin

(p<0.01) and combination (p<0.01) treatments.
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A significant increase in p53 gene expression was observed following cisplatin
treatment (2.85 + 0.662 R.l.) compared to untreated cells (p<0.05), CBD (p<0.01) and
combination (p<0.05) (Figure 5.55.C.). Following “priming” treatment a significant

increase (1.35 £ 0.110 R.l.) was observed compared to untreated cells only (p<0.05).
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Figure 5.55. Control cell’s p53 pathway gene expression following CBD, cisplatin,
combination and “priming” with CBD compared to each other.

Control cell’'s gene expression of (A) HDAC1, (B) SirT1 and (C) p53 were compared against each
other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05 vs Untreated;
## p<0.01 vs CBD; = p<0.05, ar p<0.01 vs Cisplatin; °°° p<0.001 vs Combination.

5.12.4.2. The effect of “priming” with CBD in the gene expression of
control cell’s Nrf2 pathway compared to previously examined
treatments

A significant decrease was observed in MAPk expression following CBD
treatment (0.43 + 0.105 R.l.) compared to untreated cells (p<0.05) (Figure 5.56.A.). A
significant increase in MAPk gene expression was observed following cisplatin treatment
was not significant to untreated cells (p= 0.057) but was significantly different to CBD
(p<0.01), combination (p<0.01) and “priming” (p<0.05) treatments. An increase
observed following “priming” treatment (5.36 + 0.958 R.l.) was significant only to

untreated cells (p<0.05).

Following treatment with cisplatin, an increase in Nrf2 gene expression levels

(7.35 £ 1.818 R.l.) was observed compared to untreated cells (p<0.05) and CBD
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treatment (p<0.01) (Figure 5.56.B.). All other treatments showed no other significant

differences to each other.

A significant increase in IL-6 expression was observed following cisplatin
treatment (2.06 + 0.198 R.l.) compared to untreated cells (p<0.05) (Figure 5.56.C.).
Following “priming” treatment a significant reduction was observed (0.20 + 0.072 R.1.)

compared to untreated cells (p<0.01) and cisplatin treatment (p<0.05).
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Figure 5.56. Control cell’s Nrf2 pathway gene expression compared with CBD, cisplatin,
combination and “priming” treatments.

Control cell’'s gene expression of (A) MAPk, (B) Nrf2 and (C) IL-6, were compared against each
other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs
Untreated; # p<0.05, ## p<0.01 vs CBD; & p<0.05, =a p<0.01 vs Cisplatin.

5.12.4.3. The AKT pathway’s gene expression in control cells
following “priming” with CBD compared to the previously
described treatments

AKT gene expression was increased following cisplatin treatment (2.91 + 0.402
R.l.) compared to untreated cells (p<0.05) (Figure 5.57.A.). There was no added

significance between any of the other treatments.

Following treatment with cisplatin there was a significant increase in mTOR gene
expression (3.36 + 0.483 R.l.) compared to untreated cells (p<0.05), CBD (p<0.05),

combination (p<0.01) and “priming” (p<0.001) (Figure 5.57.B.). “Priming” treatment
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showed a significant reduction in mTOR gene expression (0.06 + 0.003 R.l.) compared

to untreated cells (p<0.01).

NFkB gene expression was significantly increased following CBD treatment
(2.75 £ 0.662 R.l.) compared to untreated cells (p<0.05) (Figure 5.57.C.). No other

significance was observed comparing the other treatments.
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Figure 5.57. Control cell’s AKT pathway gene expression compared against each other.
Control cell’s gene expression of (A) AKT, (B) mTOR and (C) NFkB were compared against each
other. Data shown is repeated 3-5 times with technical replicates in triplicate per plate. The
dashed line represents untreated cells and data was normalised to constitutively expression
housekeepers a-tubulin or B-actin. Data is represented as mean = SEM. * p<0.05, ** p<0.01 vs
Untreated.

5.12.4.4. The effect of “priming” with CBD on the gene expression of
FOXO1 in control cells compared with other previously examined
treatments

A significant increase in FOXO1 gene expression was observed following CBD
treatment (2.07 £ 0.294 R.l.) compared to untreated cells (p<0.05) and combination
(p<0.01) (Figure 5.58.). A significant decrease was observed following combination
treatment (0.15 + 0.042 R.I.) compared to untreated cells (p<0.01). Following “priming”
treatment a significant increase in FOXO1 gene expression was observed (16.69 *
2.644 R.l.) that was significant to untreated cells (p<0.01), CBD (p<0.001), cisplatin

(p<0.001) and combination (p<0.001) treatments.
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Figure 5.58. Control cell’s FOXO1 gene expression following CBD, cisplatin, combination
and “priming” treatment compared to each other.

Control cell’'s gene expression of FOXO1 was compared against each other. Data shown is
repeated 3-5 times with technical replicates in triplicate per plate. The dashed line represents
untreated cells and data was normalised to constitutively expression housekeepers a-tubulin or
B-actin. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; ## p<0.01, ###
p<0.001 vs CBD; max p<0.001 vs Cisplatin; °°° p<0.001 vs Combination.
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5.13. The effect of “priming” with CBD on the protein level’s
in the cell
The alterations observed with the gene expression in section 5.12. led to further
protein level examination. Protein levels of similar pathways as described in section
3.12. and 4.11. were explored following “priming” with both cancer and normal cells.

Analysis of protein levels was carried out using western blotting (Section 2.13.).

5.13.1. The effect of “priming” with CBD on cancer cell’s
protein levels

5.13.1.1. The p53 pathway’s protein levels following “priming” with
CBD

No change in HDAC1 protein levels was observed following “priming” treatment

compared to untreated cells (Figure 5.59.A.).

A dose dependant increase in SirT1 expression was observed as “priming” dose
increased (Figure 5.59.B.). The increase began following treatment with 0.1 yM CBD
(2.89 £ 0.312 R.l.) (p<0.01), 0.5 uM CBD (2.59 + 0.535 R..) (p<0.05), 1 uM CBD (3.46
+ 0.865 R.l.) (p<0.05), 2.5 yM CBD (3.69 + 0.872 R.1.) (p<0.05) and 5 yM CBD (4.75 +

1.452 R.1.) (p<0.05).

p53 protein levels were increased following 0.1 uM CBD “priming” treatment with
(3.72 £ 0.401 R.l.) compared to untreated cells (p<0.01) (Figure 5.59.C.). A dose
dependant reduction in p53 from this initial increase was observed as “priming” dose

increased, 0.5 yM CBD (2.27 + 0.356 R.l.) (p<0.05), 1 uM CBD (1.39 + 0.054 R.l.)

+

+

(p<0.01), 2.5 yM CBD (1.82 + 0.251 R.l.) (p<0.05), 5 yM CBD (1.83 + 0.259 R.Il.)

(p<0.05).
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Figure 5.59. MDA-MB231’s p53 pathway protein levels following “priming” treatment.
Protein expression’s p53 pathway was analysed; (A) HDAC1, (B) SirT1 and (C) p53 following
“priming” treatment. Data shown is repeated 3-5 times. The dashed line represents untreated
cells and data was normalised to the constitutively expressed house keeper B-Actin. (D) Western
blot of relevant graphs with untreated (0) and the housekeeper 3-actin as control protein. Data
is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated.

5.13.1.2. “Priming” with CBD’s effect on the protein levels in the Nrf2
pathway in cancer cells

An increase in HDACG6 protein levels was observed following treatment with 0.1
MM CBD “primed” (2.50 + 0.368 R.1.) (p<0.05) (Figure 5.60.A.). However, as the dose of
“priming” increased, a trend to decrease was observed reaching no significance to

untreated cells with 0.5 uM CBD “primed”.

A significant decrease in Nrf2 protein levels was observed following “priming”
treatment with 0.1 yM CBD (0.58 + 0.133 R.l.) (p<0.05), 0.5 uM CBD (0.49 + 0.125 R.1.)
and 1 yM CBD (0.61 £ 0.073 R.I.) (p<0.05) compared to untreated cells (Figure 5.60.B.).

No change was observed with 2.5 yM CBD and 5 yM CBD “primed”.
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Figure 5.60. MDA-MB231’s Nrf2 pathway protein levels following “priming” treatment.
MDA-MB231 cell’s protein levels were analysed for alterations to the Nrf2 pathway; (A) HDAC6
and (B) Nrf2, following “priming” treatment. Data shown is repeated 3-5 times. The dashed line
represents untreated cells and data was normalised to the constitutively expressed house keeper
B-Actin. (C) Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as
control protein. Data is represented as mean + SEM. * p<0.05 vs Untreated.

5.13.1.3. The effect of “priming” with CBD on the AKT pathway’s
protein levels in cancer cells

No difference in AKT protein levels was observed following “priming” treatment

compared to untreated cell levels (Figure 5.61.A.).

A significant increase in mTOR was observed following “priming” with 0.1 yM
CBD (2.16 £ 0.285 R.l.) (p<0.05) (Figure 5.61.B.). However, a trend to decrease was
observed as the dose of CBD “priming” increased showing no change compared to

untreated cells from 0.5 uM CBD.

No change in NFKB levels were observed following “priming” treatment

compared to untreated levels (Figure 5.61.C.).
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Figure 5.61. The effect of “priming” with CBD on cancer cell’s protein levels in the AKT

pathway.
MDA-MB231 cell’s protein were analysed for alterations to the AKT pathway; (A) AKT, (B) mTOR

and (C) NFkB, following “priming” treatment. Data shown is repeated 3-5 times. The dashed line
represents untreated cells and data was normalised to the constitutively expressed house keeper
B-Actin. (D) Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as
control protein. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated.

5.13.2. The protein levels of “priming” with CBD in cancer
cells compared to the previously reported treatments effect

5.13.2.1. The effect of “priming” with CBD in cancer cells protein
levels compared to previously described treatments in the p53
pathway

An increase in HDAC1 levels was observed following CBD treatment (1.89 +
0.081 R.l.) compared to untreated cells (p<0.01) (Figure 5.62.A.). Combination
treatment showed a significant reduction in HDAC1 levels (0.40 + 0.069 R.l.) compared

to untreated cells (p<0.001) and cisplatin treatment (p<0.05).

SirT1 levels were significantly increased following cisplatin treatment (3.01 *

0.747 R.l.) compared to untreated cells (p<0.05), CBD (p<0.05) and combination
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(p<0.05) treatments (Figure 5.62.B.). Following “priming” treatment an increase in SirT1
levels was observed (3.46 + 0.865 R.l.) compared to untreated cells (p<0.05), CBD

(p<0.05) and combination (p<0.05) treatment.

A significant increase in p53 protein levels was observed following CBD
treatment (2.27 £ 0.310 R.l.) compared to untreated cells (p<0.05) (Figure 5.62.C.). A
further significant increase was observed following cisplatin treatment (59.76 + 6.531
R.l.) compared to untreated cells (p<0.001), CBD (p<0.001), combination (p<0.001) and
“priming” (p<0.001). Combination had a significant decrease in p53 protein levels (0.39
+ 0.095 R.l.) compared to untreated cells (p<0.01). Whereas “priming” showed a

significant increase (1.39 = 0.054 R.l.) compare to untreated cells.
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Figure 5.62. MDA-MB231 protein levels of the p53 pathway treatments following CBD,
cisplatin, combination and “priming” with CBD compared to each other

MDA-MB231 cell’s (A) HDAC1, (B) SirT1 and (C) p53 protein levels were compared against each
other. Data shown is repeated 3-5 times. The dashed line represents untreated cells and data
was normalised to constitutively expression house keeper (-Actin. Data is represented as mean
+ SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001 vs CBD; = p<0.05,
aaa p<0.001 vs Cisplatin; ° p<0.05 vs Combination.

5.13.2.2. “Priming” with CBD’s effect on the protein levels in the Nrf2
pathway compared to previously examined treatments and their
effect in cancer cells

An increase in HDACG6 protein levels was observed following cisplatin treatment
(2.68 £ 0.769 R.l.) compared to untreated cells (p<0.05) (Figure 5.63.A.). However, no

significant difference with any of the other treatment conditions was observed.
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A significant increase was observed with CBD (2.43 + 0.291 R.1.) (p<0.01) and
cisplatin treatment (2.09 + 0.298 R.l.) (p<0.01) compare to untreated cells (Figure
5.63.B.). A reduction following treatment with “priming” was observed (0.614 + 0.073

R.l.) compared to untreated cells (p<0.05), CBD (p<0.05) and cisplatin (p<0.05).
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Figure 5.63. MDA-MB231 protein levels of the Nrf2 pathway treatments compared to each
other.

MDA-MB231 cell’s (A) HDAC6 and (B) Nrf2 protein levels were compared against each other.
Data shown is repeated 3-5 times. The dashed line represents untreated cells and data was
normalised to constitutively expression house keeper B-Actin. Data is represented as mean +
SEM. * p<0.05, ** p<0.01 vs Untreated; # p<0.05 vs CBD; & p<0.05 vs Cisplatin.

5.13.2.3. The protein levels of the AKT pathway following “priming”
with CBD compared to previously reported treatments in cancer
cells

No change in AKT protein levels was observed with any of the treatments (Figure

5.64.A.). There was also no significant difference between treatments with each other.

An increase in mTOR levels was observed following CBD (1.49 £ 0.171 R.l.)
(p<0.05) and combination treatment (1.52 + 0.042 R.1.) (p<0.01) compared to untreated
cells (Figure 5.64.B.). A significant reduction was observed following “priming” treatment

compared to CBD (p<0.05) and combination (p<0.05).
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NFkB protein levels were unchanged for all treatments compared to untreated

cells and to each other (Figure 5.64.C.).
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Figure 5.64. MDA-MB231 protein expression analysis of the AKT pathway treatments
compared to each other.

MDA-MB231 cell’'s (A) AKT, (B) mTOR and (C) NFkB protein levels were compared against each
other. Data shown is repeated 3-5 times. The dashed line represents untreated cells and data
was normalised to constitutively expression house keeper B-Actin. Data is represented as mean
+ SEM. * p<0.05, ** p<0.01 vs Untreated; # p<0.05 vs CBD; ° p<0.05 vs Combination.

5.13.3. The effect of “priming” with CBD in control cell’s
protein levels

5.13.3.1. The effect of “priming” with CBD in the protein levels of the
p53 pathway in control cells

No change was observed in HDAC1 protein level following “priming” treatment
compared to untreated cells (Figure 5.65.A.). There was a dose dependant trend to

increase in HDAC1 levels following “priming” though this was not significantly different.

A dose dependant significant increase in SirT1 expression levels was observed
following an increase in “priming” treatment (Figure 5.65.B.). This reached significance
with 0.5 uM CBD (1.38 £+ 0.152 R.l.) (p<0.05), 1 yM CBD (1.67 £ 0.235 R.l.) (p<0.05),
2.5 uM CBD (2.36 + 0.437 R.l.) (p<0.05) and 5 uM CBD (2.49 + 0.435 R.l.) (p<0.01)

compared to untreated cells.
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A significant increase in p53 levels was observed following “priming” with 0.1 uM
CBD (4.50 £ 0.684 R.I.) compared to untreated cells (p<0.05) (Figure 5.65.C.). However,

as the dose of “priming” increased a dose dependant decrease in p53 protein levels was

observed from 0.5 yM CBD.
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Figure 5.65. Control cell p53 pathway protein levels following “priming” with CBD.
Control cel’'s (A) HDAC1, (B) SirT1 and (C) p53 protein expression levels were analysed
following “priming” treatment. Data shown is repeated 3-5 times. The dashed line represents
untreated cells and data was normalised to constitutively expression house keeper B-Actin. (D)
Western blot of relevant graphs with untreated (0) and the housekeeper B-actin as control protein.
Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated.

5.13.3.2. “Priming” with CBD’s effect on protein levels in the Nrf2
pathway of control cells

No change in HDACSG protein levels was observed following “priming” treatment

compared to untreated cells (Figure 5.66.A.).

A significant increase in Nrf2 protein levels was observed following “priming”
treatment with 0.1 yM CBD (3.44 £ 0.868 R.l.) (p<0.05) (Figure 5.66.B.). This increase
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decreased slightly in a dose dependant manner as “priming” increased; 0.5 yM CBD
(3.12 £ 0.558 R.1.) (p<0.05), 1 uM CBD (2.80 £ 0.699 R.l.) (p<0.05), 2.5 uM CBD (2.17

+ 0.338 R.1.) (p<0.05), 5 yM CBD (2.32 + 0.445 R.l.) (p<0.05).
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Figure 5.66. Control cell’s protein levels in the Nrf2 pathway following “priming” with CBD.
Control cell’'s (A) HDAC6 and (B) Nrf2 protein expression levels were analysed after “priming”
treatments. Data shown is repeated 3-5 times. The dashed line represents untreated cells and
data was normalised to constitutively expression house keeper B-Actin. (C) Western blot of
relevant graphs with untreated (0) and the housekeeper B-actin as control protein. Data is
represented as mean + SEM. * p<0.05 vs Untreated.

5.13.3.3. The effect of “priming” with CBD in the protein levels of the
AKT pathway in control cells

A dose dependant increase was observed in AKT protein levels following
“priming” treatment as doses increased (Figure 5.67.A.). Significance was reached with
0.5 uM CBD “primed” treatment (2.02 + 0.342 R.l.) (p<0.05), 1 yM CBD (2.31 + 0.481
R.l.) (p<0.05), 2.5 yM CBD (3.19 + 0.681 R.1.) (p<0.05) and 5 yM CBD (4.06 + 0.941

R.L.) (p<0.05).

No change in mTOR protein levels was observed following “priming” treatment

(Figure 5.67.B.). All doses of “priming” were similar to untreated cell levels.
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No change in NFkB protein levels were observed following “priming” treatment,
however, there was a trend to increase with lower doses of CBD “primed” (Figure

5.67.C.).
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Figure 5.67. AKT pathway’s protein levels following “priming” in control cells.

Control cell's (A) AKT, (B) mTOR and (C) NFkB protein levels were analysed following “priming”
treatments. Data shown is repeated 3-5 times. The dashed line represents control treatments
and data was normalised to constitutively expression house keeper B-Actin. (D) Western blot of
relevant graphs with untreated (0) and the housekeeper B-actin as control protein. Data is
represented as mean + SEM. * p<0.05 vs Untreated.

5.13.4. The protein levels of all previously examined
treatments compared to each other in control cells

5.13.4.1. The effect of “priming” with CBD compared to the
previously examined treatments on the protein levels of control
cell’s p53 pathway

A significant reduction was observed in HDAC1 levels following cisplatin
treatment (0.54 + 0.104 R.l.) compared to untreated cells (p<0.01) and CBD (p<0.01)

(Figure 5.68.A.). A significant decrease was also observed following combination
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treatment (0.44 + 0.046 R.l.) compared to untreated cells (p<0.01) and CBD treatment

(p<0.01).

A significant increase was observed in SirT1 expression following CBD (2.09 %
0.559 R.l.) compared to untreated cells (p<0.01), cisplatin (p<0.05), combination
(p<0.05) (Figure 5.68.B.). An increase was observed following “priming” treatment (1.59

1 0.239 R.1.) compared to untreated cells (p<0.05).

A significant decrease was observed following treatment with cisplatin (0.318 %
0.041 R.l.) (p<0.001) and combination treatment (0.49 + 0.022 R.l.) compared to
untreated cells (Figure 5.68.C.). No significant increase was observed following
‘priming” treatment (2.02 £ 0.874 R.l.) and untreated cells however a difference was

observed between cisplatin (p<0.05) and combination (p<0.05) treatment.
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Figure 5.68. Control cell’s protein levels in the p53 pathway when all previously examined
treatments were compared to each other.

Control cell’s (A) HDAC1, (B) SirT1 and (C) p53 protein levels were compared against each
other. Data shown is repeated 3-5 times. The dashed line represents untreated cells and data
was normalised to constitutively expression house keeper -Actin. Data is represented as mean
+ SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ## p<0.01 vs CBD; & p<0.05 vs
Cisplatin; ° p<0.05 vs Combination.
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5.13.4.2. The effects of “priming” with CBD compared to the
previously examined treatments on the protein levels of control
cell’s Nrf2 pathway

A significant decrease in HDACSG protein levels was observed following cisplatin
treatment (0.66 + 0.084 R.1.) compared to untreated cells (p<0.001) (Figure 5.69.A.). No
change was shown following “priming” treatment compared to untreated cells, however
compared to cisplatin (p<0.05) and combination (p<0.05) treatment there was a

difference.

An increase was observed following “priming” treatment (3.18 + 0.807 R.I.) of
Nrf2 protein levels compared to untreated cells (p<0.05), CBD (p<0.05), cisplatin

(p<0.05) and combination (p<0.05) (Figure 5.69.B.).
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Figure 5.69. The Nrf2 pathway’s protein levels following CBD, cisplatin, combination and
“priming” with CBD in control cells compared with each other.

Control cell’'s (A) HDAC6 and (B) Nrf2 protein levels were compared against each other. Data
shown is repeated 3-5 times. The dashed line represents untreated cells and data was
normalised to constitutively expression house keeper (3-Actin. Data is represented as mean +
SEM. * p<0.05, *** p<0.001 vs Untreated; # p<0.05 vs CBD; & p<0.05 vs Cisplatin; ° p<0.05 vs
Combination.
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5.13.4.3. The AKT pathway’s protein levels following previously
reported treatments in control cells compared to each other

AKT protein levels were increased following “priming” treatment (2.31 + 0.481
R.I.) compared to untreated cells (p<0.05), CBD (p<0.05), cisplatin (p<0.05) and

combination (p<0.05) (Figure 5.70.A.). There was no change with any other treatment.

mTOR protein levels were significantly increased following CBD treatment (1.98
1 0.260 R.l.) compared to untreated cells (p<0.05), CBD (p<0.001), cisplatin (p<0.001)
and “priming” (p<0.01) (Figure 5.70.B.). A decrease in mTOR levels was observed
following cisplatin treatment (0.55 £ 0.115 R.I.) (p<0.05) and combination (0.46 + 0.074

R.l.) (p<0.001) compared to untreated cells.

A significant increase was observed in NFkB protein levels following CBD
treatment (1.57 £ 0.113 R.l.) compared to untreated cells (p<0.05) and CBD (p<0.05)

(Figure 5.70.C.).
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Figure 5.70. Control cell’s AKT pathway’s protein expression following CBD, cisplatin,
combination and “priming” with CBD compared to each other.

Control cell’'s (A) AKT, (B) mTOR and (C) NFkB protein levels compared against each other.
Data shown is repeated 3-5 times. The dashed line represents untreated cells and data was
normalised to constitutively expression house keeper (3-Actin. Data is represented as mean +
SEM. * p<0.05, ** p<0.01, *** p<0.001 vs Untreated; # p<0.05, ### p<0.001 vs CBD; = p<0.05
vs Cisplatin; ° p<0.05 vs Combination.
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5.14. The effect of “priming” with CBD on the global DNA
methylation state of the cell

5.14.1. Cancer cell’s global DNA methylation state’s response
to “priming” with CBD

5.14.1.1. “Priming” with CBD’s effect in cancer cell’s DNA
methylation state

The ratio of 5-methylCytosine to Guanine was investigated in the cancer cells
following “priming” treatment (Section 2.14.). A dose dependant increase was observed
in Smethylcytosine/dGuanine levels following “priming” treatment compared to untreated
cells (Figure 5.71.). Significance was reached with 1 yM CBD (2.55 + 0.016 %) (p<0.05),

2.5 uM CBD (2.55 + 0.022 %) (p<0.05) and 5 pM CBD (2.52 + 0.008 %) (p<0.01).
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Figure 5.71. MDA-MB231’s DNA methylation quantified following “priming” treatment.
MDA-MB231 cell's DNA methylation analysed following “priming” treatment. Data shown is
repeated 3-5 times with technical replicates in triplicate per run. Data is represented as mean %
SEM. * p<0.05, ** p<0.01 vs Untreated.
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5.14.1.2. The effect of all previously examined treatments on the
global DNA methylation state in cancer cells compared to each
other

A decrease in DNA methylation was observed with cisplatin (0.91 + 0.004 %)
(p<0.01) and combination treatment (0.82 + 0.014 %) (p<0.05) (Figure 5.72.). An
increase was observed following “priming” treatment (1.11 + 0.021 %) compared to

untreated cells (p<0.05) and combination treatment (p<0.05).
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Figure 5.72. MDA-MB231 cancer cells DNA methylation alteration treatments compared
against each other.

MDA-MB231 cell’'s DNA methylation treatments compared against each other. Data shown is
repeated 3-5 times with technical replicates in triplicate per run. The dashed line represents
untreated cells. Data is represented as mean + SEM. * p<0.05, ** p<0.01 vs Untreated; ° p<0.05
vs Combination.
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5.14.2. “Priming” with CBD’s effect on global DNA
methylation in control cells

5.14.21. “Priming” with CBD’s effect on control cell’s global DNA
methylation state

No change was observed following “priming” treatment  of

5methylcytosine/dGuanine levels compared to untreated cells (Figure 5.73.).
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Figure 5.73. Control cell’s DNA methylation following “priming” treatment.
Control cell’'s DNA methylation alteration following “priming” treatment. Data shown is repeated
3-5 times with technical replicates in triplicate per run. Data is represented as mean + SEM.
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5.14.2.2. The global DNA methylation state in control cells following
all previously examined treatments compared to each other

A significant decrease was observed following CBD treatment (0.85 £ 0.069 %)
compared to untreated cells (p<0.05) (Figure 5.74.). No further significance was

observed for any other treatments compared to each other.
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Figure 5.74. The control cell’'s DNA methylation state following CBD, cisplatin,
combination and “priming” treatment compared to each other.

Control cell’s DNA methylation alteration after each treatment was compared to each other. Data
shown is repeated 3-5 times with technical replicates in triplicate per run. The dashed line
represents untreated cells. Data is represented as mean + SEM. *p<0.05 vs Untreated.
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5.15. “Priming” with CBD’s effect in an in vivo model
experiment

5.15.1. The effect of “priming” with CBD in a xenograft model

in vivo.

An in vivo xenograft mouse model of MDA-MB231 cells was used to examine
the effect of “priming” (Section 2.15). The first set of treatments consisted of the
“priming” technique prior to chemotherapeutic treatments where control, 1 yM CBD, 100
MM cisplatin and combination groups were given a saline injection and the “priming”

group received a 1 yM CBD intra-tumour injection (Section 2.15.3.).

After the initial “priming” treatment the tumours were injected with their respective
chemotherapy treatment. Control treatment showed an increase in tumour growth
compared to the baseline measurements (5.78 + 2.734 mm?®) (Figure 5.75.). A significant
decrease in tumour growth was observed following 1 yM CBD treatment compared to
control treatment (-5.31 + 1.635 mm?®) (p<0.001). An increase in cell growth was
observed following 100 pM cisplatin treatment compared to baseline which was not
significant to control treatment but was significantly different to 1 uM CBD treatment
alone (p<0.05). Combination treatment showed no change compared to control level
treatment but a significant difference to 1 yM CBD treatment (p<0.001). A significant
decrease in tumour size was observed following “priming” treatment compared to control

treatments (-1.56 + 1.706 mm?) (p<0.01) and combination treatment (p<0.05).
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Figure 5.75. In vivo cancer therapy following “priming” with CBD.

Intratumour injections were carried out on MDA-MB231 xenograft tumours for the following
groups; control (saline-saline), 1 yM CBD (saline-1 yM CBD), 100 uM cisplatin (saline-100 pM
cisplatin), combination (saline-1 uM CBD and 100 uM cisplatin) and “priming” (1 yM CBD-100
MM cisplatin). Treatments were carried out on 8-10 mice per group. Data is represented as mean
+ SEM and was normalised to baseline measurements. ** p<0.01, *** p<0.001 vs Control; #
p<0.05, ### p<0.001 vs 1 uM CBD; ° p<0.05 vs Combination.
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5.16. Summary of the effect of “priming” with CBD

¢ Does “priming” with CBD enhance the effectiveness of the chemotherapy
agent, cisplatin, in cancer cells alone

As the combination of CBD and cisplatin had no added effect on reducing cell
viability (Section 4.3.3.), “priming” with CBD was examined. “Priming” with other
mechanisms has been shown to reduce cell viability in cancer cells (Sharma et al. 2005,
Kuhar et al. 2007, Chonghaile et al. 2011, Reed 2011, Kumar and Singh 2012). Here |
showed that “priming” with CBD enhanced chemotherapeutic treatment on cancer cells
by reducing cell viability significantly more than cisplatin treatment alone (Section 5.5.1.).

Control cells showed no enhanced effect following “priming” with CBD (Section 5.5.2.).

¢ The mode of action for “priming” with CBD in cancer cells

The mode of action of “priming” has been suggested to act through the sensitization
of the mitochondria (Chonghaile et al. 2011, Reed 2011). In this study | showed that the
molecular mechanism of “priming” with CBD in cancer cells was through increased ROS
and Ca?" concentrations to unsustainable levels (Section 5.7.1. and 5.8.1.). While in
parallel, increasing VDAC1 activity and reducing proton leak in the mitochondria
(Section 5.9.1. and 5.11.1.). Mitochondrial dysfunction is activated through reduced
mitochondrial respiration, increased VDAC1 activation and increased ROS production
(Brookes et al. 2004, Galluzzi et al. 2006, Shoshan-Barmatz and Ben-Hail 2012, Huang
et al. 2013, Zhang et al. 2014). Thus “priming” with CBD enhances mitochondrial
dysfunction. Furthermore, p53 expression was increased (Section 5.12.1. and 5.13.1.)
and subsequently Nrf2 expression reduced (Section 5.12.1. and 5.13.1.). | have shown
here that the high stress two-phase p53/Nrf2 pathway is being activated following
“priming” with CBD. Moreover, this increase in p53 has been shown to increase

apoptosis (Bragado et al. 2007, Ventura et al. 2007, Chen et al. 2012). Finally, an
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increase in DNA methylation suggests a longer term mechanism for “priming” (Section
5.14.1.).

In control cells there was no enhanced increase in ROS or Ca?* concentrations
(Section 5.7.2. and 5.8.2.). In parallel there was an increase in VDAC1 activity however
a significant decrease in proton leak was observed (Section 5.9.2. and 5.11.2.).
Interestingly, there was also no change in mitochondrial respiration (Section 5.9.2.).
Moreover, there was an increase in both p53 and Nrf2 expression levels which was seen

with CBD treatment alone (Section 3.11., 3.12., 5.12.3. and 5.13.3.).

o The potential translational effect of “priming” in vivo

Since “priming” with CBD enhanced chemotherapeutic treatment in vitro with MDA-
MB231 cells (Section 5.5.1.) it was interesting to advance to a xenograft model to
observe any beneficial effect in vivo (Section 5.15.). The role of CBD as a tumour
reducing agent has been pursued in many different xenograft models (Ligresti et al.
2006, McAllister et al. 2011, De Petrocellis et al. 2012, Ramer et al. 2013, Romano et
al. 2014). Here | showed a reduction in tumour volume following CBD treatment and
more importantly following “priming” with CBD (Section 5.15.1.). The reduction seen
following “priming” was more enhanced than with cisplatin treatment (p<0.05) in the

xenograft model alone.
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Chapter 6

Discussion





6. Discussion

In this body of work | have shown that CBD has a benéeficial effect in reducing cancer
cell growth through the novel mechanism of “priming”. | have identified and
characterised the mode of action by which “priming” with CBD leads to enhanced cell
death, mainly through the activation of the high stress p53/Nrf2 pathway which increased
mitochondrial damage and cell stress and inhibited the chemotherapy resistant Nrf2
pathway. Furthermore, an increased VDAC1 activity also reduced cell viability by
increasing cytochrome c release and apoptosis. This mechanism was specific to cancer
cells with no effect in control cells compared to cisplatin treatment. Furthermore,

preliminary works suggest that this effect may be translatable to an in vivo model.

6.1. Optimising CBD treatment for “priming” experiment

Cannabinoids have been shown to be potent anti-tumour agents in colon,
prostate, liver, breast and lung cancer (Guzman 2003, Sarfaraz et al. 2005, Ligresti et
al. 2006, 1zzo et al. 2009, Lim et al. 2011, McAllister et al. 2011, Shrivastava et al. 2011,
Aviello et al. 2012, De Petrocellis et al. 2012b, Ramer et al. 2012, Ramer et al. 2013,
Macpherson et al. 2014, Romano et al. 2014). However, there is no consistent dose
range for the cannabinoids nor treatment time period. Furthermore, recent research
showed a reduction in viability from as little as 2 hours following treatment (Ramer et al.
2013). This is important to note when interpreting data as a longer time frame may show
a higher cell viability with lower doses and vice versa, a shorter time point with a higher
dose may show the same response. Optimising the dose range of CBD was vital prior

to examining CBD’s potential in “priming”.

An acute treatment with CBD was carried out on both cancer and control cells to

observe if there was any alteration to the cellular regulation with a 1 hour, acute, time
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point. Breast cancer cells showed no change in cell viability following acute treatment
with CBD. An increase in ROS levels and mitochondrial respiration was observed in the
cancer cells. Is has been shown that increased ROS levels, increase cancer cell
proliferation (Gupta et al. 2012, Sena and Chandel 2012). Recent research has also
shown that liver cells remained in an arrested state following 1 hour of H.O» exposure
(Koczor et al. 2013). This suggests that cancer cells showed no response to CBD
treatment due to sudden increased ROS levels in the cell. No change was also observed
following acute treatment in control cells of cell viability or ROS levels. Interestingly,
lowered stress levels from the EnR following CBD treatment has been shown to have a
protective role in keeping ROS reduced in oligodendrocyte progenitor cells, preventing
cell death in liver steatosis (Mecha et al. 2012, Yang et al. 2014). As mentioned
previously in section 1.1.3.4. ROS can aid in maintaining homeostasis within the cell,
protecting the cell from damage and increased ROS production (Figure 1.3.) (Sena and

Chandel 2012, Yang et al. 2014).

A chronic, 24 hour treatment was pursued as no change in cell viability was
observed following acute treatment. Most studies on CBD have been carried out
following 24 hours of treatment from dose ranges between 0.01 uyM to 10 uM (Sarfaraz
et al. 2005, Shrivastava et al. 2011, Aviello et al. 2012, Romano et al. 2014). In this
study, MDA-MB231 cancer cells saw a reduction in cell viability following chronic
treatment with 0.5 yM CBD. This is consistent with previous work carried out in MDA-
MB231 cells with doses of 2.5 yM to 10 uM CBD for 24 hours (McAllister et al. 2011,
Shrivastava et al. 2011). Recent work carried out by Shrivastava and colleagues on
several different breast cancer and control cell lines showed a reduction in control cell
(MCF10A) viability as from 5 uM to 10 uM CBD (Shrivastava et al. 2011). A reduction in
control cell’s viability was observed following CBD treatment in this study also confirming
the previous reports. CBD has been shown to preferentially kill cancer cells due to the

increase of CB2receptor on tumour cell’s membrane (Athanasiou et al. 2007). Increased
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cancer cell death from CBD is due to the increased entry of cannabinoids into cancer
cells compared to control cells. From this a treatment of 1 yM CBD was chosen for
combination and “priming” treatment due to its effect on reducing cancer cell viability

and having no effect on control cells.

6.2. CBD’s mode of action and its potential as a “priming”

agent

Cancer cell metabolism, as previously mentioned in section 1.1.3.1., is directed
primarily towards glycolysis even in the presence of oxygen in a process called the
“Warburg Effect” (Samudio et al. 2009, Vander Heiden et al. 2009, Wallace 2012). This
mechanism allows the cancer cells to grow more rapidly due to the continual supply of
glucose available from circulating blood as is mimicked in cell culture (Vander Heiden et
al. 2009). In acute treatment with CBD no change in cell viability was reported.
Interestingly, the “Warburg Effect” was not observed in cancer cells following acute CBD
treatment. Rather a reverse of the cell back to an OXPHOS state, with an increase in
basal mitochondrial respiration. This flexibility of the mitochondria has been documented
due to the “Crabtree Effect” which can reverse the glycolytic drive (Dranka et al. 2010,
Diaz-Ruiz et al. 2011). Recent research has shown that another plant compound,
curcumin can reverse the “Warburg Effect” towards the “Crabtree Effect” in breast
cancer cells even in the presence of the pro-oncogenic tumour necrosis factor a (TNFa)
(Vaughan et al. 2013). In comparison, control cells showed no effect to mitochondrial

stress levels and function following acute CBD treatment.

Interestingly, mitochondria have been described as having a pivotal role in the
mechanism behind “priming” (Chonghaile et al. 2011, Reed 2011, Sarosiek et al. 2013).
A recent study has shown that administration of CBD can increase the functionality of
mitochondria through the complexes by increasing Ca?* within the mitochondria itself

and thus increasing NADH accessibility (Valvassori et al. 2013). The alteration in
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mitochondrial function with CBD treatment is interesting as in my study there was an
increase in mitochondrial respiration and ATP production suggesting a reverse of the
“Warburg Effect” (Terada 1990, Rapizzi et al. 2002, Benard et al. 2007, Diers et al.
2012). Furthermore, increased ROS has been shown to increase cell death when in
excess (Gupta et al. 2012, Sena and Chandel 2012, Singer et al. 2015). Previous studies
have shown that increased ROS levels along with increased Ca?* led to further
increased apoptosis (Brookes et al. 2004, De Petrocellis et al. 2012b). Furthermore, a
recent study has confirmed that CBD inhibits chemotherapy resistant glioblastoma cell
viability in a ROS-dependant manner (Singer et al. 2015). The control of ROS and Ca?*
is interlinked whereby, increased Ca?* leads to increased ROS generation (Brookes et
al. 2004). However, increased Ca?* levels can increase ATP production but ROS
depletes ATP levels (Brookes et al. 2004, Wang et al. 2013). In this study, an increase
in ATP levels was observed suggesting that cancer cells are trying to overcome the
ROS-mediated depletion of ATP through reversing the “Warburg Effect” which is more
efficient at ATP production (Tiwari et al. 2002, Vander Heiden et al. 2009, Kroon and
Taanman 2014). However, control cells showed an increase in Ca?* levels but no
increase in mitochondrial respiration, ATP production or ROS levels. Progenitor cells
have shown that CBD can regulate oxidative stress by decreasing ROS production and
increasing anti-apoptotic Bcl-2 (Mecha et al. 2012). This suggests that the high
concentration of CBD required to reduce cell viability in control cells may be due to the
levels of ROS not being increased. However, an increase in Ca?* was observed and
along with increased ROS, increased Ca?* triggers apoptosis when it is taken up into the
mitochondria (Rizzuto et al. 2003). A recent study showed that in grape seed extract an
increase in apoptosis was due to increased ROS and a subsequent loss of MOMP
(Shrotriya et al. 2014). Furthermore, elevation in oxidative stress can not only damage
the mitochondrial membrane but increase the release of cytochrome c into the cell
upregulating apoptosis (Tiwari et al. 2002, Shrotriya et al. 2014). The primary role of
Ca?*is in stimulating OXPHOS however, an overload of Ca?* can trigger increased ROS
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and increase the MOMP which is regulated by key components such as VDAC1
(Brookes et al. 2004, Szabadkai et al. 2006). Overexpression of Ca?* leads to stimulation
of the TCA cycle enhancing ROS production through complex | and making the
mitochondria work faster (Brookes et al. 2004). In this study an increase in the
mitochondria’s overall maximal respiration potential in cancer cells was observed due to
increased Ca?*, directing the mitochondria to function at full capacity. Proton leak is
unchanged or reduced when a faster functioning metabolism is observed (Tiwari et al.
2002, Rizzuto et al. 2003, Brookes et al. 2004). CBD treatment increased Ca?* levels in
cancer cells, increasing mitochondrial OXPHOS, reversing the “Warburg Effect” and
increased ROS further though the mitochondria. Moreover, it is important to note that a
trending decrease in AMPK activity was observed which has been linked to an increase
in OXPHOS and an increase in mTOR which can lead to mitochondrial dysfunction (Wu
and Wei 2012). In control cells this same effect was not observed however, both cell
types showed an increase in Ca?" levels and control cells did have a reduction in cell
viability at high doses. The proton leak of the control cell’s mitochondria was significantly
decreased suggesting that the mitochondria were increasing their stability (Brookes et
al. 2004, Galluzzi et al. 2011). This suggests that the difference in CBD treatment for
cancer and control cells could be through their mitochondria’s response to the agent.
Whereby control cell’s mitochondria are not altering their function with CBD treatment
but are instead reducing mitochondria permeability and thus inhibiting the direct
influence of metabolic regulators from the cytoplasm. Ca?* homeostasis is tightly
controlled and any elevation can lead to increased apoptosis (Szabadkai et al. 2006,
Kondratskyi et al. 2014). Moreover, increasing VDAC1 receptor, increases cell death
through apoptosis from direct interaction with CBD and the mitochondria (Tiwari et al.
2002, Tewari et al. 2015). The plant polyphenol, curcumin, has been shown to reduce
cancer cell viability by binding to the VDAC1 receptor (Tewari et al. 2015) CBD has
previously been shown to interact with VDAC1 receptors and increase apoptosis in
cancer cells (Rimmerman et al. 2013). MDA-MB231 cells showed an increase in VDAC1
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expression however, control cell’'s expression was significantly reduced. This further
strengthens the difference between the two cells in their response to CBD through the

mitochondria and also confirms the potential of CBD as a favourable “priming” agent.

Known as the master regulator of a diverse range of cellular networks, p53 is
capable of controlling both cell death and cell survival (Ito et al. 2002, Bansal et al. 2011,
Hanahan and Weinberg 2011). In unstressed conditions p53 is maintained at low levels
by HDAC1 suppression (Ito et al. 2002, Witt et al. 2009). This allows the cells to
proliferate at normal levels (lto et al. 2002). This regulation of p53 was observed in
control cells and their viability. However, p53 has also been shown to act as a pro-
apoptotic controller in high stress conditions whereby it is activated by the tumour
suppressor SirT1 (Ventura et al. 2007, Yi and Luo 2010, De Amicis et al. 2011, Wade et
al. 2013). SirT1 is enhanced by increased levels of ROS in the cell which blocks
transcription-mediated apoptosis but translocates p53 to the mitochondria to allow
release of cytochrome ¢ and consequently apoptosis (Figure 6.1) (Yi and Luo 2010, De
Amicis et al. 2011). This interactive regulation of apoptosis has been seen with
resveratrol whereby an increase in p53 due to HDAC1 activation led to a down regulation
of EnR in breast cancer cells which have been shown to drive cell proliferation (De
Amicis et al. 2011). However, CBD treatment in breast cancer cells led to a decrease in
HDAC1 gene expression with a corresponding increase in SirT1 expression and p53
expression which led to an increase in cell death through p53 translocation to the
mitochondria. Resveratrol has been documented to control mitochondrial function and
protect it from damage by increasing OXPHOS levels in the cell through SirT1 (Lagouge
et al. 2006, Desquiret-Dumas et al. 2013). Activation of SirT1 can increase NADH levels
within the cell and activate complex | in the mitochondria inducing respiratory chain and
OXPHOS activity as was described earlier. It is also important to note that SirT1 has
been shown to have anti-tumourogenic properties though this is dependent on tumour

types (Tan et al. 2014). This also translated to protein levels though there was a slight
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increase in HDAC1 protein levels. Recent work has shown that high HDAC1 levels in
breast tissue correlated with reduced tumour sizes and a better prognosis which could

suggest that at these high levels HDAC1 is pro-apoptotic (Zhang et al. 2005).
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Figure 6.1. In the presence of increased ROS, SirT1 promotes translocation of p53 to the
mitochondria for transcription-dependent apoptosis.

In the presence of increased ROS, SirT1 is activation to bind to and block p53 nuclear
translocation. The deacetylated p53 is translocated to the mitochondrial outer membrane
interacting with BCL-xL and Bcl-2. This allows the release of BAX which releases cytochrome ¢
from the mitochondria to induce apoptotic cell death. Image modified from Yi et al., 2010.

Low levels of p53 activation have been shown to upregulate the cell stress
regulator Nrf2 (Chen et al. 2012). Nrf2 is a key regulator in controlling cell stress as
mentioned in section 1.1.3.4.1. whereby its activation can reduce ROS levels. Nrf2 is
bound tightly to KEAP1 in the cytoplasm until an increase in ROS is detected (Kensler
et al. 2007, Pi et al. 2007, Ohtsuiji et al. 2008, Tufekci et al. 2011). Increased Nrf2, as
observed in cancer cells here following CBD treatment, increases the AREs which
promote antioxidant and anti-inflammatory pathways as has been shown previously with
Broccoli seed treatment (McWalter et al. 2004, Tufekci et al. 2011, Namani et al. 2014).

The AREs can increase expression of NAD(P)H:quinone oxidoreductase 1 (NQO1), and
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down regulate IL6 and NFkB inflammatory markers (Hodge et al. 2005, Kensler et al.
2007, Li et al. 2008, Reuter et al. 2010). In cancer cells, an increase in Nrf2 gene
expression and protein levels was observed along with an increase in ROS and p53
levels. However, an increase in MAPk gene expression was also observed which
upregulates the genetic expression of the inflammatory marker IL6 (Son et al. 2008).
Interestingly though this gene expression increase was not translated to an increase in
protein levels for either MAPK or IL6 suggesting that Nrf2 was able to initiate an inhibition
of their protein translation. Increased Nrf2 levels can lead to decreased oxidative stress
levels which would allow the cell to regulate the damage incurred from increased ROS
concentrations and protect the cell mechanisms (Li et al. 2008). Furthermore, in control
cells there was no change in Nrf2 levels observed and no increased ROS production. A
decrease in Nrf2 levels has been suggested to lead to cell death however, as Nrf2
control levels remained similar to untreated cells there was no evidence for an increased
cell death through Nrf2 (Morito et al. 2003). Nrf2 has also been linked to increased ATP
and mitochondrial function protection (Tufekci et al. 2011, Holmstréom et al. 2013).
Increased p53 and Nrf2 levels in cancer cells suggest that CBD treatment activated the
two-phase p53/Nrf2 mechanism whereby the cell is reacting to increased oxidative
stress through increasing mitochondrial function, increasing ROS production and
activating a controlled cell death (Figure 6.2.) (Chen et al. 2012, Holmstrom et al. 2013).
Important to note is that control cell’s mitochondrial function was not altered following
CBD treatment confirming that CBD does not affect control cells the same as cancer
cells (Athanasiou et al. 2007, Fukuda et al. 2014). It is also important to note that Nrf2
has been linked to activating AKT in inducing cell growth and proliferation (Wang et al.
2008). However, in cancer cells CBD does not increase AKT gene expression or protein
levels which in turn does not increase cell growth nor increase glycolysis (Wang et al.
2008, Scotland et al. 2013, Yadav and Chandra 2014). Furthermore, AKT regulates
FOXO activation which can regulate many cell fate pathways including apoptosis (Fu
and Tindall 2008, Nunn et al. 2010). Activation of FOXO1 can increase apoptosis and
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decrease cellular growth (Fu and Tindall 2008, Jiang et al. 2013, Prasad et al. 2014). An
upregulation of FOXO3 results in cell cycle arrest and a reduction in a cancerous state
(Bullock et al. 2013, Prasad et al. 2014). Interestingly, as mentioned previously control
cells saw no change to Nrf2 levels following CBD treatment but did see an increase in
AKT activation. This cell survival pathway was activated following CBD treatment in
control cells (Wang et al. 2008). Moreover, AKT has been shown to inhibit VDAC1
expression directly to inhibit apoptosis (Yadav and Chandra 2014). Again, in cancer cells
there was no change with AKT activity and an increase in both VDAC1 expression and
cell death. Furthermore, VDAC1 was controlled by AKT activation in control cells.
Moreover, mTOR which is linked to AKT activity, has been shown to increase
mitochondrial activity and ATP production (Mu et al. 2014, Yadav and Chandra 2014).
This further amplifies that CBD treatment in cancer cells increases cell death through
the p53/Nrf2 two-phase pathway, increasing mitochondrial VDAC1 receptor’s activation

of cell death. In control cells this action of CBD was not observed.
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Figure 6.2. Mild stress such as CBD treatment, activates p53 to increase Nrf2 activity to
reduce excess ROS and interact with the mitochondria to release apoptotic cytochrome
c.
In a mild stress condition where ROS is increased, such as CBD treatment in cancer cells, p53
is activated. Increased p53 due to high ROS levels can lead to a direct activation of Nrf2 to inhibit
further ROS production through the AREs. Increased p53 is also translocated to the mitochondria
releasing cytochrome ¢ and inducing apoptosis.
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6.2.1. Conclusion

This study has shown that the mode of action of CBD is not the same in cancer
cells as it is in normal cells. There is an ulterior mode of action in control cells that does
not lead to increased oxidative stress nor increased mitochondrial function which is
dysfunction in the cancer cells. Cancer cells when treated with CBD have been shown
to induce cell death through activation of the p53/Nrf2 pathway and VDAC1 expression
due to an increase in Ca?"and ROS levels. This in turn reverses the “Warburg Effect” to
increase the functionality and maximal respiration of the mitochondria in a dysfunctional
manner, leading the cell to a controlled mitochondrial cell death. CBD’s mode of action
in control cells does not lead to increased oxidative stress nor increased mitochondrial
function which became dysfunctional in the cancer cells following CBD treatment. The
control cells reduced any potential for further oxidative stress by not increasing
OXPHOS by keeping mitochondrial respiration and functions the same as untreated
cells (Sena and Chandel 2012). Instead an increase in the expression of regulators that
can aid in cell growth and repair, the AKT pathway, was observed. The proposed mode
of action in control cells highlights the advantageous capacity of CBD as a tumour
specific repressor. The difference observed in the molecular mechanism between
cancer cells and control cells following CBD treatment highlights the importance of CBD
in cancer therapy. Not only do cancer cells have a higher abundancy of cannabinoid
receptors (CB) receptors and VDAC1 receptors as previously reported (Simamura et al.
2008). Here, | have shown that in cancer cells there is an increase in cell death,
increased ROS concentration and increased VDAC1 activity. The role that CBD has to
play in cancer therapy is clearly discussed here and | have shown its potential in
enhancing chemotherapeutic treatment. Furthermore the role of CBD as a “priming”

agent which could enhance chemotherapeutic cell death is even more promising.
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6.3. Cisplatin as a suitable chemotherapy agent in MDA-
MB231 cells

Cisplatin is one of the most potent anti-tumour agent used in the treatment of solid
cancers and has been known to activate this toxic mechanism through both DNA
damage and mitochondrial apoptosis (Jordan and Carmo-Fonseca 2000, Yang et al.
2006, Galluzzi et al. 2012, Santin et al. 2013, Al-Taweel et al. 2014). Based on previous
research carried out with MDA-MB231 cells, a dose range was examined in this study
to verify the positive effect cisplatin had on killing cancer cells (Hong et al. 2008, Arisan
et al. 2010). A significant reduction in both cancer and control cells was observed with
100 pM cisplatin which was chosen as the effective dose range to observe any molecular

alterations in the cell.

Cisplatin has been shown to induce apoptosis through different pathways including
increased DNA adduct damage and mitochondrial apoptosis (Jordan and Carmo-
Fonseca 2000, Yang et al. 2006, Arisan et al. 2010, Galluzzi et al. 2012). Cisplatin
increases ROS production to increase cell toxicity and cell death (Bragado et al. 2007,
Martins et al. 2008). Increased ROS levels in the cell can also induce an increase in
Ca?* level concentration which are normally at a consistent homeostatic level (Kawai et
al. 2006, Muscella et al. 2011). In both cancer and control cells there was a significantly
high level of ROS concentration compared to CBD treatment. Furthermore, an increase
in Ca?* levels was also observed in both cell types. These increases in oxidative stress
can drive a cell towards apoptosis either through mitochondrial or through DNA damage
(Brookes et al. 2004, Gupta et al. 2012, Sena and Chandel 2012). As previously
mentioned, Ca?* activity can drive OXPHOS however, with cisplatin treatment there was
no change in mitochondrial respiration of cancer cells or maximal respiration (Rizzuto et
al. 2003, Brookes et al. 2004, Parkash and Asotra 2010, Kuznetsov et al. 2011b). In the
control cells there was actually a significant decrease in mitochondrial respiration, proton

leak and in maximal respiration. This could suggest that again like with CBD there is a
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shutdown of mitochondrial function when a toxic agent is introduced to the control cells.
When looking at cisplatin’s known interaction with VDAC1 channels in the mitochondria
it has been shown already that cisplatin binds to VDAC1 increasing the interaction with
cytochrome c release for an apoptotic cell death (Yang et al. 2006, Tajeddine et al. 2008,
Galluzzi et al. 2012). Cancer cells showed no change in VDAC1 expression compared
to untreated cells however, in control cells there is a significantly reduced expression of
VDAC1 suggesting a resistance to cell death (Tajeddine et al. 2008, Galluzzi et al. 2012).
A reduction in VDAC1 expression has been shown to be linked to a resistance in cell
death (Galluzzi et al. 2012). The control cells are responding to the chemotherapeutic
agent by increasing cell death though perhaps the cells are controlling this increase in
Ca?" levels and ROS by closing the VDAC1 channel to potentially resist these cells to

further cell death.

Furthermore, much research has shown cisplatin’s interaction with cell fate
regulators such as p53, AKT and MAPk (Siddik 2003, Bragado et al. 2007, Hong et al.
2008, Galluzzi et al. 2012, Santin et al. 2013). Cisplatin death has been shown to be
activated by initiating p53 expression with increased ROS, this high toxic stress activates
the second-phase of p53 whereby ROS levels are further increased to toxic levels
(Bragado et al. 2007, Chen et al. 2012). Furthermore, MAPK is also a cisplatin target as
it can also activate p53 and increase ROS levels in the cell (Siddik 2003, Bragado et al.
2007). With the MDA-MB231 cells there was an increase in protein levels of p53 and of
MAPKk which could explain the high levels of both ROS and Ca?* levels in the cell (Figure
6.3.A.) (Brookes et al. 2004, Bragado et al. 2007, Florea and Busselberg 2011).
However, in the control cells a significant reduction of p53 activity and MAPk expression
was observed following cisplatin treatment suggesting that there is a protection of the
cell (Figure 6.3.B) (Wang et al. 1998, Bragado et al. 2007, Koczor et al. 2013). The cell
survival target, Nrf2 had no change to its gene expression levels in cancer cells and no

change to protein levels in control cells (Lau et al. 2008, Ren et al. 2011, Vinod et al.
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2013). Nrf2 inhibition encourages cell death and many plant compounds upregulate its
activity to decrease ROS (Kensler et al. 2007, Lau et al. 2008, Vinod et al. 2013).
Furthermore, the cell growth pathway of AKT and NFkB were not activated with cisplatin
treatment further cementing the fact that cisplatin inhibits cell growth (Vivanco and
Sawyers 2002, Elstrom et al. 2004, Scotland et al. 2013). Finally, the DNA methylation
state of cancer cells was significantly reduced with cisplatin treatment. Global
hypomethylation has been shown to increase chromosomal instability and can be linked
to activating tumour activating proteins (Chen et al. 1998, Szyf et al. 2004). This was not

observed in control cells.
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Figure 6.3. The mode of action of cisplatin in cancer and control cells.

The mode of action of cisplatin in (A) cancer cells leads to cell death through several different
parameters. These include an increase in ROS and Ca?* levels which encourage cell death. The
molecular mechanism of p53 induces cell death through mitochondrial cytochrome c release and
finally there was an observed DNA damage in the cell following treatment. Whereas in (B) control
cells there was an increase in ROS levels as was seen in cancer cells which increased cell death.
Though there was an inhibition of p53 which did not increase VDAC1 and mitochondrial apoptosis
and unlike cancer cells there was no enhanced DNA damage.

6.3.1. Conclusion

The role of cisplatin in cancer cells has been shown to increase ROS

concentration to a level that is toxic to the cell and to induce DNA damage through
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crosslinking damage (Siddik 2003, Kawai et al. 2006, Bragado et al. 2007, Martins et al.
2008, Galluzzi et al. 2012). Following cisplatin treatment, | showed that cancer cells do
have increased ROS concentration, Ca?* levels and increased p53 leading to further
increases of ROS and finally a hypomethylated state whereby DNA damage is being
induced. Conversely | showed that in control cells, cell death was observed however this
seems to be solely through ROS and Ca?* level increase. There is no further activation
of the p53 toxic route instead there is an inhibition of p53 and MAPKk. This suggests that
the control cells protective mechanism has been activated to regulate cell survival of the
population that remains following treatment through closing the apoptotic VDAC1
channel in the mitochondria and controlling the rising ROS and Ca?* levels. This work |
have carried out has highlighted cisplatin’s differing molecular mechanism between
cancer and control cells. Herein | have shown that cisplatin increases cancer cell death
through several regulatory pathways which include DNA damage, oxidative stress and
mitochondrial damage. However, in control cells the same mechanism is not activated.
This impaction in cancer therapy encourages the further use of cisplatin as a
chemotherapeutic agent due to the differing molecular mechanism between cancer and

control cells.

6.4. Could combining CBD with cisplatin have an enhanced
effect?

Combining chemotherapeutic agents has been shown to be highly beneficial
since the 1960s as mentioned previously (section 1.2.1.) (Frei et al. 1965, Moxley et al.
1967, Chabner and Roberts 2005, Caley and Jones 2012). However, much care is
needed when combining chemotherapeutic agents to ensure that they are beneficial
(Caley and Jones 2012). One main imperative is that both the agents are successful in
reducing cell growth when used separately (Caley and Jones 2012, Galmarini et al.

2012). Here | have shown that both CBD and cisplatin treatment increased cell death on
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their own (section 6.2. and 6.3.). Increased cell death by these separate agents on their
own suggests that combining them could enhance these effects of cell death (Chabner
and Roberts 2005, Kunnumakkara et al. 2007, Caley and Jones 2012). Phytochemicals
have been shown to act as chemosensitizers and prevent cancer growth (Shankar et al.
2012, Vinod et al. 2013). As stated earlier, the dose for the combination study was 1 uM
CBD as it showed a significant reduction in cell viability with cancer cells but not in
control cells and 100 uM cisplatin as it was more potent a dose in both cell lines.
Combinations of cannabinoids (80 nM-100 uM) have been previously used successfully
with gemcitabine and bortezomib (Donadelli et al. 2011, Morelli et al. 2014). However,

in my study, when CBD and cisplatin were combined there was no added effect on

cancer cell death. Interestingly, there was a resistant effect to cell death from the

combination treatment compared to cisplatin treatment alone. The same effect was
observed with control cells. Combining positive cancer killing agents is not always
successful as they may alter target proteins or compete for receptor targets (Chabner
and Roberts 2005, Caley and Jones 2012). Interestingly though, when a combination of
cisplatin and resveratrol was used in proximal tubular cells this same response was
observed, whereby resveratrol and cisplatin alone showed a reduction in cell viability but
when combined there was a significant protective effect (Kim et al. 2011). This protective
effect was suggested to be through SirT1 activation which reduced cisplatin’s

chemotherapeutic effect (Yi and Luo 2010, Kim et al. 2011).

The mechanism of CBD in cancer cell death was through the activation of the
p53/Nrf2 pathway and VDAC1 expression increase due to an increase in ROS and Ca?*
levels. The effectiveness of the combination of gemcitabine and the synthetic
cannabinoid, GW, was through an increase in ROS level and in EnR stress increases
(Donadelli et al. 2011). Furthermore, the decrease in cell viability of CBD in combination
with bortezomib was through increased ROS levels and decreased AKT activity (Morelli

et al. 2014). In cancer cell’s following CBD and cisplatin combination treatment an
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increase in ROS levels was observed though it was not as increased as cisplatin
treatment alone. Furthermore, there was no added difference to mitochondrial
respiration or maximal respiration from the combination treatment compared to
untreated cells and cisplatin treatment. A reduction in glycolytic energy production and
reserves remained also which suggests that the cells are not competing for cell growth
as could be suggested (Scotland et al. 2013, Yadav and Chandra 2014, Yang et al.
2014). In control cells the same response was observed with ROS levels not being
increased compared to cisplatin treatment alone. ROS signalling is an important factor
in chemoresistance (Ren et al. 2011, Galluzzi et al. 2012, Vinod et al. 2013). The control
of ROS levels by Nrf2 is a well-known mechanism for homeostatic cell control (Kensler
et al. 2007, Lau et al. 2008, Martin-Montalvo et al. 2011, Ren et al. 2011, Chen et al.
2012, Sena and Chandel 2012, Vinod et al. 2013). Nrf2 activity has also been shown to
inhibit ROS levels in a chemoresistant way whereby, cell growth is not inhibited but
rather the cell is protected from the chemotherapeutic agent (Lau et al. 2008, Ren et al.
2011, Vinod et al. 2013). Many plant compounds have been shown to activate Nrf2 to
control ROS and stress levels in the cell, such as curcumin, EGC and resveratrol (Kode
et al. 2008, Lau et al. 2008, Na and Surh 2008, Asensi et al. 2011). When combined
Nrf2 levels were unchanged compared to control levels in both cancer and control cells.
Furthermore, there was a significant decrease in p53 levels which is similar to the

response of resveratrol and cisplatin combination (Kim et al. 2011).

Furthermore to the chemoresistance observed with the combination treatment,
recent work has suggested a role for cisplatin in controlling VDAC1 and in turn this
controls ROS levels in the cell reducing cell death (Siddik 2003, Bragado et al. 2007,
Martins et al. 2008, Tajeddine et al. 2008, Galluzzi et al. 2012). Overexpression of
VDAC1 has been linked to increased sensitivity to apoptosis (Rapizzi et al. 2002). Both
CBD and cisplatin treatment alone showed an increase in VDAC1 expression. Both

agents have been shown to have an affinity to bind and activate VDAC1 (Yang et al.
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2006, Galluzzi et al. 2012, Rimmerman et al. 2013). Interestingly though there was a
significant reduction in VDAC1 expression with “combination” treatment in both cell
types. Decreased VDAC1 expression has been linked to increased cell resistance
(Tajeddine et al. 2008, Galluzzi et al. 2012). Furthermore, decreased p53 activity along
with MAPK inhibition has been linked to cisplatin resistance in cells (Galluzzi et al. 2012).
There is no activation of mitochondrial cell death due to this closure of VDAC1 and
reduction in p53 expression (Maries et al. 2003, Koczor et al. 2013).The fact that both
of these tumour killing agents target VDAC1 on the mitochondria to increase apoptotic
signals could be why there is no increased cell death. Moreover, the decrease in p53
activity and inhibition of MAPKk confirms that there is no activation of mitochondrial
apoptosis or increase of ROS by combination treatment (Figure 6.4.). The silencing of
p53 has been linked to increased cell growth and decreased ROS and mitochondrial
apoptosis (Manes et al. 2003, Yi and Luo 2010, Kim et al. 2011, Galluzzi et al. 2012,

Koczor et al. 2013).

321





Cisplatin CBD

Figure 6.4. The mode of action of combining of CBD and cisplatin treatment.

The mode of action for the combination and cisplatin for both cancer and control cells was similar.
An increase in Ca?* levels was observed for both cell lines which led to cell death. No change in
MAPKk meant a down regulation of p53 and no change in Nrf2 activation. A significant reduction
in VDAC1 proposed no release of cytochrome c to induce apoptosis.

6.4.1. Conclusion

The effect of combining CBD and cisplatin treatment together did not enhance
cell death. There was a similar mechanism by which both agents were working which
inhibited an enhanced effect. Chemotherapy resistance was observed due to increased
Nrf2 activity promoting cell survival through controlling altered ROS levels from the
agent’s treatment (Lau et al. 2008, Kuznetsov et al. 2011a, Ren et al. 2011, Vinod et al.
2013). Furthermore, the competition for the VDAC1 receptor by both agents decreased
cytochrome c release and apoptosis (Chabner and Roberts 2005, Yang et al. 2006,
Rimmerman et al. 2011, Caley and Jones 2012). Furthermore, a decrease in p53

following combination treatment increased cell viability. Combinational treatments are
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not always successful though interestingly, both cell types, cancer and control,
responded in the same way to the “combination” effect. The mode of action of this
“‘combination” effect had no specific difference to cancer or control cells. Therefore |
would not suggest any further investigation into the “combination” of CBD and cisplatin

for future cancer therapy.

6.5. “Priming”, its effect on cancer cell viability

The killing of cancer cells with chemotherapeutic agents has been shown to be
a very effective cancer treatment (Siddik 2003, Chabner and Roberts 2005, Arisan et al.
2010, Florea and Busselberg 2011, Caley and Jones 2012). However, chemotherapy
resistance which is observed with some chemotherapy treatments shows that novel, up
to date mechanisms are desired (Chabner and Roberts 2005, Hong et al. 2008, Caley
and Jones 2012, Galluzzi et al. 2012). One such method is pre-treating (“priming”)
cancer cells with an agent that sensitizes cells to chemotherapy and hence enhances
cell death (Sharma et al. 2005, Kuhar et al. 2007, Chonghaile et al. 2011, Reed 2011,
Kumar and Singh 2012, Mu et al. 2014). Many natural compounds have been targeted
as chemosensitizers and can reduce chemotherapy resistance (Sharma et al. 2005,

Kuhar et al. 2007, Reed 2011, Vinod et al. 2013). In my study CBD was shown to

enhance cancer cell death through “priming” prior to cisplatin treatment. Moreover, as

the dose of CBD increased so too did the “priming” effect.

In control cells there was no effect following “priming” treatment. The effect
observed with control cells was similar to cisplatin treatment viability. This lack of
‘priming” in control cells is advantageous if we are to move towards a novel
chemotherapeutic strategy (Caley and Jones 2012). As | previously described, there
was a different mode of action for both cancer and control cells following CBD and
cisplatin treatment. | investigated if there also was a separate mode of action for control
cells following “priming”.
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6.6. The mode of action of “priming”

“Priming” has been suggested to work through mitochondrial sensitisation
(Sharma et al. 2005, Chonghaile et al. 2011, Reed 2011). Alteration in cellular
metabolism is a key hallmark of all tumour cells and it is this drive towards “the Warburg
effect” that can make the cancer cell’'s mitochondria more sensitive to drug targets
(Hanahan and Weinberg 2000, Brookes et al. 2004, Vander Heiden et al. 2009,
Hanahan and Weinberg 2011). Mitochondrial dysfunction which includes reduced
mitochondrial respiration, inhibition of the MOMP and increased VDAC1 activation can
all lead to an increase in the cells susceptibility to death and thus making the
mitochondria a key target for cancer therapy (Shoshan-Barmatz and Ben-Hail 2012,
Huang et al. 2013, Zhang et al. 2014). The role of mitochondria in both cell survival and
cell death is a tightly controlled mechanism and can be easily manipulated in stressed
conditions (Galluzzi et al. 2011, Ashrafi and Schwarz 2013, Zhang et al. 2014). It is this
sensitivity of the mitochondria that is key in the mode of action of “priming” (Chonghaile
et al. 2011, Reed 2011, Wallace 2012). The mitochondria are both generators and
targets for oxidative stress such as ROS (Donadelli et al. 2011, Lee et al. 2012). As
described previously increases in ROS levels can lead to cell death and have been
linked to damaged mitochondria (Kuhar et al. 2006, Reuter et al. 2010, Donadelli et al.
2011, Galluzzi et al. 2011, Gupta et al. 2012, Lee et al. 2012, Sena and Chandel 2012,
Singer et al. 2015). Cancer cell’s response to “priming” led to an increase in ROS and
increased Ca?* levels which were significantly higher than cisplatin treatment alone. Ca?*
as mentioned earlier can control ROS levels in the cell and are important in cancer cell
regulation (Pinton et al. 2001, Rapizzi et al. 2002, Brookes et al. 2004, Saidak et al.
2009, Parkash and Asotra 2010). These high levels of ROS and Ca?* observed in cancer
cells was not mimicked in control cells. Increased ROS and Ca?" levels led to
permeabilization of the MOMP and increase cell death which was not observed in control

cells (Rapizzi et al. 2002, Rizzuto et al. 2003, Parkash and Asotra 2010, Kuznetsov et
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al. 2011a, Kuznetsov et al. 2011b, Lee et al. 2012). Interestingly, when cancer cells were
“primed” with quercetin, an increase in ROS led to a 71% increase of cytochrome ¢
release and consequently an increase in cell death compared to either treatments alone
(Kuhar et al. 2006). However, even though the mitochondria itself was never examined
in Kuhar’'s study, it points out that the mechanism of “priming” may be through ROS
increase resulting in mitochondrial damage (Kuhar et al. 2006, Donadelli et al. 2011,

Lee et al. 2012, Mei et al. 2014).

ROS, Ca?*and ATP are tightly linked and any alteration in their balance can lead
to an increase in cell death (Brookes et al. 2004). As mentioned previously, increased
Ca?" levels increase mitochondrial swelling and sensitisation leading to apoptosis
(Pinton et al. 2001, Mathiasen et al. 2002, Rapizzi et al. 2002, Rizzuto et al. 2003).
Altered calcium homeostasis leads to increased MOMP, VDAC1 activation and ATP
depletion (Figure 6.5.) (Tiwari et al. 2002, Mayer and Oberbauer 2003, Brookes et al.
2004, Jackson and Schoenwaelder 2010). In cancer cells, “priming” with CBD resulted
in decreased mitochondrial respiration, ATP production levels and a stable maximal
respiration which have all been linked to increased apoptosis (Jackson and
Schoenwaelder 2010, Hahm et al. 2011). Decreased ATP production levels have been
linked to increased oxidative stress and increased apoptosis and programmed necrosis
(Tiwari et al. 2002, Jackson and Schoenwaelder 2010, Ouyang et al. 2012, Sena and
Chandel 2012). Moreover, no increase in AMPK was observed to counteract decreased
ATP levels or increased Ca?* levels observed (Ojuka 2004, Hardie 2008). Improved
metabolic control and a reduction in cell death is linked to AMPK therefore a reduction
in AMPK activity suggests that “priming” is independent of AMPK (Zhang et al. 2009,
Jeon et al. 2012). In control cells, there was no change to ATP levels or maximal
respiration. Ca?" increases along with increased ROS leads to increased MOMP,
increased ATP production due to the reduction of mitochondria permeability along with

increased sensitivity to apoptosis (Pinton et al. 2001, Rapizzi et al. 2002, Rizzuto et al.
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2003, Lisanti et al. 2010, Parkash and Asotra 2010, Kuznetsov et al. 2011b, Lee et al.
2012). In control cells there was no increase in ROS, rather a significant decrease was
observed leading to no change in ATP levels significantly reduced proton leak and no
enhanced cell death. The effect of “priming” in control cells is not the same as cancer
cells from this observation. The mitochondria are not sensitized and are instead reducing
the release of ATP and apoptotic bodies through decreased proton leak protecting the
control cells from any “priming” damage (Tiwari et al. 2002, Chonghaile et al. 2011, Reed

2011, Wallace 2012, Sarosiek et al. 2013, Valvassori et al. 2013).

Increased Ca?* can lead to increased cytochrome c release due to increased
VDACH1 activity (Rapizzi et al. 2002, Brookes et al. 2004, Kawai et al. 2006, Shoshan-
Barmatz et al. 2014). In the presence of increased ROS, VDAC1 has been shown to
activate the release of cytochrome ¢ and thus induce apoptosis (Madesh and Hajnéczky
2001). Furthermore, both CBD and cisplatin’s affinity to VDAC1 can increase its
sensitivity to increase cytochrome c through the “priming” mechanism (Figure 6.5.)
(Rapizzi et al. 2002, Yang et al. 2006, Shoshan-Barmatz et al. 2010, Rimmerman et al.
2013, Shoshan-Barmatz et al. 2014). Moreover, Madesh and colleagues showed that
ATP was required by the cell to preserve the MOMP which was reduced following
“priming” treatment (Madesh and Hajndczky 2001, Chonghaile et al. 2011, Sarosiek et
al. 2013). The sensitivity of the mitochondria is a key mechanism of “priming” and this
sensitivity seems to be reached by increased VDAC1 activity, which has not been shown
previously with “priming” (Figure 6.5.) (Chonghaile et al. 2011, Reed 2011, Rimmerman
et al. 2013, Sarosiek et al. 2013, Shoshan-Barmatz et al. 2014). There is a higher
abundance of VDAC1 receptors in cancer cells compared to control cells (Simamura et
al. 2008). The reduction of VDAC1 receptors in control cells has been suggested to be
due to the “Warburg Effect” whereby the cancer cells require more energy to drive
metabolism and cell growth and therefore require a heavier flux of transportation of

molecules requiring more VDAC1 receptors (Simamura et al. 2008, Vander Heiden et

326





al. 2009, Israelsen and Vander Heiden 2010, Hanahan and Weinberg 2011). “Priming”
in control cells saw an increase in VDAC1 activity though no change in cell viability

compared to cisplatin treatment.
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Figure 6.5. The effect of mitochondrial sensitisation following “priming” in cancer cells
“Priming” promotes mitochondrial sensitisation through increased VDAC1 activity, decreased
ATP production and altered Ca?*activity. These are all related to the programmed cell death
known as necrosis, thus enhancing “priming” cell death through mitochondrial sensitzation.
Adapted from Jackson and Schoenwaelder, 2010).

At a molecular level, further to the increased MOMP in the mitochondria through
VDACH1 activity increase and consequent ROS and Ca?* level increase, p53 has been
shown to induce MOMP and recruit pro-apoptotic proteins in high stress conditions
(Madesh and Hajndczky 2001, Pinton et al. 2001, Rapizzi et al. 2002, Pastorino et al.

2005, Chen et al. 2012, Koczor et al. 2013). As mentioned previously p53 is a master
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regulator of apoptosis and there is a fine balance of when p53 can control cell death
through activation of cell controlling pathways e.g. Nrf2, and when it can lead to an
uncontrolled cell death through increased ROS and Ca?* levels (Yiand Luo 2010, Bansal
et al. 2011, Chen et al. 2012). “Priming” has been shown to increase p53 to levels
whereby it increases cellular ROS and decreases the controllers of cell growth, AKT
and Nrf2 (Bragado et al. 2007, Chen et al. 2012, Galluzzi et al. 2012, Kumar and Singh
2012, Mu et al. 2014). In some “priming” cases mutated or abnormal p53 have also
been activated to levels that lead to apoptosis (Putral et al. 2005, Ventura et al. 2007,
Kumar and Singh 2012, Koczor et al. 2013, Mu et al. 2014). “Priming” with CBD in cancer
cells showed an increase in protein levels of p53 and furthermore an increase in SirT1
protein and gene expression suggesting that SirT1 is trafficking p53 to the mitochondria
to increase cell death through cytochrome c release (Figure 6.1.) (Ventura et al. 2007,
Yiand Luo 2010, Wade et al. 2013). VDAC1 activity has also been shown to be induced
by p53 activation (Siddik 2003, Yang et al. 2006, Galluzzi et al. 2012). This interaction
between SirT1 and p53 is driven through the increase in ROS already described (Yi and
Luo 2010). Furthermore, there was no change in HDAC1 expression illustrating that p53

is not being directed to cell proliferation in cancer cells (De Amicis et al. 2011).

Nrf2 is an important chemoresistant agent whereby it protects against oxidative
stress by initiating the AREs which reduces and controls ROS levels in the cell,
increases cell growth through AKT interaction thus decreasing the amount of cell death
(Morito et al. 2003, Pi et al. 2007, Li et al. 2008, Wang et al. 2008, Bitar and Al-Mulla
2011, Tufekci et al. 2011, Chen et al. 2012, Vinod et al. 2013, Namani et al. 2014). Loss
of Nrf2 can lead to mitochondrial depolarization, increased MOMP, ATP reduction and
in increase in ROS (Morito et al. 2003, Lau et al. 2008, Ohtsuiji et al. 2008, Bitar and Al-
Mulla 2011, Holmstrdom et al. 2013). Interestingly, there was a significant reduction in
Nrf2 gene expression and protein levels following “priming” in cancer cells but control

cells showed no change. AKT controls cell growth and proliferation along with mTOR
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which is a controller of mitochondrial activity (Liu et al. 2013, Mannaa et al. 2013). No
change in AKT activation and a reduction in the controller of mitochondrial activity,
mTOR was observed following “priming” in cancer cells (Scotland et al. 2013).
Interestingly, control cells did not show the same response but rather had an increase
in Nrf2 and AKT activity following “priming”. Increased AKT increase the resistance the
cell has to chemotherapy treatment (Hong et al. 2008). Furthermore, Nrf2 activity has
been linked to chemoprevention also by reducing ROS resulting in chemoresistance
(Lau et al. 2008, Ren et al. 2011, Vinod et al. 2013). Increased AKT recruits NFkB and
FOXOs to activate pro survivial genes and inhibit apoptosis from the mitochondria
(Nakanishi and Toi 2005, Yadav and Chandra 2014). Furthermore, AKT has also been
shown to interact with and down regulate VDAC1 activity (Yadav and Chandra 2014).
Mitochondrial survival can be controlled by p53 activation through weakening the cancer
cell (Shimizu et al. 1999, Matoba et al. 2006, Price et al. 2012). As shown in section 6.2.,
following CBD treatment in cancer cells, a mild stress response through p53 and Nrf2
activity which control ROS levels and induced controlled cell death was activated (Figure
6.2.) (Chen et al. 2012). This same mechanism was activated when control cells were
“primed” with CBD resulting in a chemoresistant mechanism to “priming” (Ren et al.
2011, Chen et al. 2012, Vinod et al. 2013). However, “priming” in cancer cells activates
the second high cell stress response whereby p53 was significantly increased and
transported to the mitochondria through SirT1 while Nrf2 was significantly down
regulated (Figure 6.6.) (Yi and Luo 2010, Chen et al. 2012). The high stress within the
cell from increased ROS and Ca?* levels drive p53 to pro-apoptotic mediation, reducing
the Nrf2-mediated survival mechanism and increasing ROS levels in a feedback loop
mechanism from the mitochondria (Bragado et al. 2007, Chen et al. 2012). It is this
activation in cancer cells of the second phase of the p53/Nrf2 pathway that can enhance

cell death through “priming”.
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Figure 6.6. “Priming” in cancer cells induces a high stress response by activating p53 to
toxic levels.

Due to high stress levels, such as “priming, p53 can act as a pro-apoptotic activator through
inhibition of Nrf2 activation which increases cellular ROS levels. Increased ROS levels lead to
uncontrolled cell death. Furthermore, p53 increased the release of cytochrome ¢ from the
mitochondria to induce further apoptotic cell death.

At a genetic level, cancer cells have been shown to be globally hypomethylated
and cisplatin has been shown here and in other research to reduce cell viability through
nuclear crosslinking damage (Jordan and Carmo-Fonseca 2000, Das and Singal 2004,
Szyf et al. 2004, Florea and Busselberg 2011, Galluzzi et al. 2012). Interestingly, drug
targets for hypomethylation have been shown to cause short-term therapeutic treatment
for cancer reduction and this is what was observed with cisplatin alone (Feinberg and
Tycko 2004). Hypomethylation has been suggested to initiate chromosomal instability
(Szyf et al. 2004). DNA hypermethylation has been shown to reduce cell viability and
ultimately lead to multidrug resistance in cancer cells and is a prime target in
chemotherapy (Feinberg and Tycko 2004). Cisplatin has recently been shown to
hypermethylate cancer cells both in vitro and in vivo (Shen et al. 2012). “Priming”
resulted in a global hypermethylation of cancer cells which proposes an idea that the

DNA is deregulated and that genes are being silenced (Feinberg and Tycko 2004,

330





Roossink et al. 2012). This loss of gene function by hypermethylation can lead to
increased mutations and hence cell death and could be pivotal in advancing
chemotherapeutics for a long-term anticancer treatment (Ehrlich 2002, Herman and

Baylin 2003).

6.6.1. Conclusion

In summary, “priming” in cancer cells was shown to enhance cell death through
sensitising the mitochondria following increased ROS levels, Ca?* levels and VDAC1
channel to increase cytochrome c release and thus increase cell death (Figure 6.5. and
6.7.A.) (Madesh and Hajnéczky 2001, Pinton et al. 2001, Rapizzi et al. 2002, Brookes
et al. 2004, Donadelli et al. 2011, Lee et al. 2012, Shoshan-Barmatz et al. 2014).
Furthermore, “priming” in cancer cells also initiates the high stress p53/Nrf2 two-phase
pathway to further cell death in the cancer cell by encouraging cell death and inhibiting
chemotherapy resistance (Lau et al. 2008, Ren et al. 2011, Chen et al. 2012, Vinod et
al. 2013). The VDAC1 receptor is activated through ROS, Ca?* and p53 initiation to
reduce the MOMP, leading the mitochondrial sensitisation and cell death (Figure 6.7.A.)
(Madesh and Hajnéczky 2001, Simamura et al. 2008, Shoshan-Barmatz and Ben-Hail

2012, Huang et al. 2013, Tewari et al. 2015).

Interestingly, in control cells the same mechanism for “priming” as not observed.
In fact, the cell death observed following “priming” in control cells is similar to cisplatin
cell death whereby there is no increase in mitochondrial function and no DNA damage
(Figure 6.3.B. and 6.7.B.). There was an activation of the mild p53/Nrf2 pathways
reducing cell death but controlling ROS levels in the cell resulting in a chemo resistant
phenotype to “priming” (Lau et al. 2008, Ren et al. 2011, Chen et al. 2012, Sena and

Chandel 2012, Vinod et al. 2013).
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As mentioned previously in section 1.2.2.3., a major problem with cancer therapy
is the rise of chemoresistance to the treatment. There has been much advancement and
progression in novel cancer agents however the same issues arise (Siddik 2003,
Galluzzi et al. 2006, Santin et al. 2013). The importance of “priming” as a novel
mechanism is that due to its staged treatment would lead to lower treatment usage and
hence lowered chance of resistance. The future of cancer therapy relies on the
combating of chemoresistance and “priming” will overcome this. | have shown here that
“priming” with CBD enhances chemotherapeutic treatment by increasing mitochondrial
sensitivity. Increased mitochondrial sensitivity reduces the amount of required

chemotherapy agent resulting in fewer complications and resistance.
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Figure 6.7. “Priming” mode of action in cancer and control cells.

The mode of action of “priming” in (A) cancer cells is through the over activation of ROS levels,
p53 activation and DNA damage. This leads to an increase in apoptosis due to increased MOMP
and increased in cytochrome c release. (B) Control cells cell death was unaltered by “priming”
and follows similar path to that observed with cisplatin alone of an increase in VDAC1 expression.
No increase in ROS was observed due to the activation of the mild stress p53.Nrf2 pathway.
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6.7. Additional cancer cells lines examined for their potential
of “priming” with CBD

As mentioned previously, CBD’s use in inhibiting tumour growth has been
extensively documented in lung, glioma, breast, colon and prostate cancer to name a
few (McAllister et al. 2011, Shrivastava et al. 2011, Aviello et al. 2012, Caffarel et al.
2012, De Petrocellis et al. 2012b, Ramer et al. 2012, Massi et al. 2013, Macpherson et
al. 2014, Sanchez et al. 2014). In this study additional cancer cells were examined for a
potential “priming” effect with CBD. A recent study using primary hepatocytes showed
that after 8 hours of CBD treatment a reduction in cell viability was observed with 5 yM
-20 uM CBD (Lim et al. 2011). Liver cancer cells HepG2 showed a reduction of cell
viability following 0.1 yM CBD treatment in this study and when treated with cisplatin
also showed a significant reduction. Since there was an effect from both agents on cell
viability when treated separately their effect at “priming” would be positive (Caley and
Jones 2012). Following “priming” a significant reduction compared to cisplatin was
observed from 5 yM. Colon cancer cells, Caco-2, have been recorded to reduce viability
with CBD following 24 hours and 72 hours (Aviello et al. 2012, Macpherson et al. 2014).
Interestingly, treating Caco-2 cells with CBD from 0.0.1 yM to 10 uM CBD for 24 hours
showed no change in cell viability but did reduce proliferation rates at 10 uM treatment
(Aviello et al. 2012). Whereas treatment for 72 hours showed a reduction in proliferation
of Caco-2 cells from 1 yM CBD (Macpherson et al. 2014). Some of the difference
observed between this study and other research, could be due to the different type of
colon cells used. Caco-2 a polarized monolayer that mimics epithelial cells of the small
intestine whereas the HT29 cells are heterogeneous in culture in that they contain a
small proportion of mucus-secreting cells and columnar absorptive cells (Gagnon et al.
2013, Macpherson et al. 2014). These small changes could allow CBD to act differently
in different cell types. Colon cancer treated with CBD has been shown to reduce
AKT/mTOR activity and increase ROS levels (Aviello et al. 2012, Velasco et al. 2012,
Massi et al. 2013, Romano et al. 2014). These reported mechanisms for CBD in colon
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cancer are shared with what has been observed in MDA-MB231 cells here following
“priming” suggesting a positive role for colon cancer in “priming”. In this study, colon
cancer cells showed a reduction with CBD treatment from a low dose of 0.5 yM CBD.
While, colon cancer cells showed a reduction in viability following 1 yM CBD “priming”

treatment.

MCF7 cells have been shown along with MDA-MB231 cells to exhibit reduced
cell viability following CBD treatment (McAllister et al. 2011, Shrivastava et al. 2011,
Caffarel et al. 2012, Massi et al. 2013). A reduction in MCF7 viability was observed
following CBD treatment which was comparable to a previous study with similar doses
(Shrivastava et al. 2011). Interestingly, there was no effect on cell viability following
cisplatin treatment which suggested that “priming” would not work as both agents need
to reduce viability on their own (Reed 2011, Caley and Jones 2012). This was further
confirmed through examining cell viability following “priming” which showed an
increased cell viability from 0.1 yM CBD treatment. A more pronounced effect of

LTS

“negative” “priming” was observed in A549 cells. A549 have shown to be reduced by
51% with 3 uM CBD treatment after 48 hours (Ramer et al. 2012). Again, comparable
time points and treatment dose may show the same result but for this study 24 hours
was the treatment period selected. Furthermore, there was no effect on A549 cells
following cisplatin treatment. Neither CBD nor cisplatin reduced cell viability following 24

hours of treatment which meant “priming” would not be successful (Reed 2011, Caley

and Jones 2012, Sarosiek et al. 2013).

Since CBD has been shown to increase ROS, decrease the MOMP and interact
with the mitochondrial receptor VDAC1 it was important to evaluate the mitochondria
itself in controlling cell viability (Shrivastava et al. 2011, Massi et al. 2013, Rimmerman
et al. 2013, lannotti et al. 2014, Singer et al. 2015). Interestingly, cells that have mutated
complex | and IV and a lack of mitochondrial DNA (Rho0O) were shown to have an

increase in cell viability following 2.5 yM CBD treatment (Annunen-Rasila et al. 2007,
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Rimmerman et al. 2011, Mecha et al. 2012). Interestingly, it seems that using a cell type
that have dysfunctional mitochondria led to an increase in cell viability which suggest
that the mitochondria play a greater role in CBD’s tumourogenic effects than previously
thought (Bénard et al. 2012). Potentially CBD is not accessing the mitochondria and
therefore not inhibiting cell growth through apoptosis. Interestingly, there was a
reduction of cell viability following cisplatin treatment and furthermore, showed a
significant reduction in viability following “priming” with CBD. CBD treatment has been
shown to increase the activity of mitochondrial complexes in rat brain (Valvassori et al.
2013). This impairment of complexes | and IV, inhibited the effect of CBD in killing cancer
cells which suggests that CBD’s anti-tumour effect is mitochondrial based and linked to
OXPHOS. Inhibiting complex IV can result in dysfunctional OXPHOS however with
MDA-MB231 cells there was an increase in mitochondrial respiration suggesting that
CBD can compensate for the impaired complex IV (Nelson and Cox 2006, Valvassori et
al. 2013). Interestingly, following “priming” treatment there was an increase in cell death
compared to cisplatin treatment alone and seemed to be more potent than any other
cancer cell tested. This could be through increased cytochrome ¢ build up due to the
lack of a functioning complex IV (Nelson and Cox 2006). However, as will be mentioned
later caution with these cells should be noted as any impairment to vital regulators could

affect factors not targeted with the proposed mechanisms.

6.7.1. “Priming” with other plant compounds

“Priming” with natural polyphenols has been previously shown with quercetin in
laryngeal cancer cells showing a reduction of ~48% following “priming” with 40 yM
quercetin (Sharma et al. 2005, Kuhar et al. 2007). Curcumin was also shown to reduce
cell viability in laryngeal cancer cells by ~40% and in T-cell lymphomas “priming” with

aspirin had a 10% further reduction in viability (Kuhar et al. 2007, Kumar and Singh
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2012). Here, quercetin was repeated using the doses described but there was no effect
on the cancer or control cells. Furthermore, no effect following “priming” with quercetin
was observed in either cell line. This further confirms that the anti-tumour plant
compound should be effective at killing the cancer cells when used as a single treatment

(Chabner and Roberts 2005, Caley and Jones 2012).

6.7.2. “Priming” with acetate

The short chain fatty acid (SCFA), acetate has been shown to reduce cancer cell
growth from about 10 mM in colon cancer (Gamet et al. 1992, Hague et al. 1995).
However, other reports have shown it has no effect on cancer cells from lower
concentrations (Leschelle et al. 2000). Using 1 mM acetate, | did not observe any effect
on cancer or control cell viability. However, when cancer cells were “primed” prior to 50
MM cisplatin there was a significant reduction in cell viability compared to untreated cells
and cisplatin. No such effect was observed with control cells. Recent work has shown
that SCFAs can increase ROS and ablate the mitochondria’s function (Leschelle et al.
2000, Lan et al. 2007). This effect could be behind the effect observed with the cancer
cells “primed” with acetate. Furthermore, in control cells there was a significant increase
in cell viability with “priming”. This was significantly different to untreated cells and

cisplatin.

Interestingly, when the cisplatin dose was increased to 100 yM there was no
enhanced effect of cell death in the cancer cells and the increase in cell growth in control
cells was not as effective. This is interesting as the higher dose of cisplatin with CBD
enhances cell death further as would be expected. The role of acetate in cancer cells is
not well elucidated as high physiological doses are required as a single treatment to get
any effect on cell death (Gamet et al. 1992, Hague et al. 1995, Leschelle et al. 2000).

“Priming” could alleviate this problem in SCFA cancer treatment however, further work
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into the mechanism of both cancer cell death and control cell growth through “priming”

is required.

6.7.3. The translation of “priming” to an in vivo model

Much research has shown the potential of CBD as an anti-tumour agent both in vitro
and in vivo (Ligresti et al. 2006, McAllister et al. 2011, Shrivastava et al. 2011, Aviello et
al. 2012, De Petrocellis et al. 2012a, Ramer et al. 2013, McAllister and Desprez 2014,
Romano et al. 2014). This translation from cell work through to murine model shows the
potential CBD has as a chemotherapeutic agent (McAllister and Desprez 2014, Sanchez
et al. 2014, Velasco Diez et al. 2014). Many different xenograft models have been used
for this type of work, including breast, prostate, lung and colon (Ligresti et al. 2006,
McAllister et al. 2011, De Petrocellis et al. 2012a, Ramer et al. 2013, Romano et al.
2014). Confirming previous results, CBD treatment led to a significant decrease in
tumour volume in the MDA-MB231 xenograft when compared to control. Like with the
cell work there are many different ways of producing a similar result of reduced tumour
volume such as using CBD-BDS (CBD-Botanical drug substance) straight from the plant
at 100 mg/kg daily in a prostate xenograft (De Petrocellis et al. 2012a). However, most
CBD studies have used 5 mg/kg treatments, carried out either daily or every 72 hours
(Ligresti et al. 2006, McAllister et al. 2011, Ramer et al. 2013, Romano et al. 2014). Daily
injections could skew the results of the in vivo model due to increased stress therefore
in this study treatments were carried out every other day (1 uM CBD) with intra-tumour
injections. Interestingly, following “priming” treatment there was a significant reduction
in tumour volume compared to cisplatin treatment alone. “Priming” has so far been
concentrated on in vitro studies and no work has yet been brought forward to show that
“priming” can enhance chemotherapy in vivo as was done here (Sharma et al. 2005,

Kuhar et al. 2007, Chonghaile et al. 2011, Reed 2011, Kumar and Singh 2012).
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6.8. Final discussion

The research completed here has shown a novel mechanism for CBD “priming”
treatment in cancer cells along with a complete story behind CBD and cisplatin’s mode
of action in both cancer cells and control cells. More importantly however, “priming” has
been shown to be a novel technique specific to cancer cells in enhancing cell death
compared to chemotherapy treatment alone. Furthermore, the full mode of action for
“priming” has been completed showing a different mechanism between cancer cells and
control cells which highlight its advantages towards tumour specific cell death. Finally,
“priming” has also been shown not only in vitro to reduce cell death compared to
chemotherapy treatment but in vivo also. In this body of work, | have shown that
“priming” with CBD enhances chemotherapeutic treatment through mitochondrial

sensitisation.
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6.9. Limitations to study

The present work has several limitations that should be considered and are

presented below.

6.9.1. MTT Assay

The MTT assay is a well-established method for observing cell death in a cell
population. The ease, sensitivity and rapidity of the assay have made the MTT assay
one of the most widely used however, there are several disadvantages to this metabolic
assay along with others of its kind (2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfophenyl)-2H-
Tetrazolium-5-Carboxanilide (XTT), WST-1) (Sumantran 2011, van Meerloo et al. 2011).
There have been reports that show these assays underestimate cell death as they
measure the late stages of apoptosis, when cell activity is severely reduced (Wang et
al. 2010, Sumantran 2011). The MTT assay works on the principle that mitochondrial

activity is constant when cells are viable (van Meerloo et al. 2011).

To circumvent these problems several additional techniques were used. A FACS
analysis using Pl was utilised to observe if there were any difference to cell viability
(Section 2.7.1.) along with a lactate dehydrogenase assay that examined cell damage
and toxicity (Section 2.7.3.). Furthermore, a trypan blue exclusion assay and
morphology examination (not shown here) was also performed initially to confirm the
original MTT results before continuing with the study. This was completed by staining
the cells with trypan Blue in a 1:1 ratio following treatment. The live cells possess an
intact cell membrane which excludes the trypan blue while dead cells do not. This allows
quantitative analysis of the live and dead cell population following treatment. Another
set of experiments could have been carried out which include caspase detection through
an enzyme-linked immunosorbent assay (ELISA) assay for early apoptosis detection

and DNA fragmentation for late apoptosis detection (Sumantran 2011). The limitations
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observed with the MTT assay do not impair the viability tests completed here as the

effects were confirmed in several different ways.

6.9.2. Mitochondria-altered RhoO cells

The novel mitochondria-altered RhoO cells were interesting to use in this study
given the proposed mechanism of “priming”. These cells have deleted complex | and IV
which means that the conversion from NADH to Ubiquinone which is a cytochrome ¢
precursor is inhibited as well as the conversion of cytochrome ¢ to O, which is the
electron releasing step (Figure 6.8) (Nelson and Cox 2006). This deletion would suggest
reduced ATP production and a build of cytochrome ¢ from complex Ill meaning a more
sensitive aerobic flux and mitochondrial apoptosis. These cells showed increased
viability with CBD treatment and significantly reduced cell viability with “priming”. The
reduction of cell growth with CBD was suggested to be through mitochondrial sensitivity
however CBD had no effect on RhoO cells. “Priming” relies on mitochondrial sensitisation
which was seen to be enhanced with RhoO cells which is what could be expected with
complex | and IV deletion. These cells are poorly understood and the data from it should
be taken with caution as these cells do not act like normal cells. They are a good
example of impaired mitochondria in cells though should be used cautiously for further

investigations.
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Figure 6.8. Mitochondrial complexes.

The mitochondrial complexes compose of 4 units and an ATP synthase complex (V). Complex |
and complex Il (which is part of the TCA cycle) activate coenzyme Q (CoQ). This is then utilised
by complex Il to increase the proton pump (H*) potential and activate cytochrome ¢ (Cyt ¢). This
is then is used by complex IV where molecular oxygen (O3z) is reduced to water (H20). The ATP
synthase, complex V, mediates the conversion of ADP to ATP with the help of the proton pump
potential.

6.9.3. AMPK activity

AMPK can be activated in stressed conditions, when the AMP/ATP ratio is low
and is required for maintaining glucose homeostasis (Ojuka 2004, Hardie 2008, Zhang
et al. 2009, Vara et al. 2011, Hawley et al. 2012, Dando et al. 2013). There are 2 key
pathways that activate AMPK activity and they are through a Ca?*-dependent
mechanism and through activation of LKB1 (Hardie 2008, Shackelford and Shaw 2009,
Zhang et al. 2009, Vara et al. 2011). Cannabinoids have been previously reported to
induce ROS levels and AMPK activity through decreasing the AMP/ATP ration through
LKB1 initiation (Dando et al. 2013). However, MDA-MB231 cells lack functioning LKB1
(Shen et al. 2002). This lack of LKB1 did not seem to effect the cancer cells with CBD

treatment as an increase in ATP was observed with a trending decrease of AMPK.
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However, increased Ca?* results in increased AMPK which again is the opposite of what
was observed here (Ojuka 2004, Zhang et al. 2009). Again, “priming” did not show the
regular activation and control observed with AMPK following Ca?*-dependant pathways
or the AMP/ATP ration. This could be due to lack of LKB1 or another mechanism for

AMPK.

Furthermore, isolation of AMPK can be quite varied due to the nature of the
harvesting, the speed between isolation and activity reading and finally freeze-thaw
complications. Due to the nature of the collaboration many of these limitations were
regulated to ensure there was no false activation of AMPK however, an increase in

sample number could aid in verifying the abnormal results.

6.9.4. Glycolysis comparisons

To measure glycolysis in the cell following treatments, the Seahorse bioanalyser
was used to give a real-time quantification of ECAR rates which could be analysed
further to provide evidence of different anaerobic conditions. Lactate dehydrogenase
was also analysed to observe alterations to the anaerobic pathway following treatments.
However, the results from these separate experiments did not compare well most of the
time. This could be due to the different mechanisms in quantifying the amount of activity.
Seahorse bioanalyser’s glycolytic assay is based on ECAR of the cells and the
manipulation of the ECAR through different reagents. The lactate dehydrogenase assay
is based on a colorimetric measurement of NAD conversion to NADH which interacts
with a probe to produce a quantifiable colour. However, it is not specific to a certain
lactate dehydrogenase molecule and certain substances can impede results. The
difference in results for glycolysis function should be noted and potentially not be used
as a direct comparison of anaerobic glycolysis since the specificity of lactate

dehydrogenase is not indicated.
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6.9.5. Global methylation sample sizes

Global DNA methylation was measured using mass spectrometry which is a well
detailed and reproducible mechanism of measurement (Amouroux et al. 2014). In this
study the number of samples tested varied due to several issues with isolation and
collaboration timing. DNA isolation from cells requires a large sample volume and
precision when completing the isolation. The quality of the content must be above a
certain threshold which was adhered to in this study. However, due to this and a
collaboration timing problem the sample numbers for cisplatin and combination
treatment for cancer and control cells was low (n=3) which is not ideal. This resulted in
poor statistical output even with a trending result. To overcome this and fulfil the power

of this experiment, further samples should be tested to confirm the trend observed.

6.9.6. In vivo efficiency

The in vivo work that was carried out in this study showed promising results towards
“priming” treatment. One suggestive limitation was that the effectiveness of cisplatin was
not enough for the animal model. CBD showed a reduction in tumour volume which has
been previously described (Ligresti et al. 2006, McAllister et al. 2011, De Petrocellis et
al. 2012a, Ramer et al. 2013, Romano et al. 2014). This suggests that the concentration
of CBD was sufficient for intra-tumour injections. However, cisplatin alone had a
reduction in tumour growth though it was not sufficiently significant compared to
untreated tumours. The dose and treatment using cisplatin may not have been optimal
for this study. Recent work has shown that doses of 1 mg/kg—-5 mg/kg have been
successful in administration (Dhar et al. 2011, Rattan et al. 2011). Potentially increasing
the dose of cisplatin to mimic these levels could be more ideal and prove more efficient
in an animal model. This however is to enhance the effect further since a positive effect

was observed on tumour volume.
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6.10. Future Work

There are many different routes that can be pursued with this study which include
further intrinsic cell line analysis using similar methods, increasing the efficiency of the
in vivo model and investigating other potential plant compounds that could be ideal in

“priming”.

6.10.1. CBD transportation into the cell

One avenue that would be interesting to pursue would be the mode of action of
CBD’s transportation into the cell. There has been much interest in receptor bound
mechanisms of CBD’s transport mechanism however the lipophilic nature of CBD could
suggest a more lipid based mechanism. Lipid rafts have been shown to interact with
endocannabinoids, AEA and 2-AG (Bari et al. 2006). Lipid rafts are areas of increased
cholesterol and glycosphingolipids found in grape-like clusters on the plasma membrane
(Pike 2003, Sarnataro et al. 2005, Sarnataro et al. 2006). One such lipid raft is caveolin-
1 which has been shown to be reduced in cancer tissues due to its role in supressing
tumour growth (Zajchowski and Robbins 2002, Hino et al. 2003, Pike 2003). Caveolin-1
is found on the plasma membrane of MDA-MB231 cells but has been shown in stressed
conditions to translocate into the cytoplasm (Sun et al. 2002, Sarnataro et al. 2005). The
affiliation between endocannabinoids and caveolin-1 suggest that lipophilic

phytocannabinoids could also work through lipid rafts.

Preliminary work showed that in cancer cells 12 hours of CBD treatment with 1 yM
CBD showed no change in caveolin-1 location (Figure 6.9.A.) (Methods in section
7.1.1.). However, following 24 hours of CBD treatment there was an increase in
untranslocated caveolin in the cytoplasm and cell membrane (Figure 6.9.B, 6.10., 6.11.).
This may show that caveolin-1 does have the potential to increase CBD translocation

into the cytoplasm though not through actual stressed translocation of the caveolin-1
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itself. Increased caveolin-1 has been shown to decrease cell growth which is what was

also observed with CBD treatment (Hino et al. 2003).

The potential role of the lipid raft caveolin-1 should be further pursued to confirm a
new mechanism by which CBD locates into the cell. CBD has been shown to reduce cell
death in a non-receptor mechanism (Shrivastava et al. 2011). Therefore, the potential

of this hypothesis should be followed.
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Figure 6.9. Cavoelin-1 concentration in cancer cells

Measurement of translocation of caveolin dye within MB231 cells. (A) 12 hours of control
treatment versus 1 yM CBD treatment. (B) 24 hours treatment of control treatment versus 1 yM
CBD treatment. Data shown is a repeated for 20 images with an average of 86 cells/image. Data
is represented as mean + SEM. ***p<0.001 vs Untreated.
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Caveolin

Figure 6.10. Caveolin-1 confocal images used for quantification following 24 hours
treatment in cancer cells.

MDA-MB231 cells were stained with 4',6-diamidino-2-phenylindole (DAPI) (blue) and anti-
caveolin (green) after treatment. Anti-caveolin stained for caveolin and DAPI for the nucleus. (A)
Cells were treated with control treatment for 24 hours and visualised for DAPI and caveolin at
20x optical zoom. (B) The same image was zoomed in 5.1x and re-examined. (C) MDA-MB231
cells were treated with 1 yM CBD and imaged with confocal at 20x optical zoom. (D) The same
section was observed with 5.1x zoom.
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Figure 6.11. Lipid raft specific dye following 24 hours CBD treatment.

MDA-MB231 cells were imaged using confocal using a lipid raft specific dye. The lipid specific
dye (green) and nucleus specific DAPI (blue) were used. (A) Cells were untreated for 24 hours
and then imaged for changes. (B) Cells were treated with 1 uM CBD for 24 hours prior to staining.

6.10.2. Mitochondrial permeability assessment

The permeability of the mitochondria has been suggested to be the mechanism
for “priming” and has been investigated in several research reports (Kuhar et al. 2007,
Chonghaile et al. 2011, Wallace 2012, Sarosiek et al. 2013). It is important then to follow
this basis and examine the MOMP following CBD, cisplatin and “priming” treatment.

Initial experiments that were carried out using FACS with a mitochondrial sensitive dye,
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DiOC showed that the permeability of the mitochondria was reduced following 24 hours

of CBD treatment as predicted (Figure 6.12.).
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Figure 6.12. Mitochondrial permeability analysis following 24 hours of CBD treatment in
cancer cells.
Cancer cells were treated with CBD for 24 hours prior to DiOC treatment. Data shown is repeated

3 times and is represented as mean + SEM. *p<0.05 vs Untreated.

6.10.3. Cytochrome c levels

Following “priming” treatment an increase in ROS, Ca?* levels and p53 suggest
that the increased cell death is due to a decrease in the MOMP and consequently
increased cytochrome c release (Madesh and Hajndczky 2001, Rapizzi et al. 2002,
Brookes et al. 2004, Kawai et al. 2006, Bragado et al. 2007, Yi and Luo 2010, Galluzzi
et al. 2011). It would be important to carrying out a cytochrome c release assay to
confirm both apoptotic death and that “priming” could be activating an increased release.
There are some indications that “priming” could be activating necrosis due to the

decreased ATP, and increased VDAC1 and Ca?* levels (Jackson and Schoenwaelder
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2010, Ouyang et al. 2012). However, this confirmation could be completed simply with

a fluorescence microscopy study in either live or fixed cells (Sumantran 2011).

6.10.4. Nucleotide analysis

Following the AMPK activity measurements carried out in this study, looking at
the nucleotides themselves separately would be an ideal future experiment. This could
be carried out using high-performance liquid chromatography (HPLC) after harvesting
following the specific treatments (Schweinsberg and Loo 1980). Thereby AMP, ADP and
ATP could be measured separately to investigate whether the ATP production levels
from the Seahorse bioanalyser were correct and if the mode of action of CBD is AMPK-
independent. Preliminary work was carried out measuring AMP levels following all
treatments in this study (Figure 6.13.) (Methods in section 7.1.2.). The levels of AMPK
trended to increase following CBD treatment with cancer cells and no change in control
cells (Figure 6.13.A and B). A significant reduction in combination treatment AMP levels
were observed with the opposite trend with cancer cells following “priming” (Figure
6.13.C.). Finally, there was a significant reduction of AMP levels with cisplatin and
combination but no change following “priming” (Figure 6.13.D.). This reduction in AMP
with combination for both cancer and control cells could potentially aid in answering the
difference between “priming” and combination’s mode of action. Increased AMPK leads
to protection of the cell though it also increases Ca?* levels which can increase cell death
(Ojuka 2004, Zhang et al. 2009). Increased ROS increased the AMP/ATP ration which
could explain the preliminary work here (Dando et al. 2013). Thus, the activation of AMP
could be beneficial to either pathway. However, further work needs to be carried out with

this study as the sample numbers are low (n=3) and ADP and ATP were not measured.
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Figure 6.13. AMP activity in cancer and control cells

Following (A) CBD treatment MDA-MB231 cell’'s AMP activity was measured as were (B) control
cells. (C) Cisplatin, combination and “priming” treatments were also analysed and examined for
AMP activity alteration in cancer cells and (D) control cells. Data shown is repeated 3 times and
is represented as mean = SEM. *p<0.05, ** p<0.01 vs Untreated.
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7. Appendix

71. Presentations and awards

Poster presentations

“Cannabidiol (CBD) priming enhances cisplatin killing of cancer cells”
A.B. Henley, A.V. Nunn, G.S. Frost, J.D. Bell

The British Pharmacological Society 6™ European Cannabinoid Workshop, Dublin,
April 2013

Awards
MRC CSC Image of the Year 2012

A.B. Henley
MRC CSC, December 2012
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