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Abstract

Cancer remains one of the leading causes of morbidity and mortality worldwide with
an estimated 9.9 million deaths in 2020. Cancer treatment regimens such as
chemotherapy and radiotherapy have over the years fallen short due to drug
resistance, toxicity, damage to normal healthy cells and tissues surrounding the
treatment area. Moreover, they have shown very limited survival benefits for most
advanced staged cancers such as colorectal cancer, which in 2020 was responsible
for 3 728 deaths with a 6.8% incidence rate. Despite the many efforts in developing
alternative chemotherapeutic strategies, cancer of the colon and cancer, in general,
remains a burden. For centuries, plants and plant derivatives have been exploited for
their nutritional and medicinal properties and now serve as chemical scaffolds or
templates for designing and synthesising products with pharmacological importance.
Herbal medicines are claimed to enhance therapeutic effects and are often used in
combination with chronic medication. However, the concurrent use of herbal
medicines and synthetic drugs may affect the pharmacokinetic profile of therapeutic
drugs or trigger unexpected and undesirable effects. This study aimed to characterise
the leaf extracts (crude water and crude methanol) of Momordica balsamina and
investigate their potential anticancer activity on HT-29 colon cancer cells. The study
also aimed to asses the effect of the extracts on drug metabolising enzymes
(CYP450), specifically those which metabolise 5-Fluorouracil (5-FU) prodrugs or are

inhibited by 5-FU since it is one of the first-line treatments for colon cancer.

Dried powdered leaves were extracted using water and absolute methanol to obtain
crude water and crude methanol extracts, respectively. For characterisation, the
extracts were spotted on thin-layer chromatography (TLC) plates and further screened
using chemical tests. The ferric ion reducing power assay and Liquid chromatography-
mass spectrometry were used to determine the antioxidant activity of the extracts and
to identify prominent or abundant compounds in each extract, respectively. To assess
the cytotoxic effect of the extracts and 5-FU, HT-29 colon cancer cells and C2C12
muscle cells, which were used as a model for normal cells, were exposed to
concentrations that ranged from 0 to 2000 pg/ml for the water (H20) extract, 0 to 300
pg/ml for the methanol (MeOH) extract or 0 to 100 pg/ml of 5-FU for 24 and 72 hours,

and subjected to the MTT assay. The effect of the extracts on the efficacy of 5-FU was
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assessed using the MTT assay by combined treatments of the extract and 5-FU.
Genotoxicity of the extracts was assessed on the C2C12 cells using the Muse™ Multi-
Colour DNA Damage kit. The generation of intracellular reactive oxygen species
(ROS) was assessed by flow cytometry using the DCFH-DA assay. The JC-1 and
acridine orange (AO)/propidium iodide (PI) staining assays were used to assess the
effect of the extracts on the mitochondrial potential as well as cell and nuclear
morphology, respectively. Apoptosis was quantified by flow cytometry using annexin
V/Pl and caspase activation assessed using the Caspase-8 and Caspase-9
colourimetric assay kits. The pro-apoptotic mechanism(s) was determined by
assessing the expression profiles of selected apoptosis regulatory proteins using the
human apoptosis antibody array kit. Cell cycle analysis by flow cytometry was
conducted to determine the effect of the extract on the cell division cycle. Moreover,
to determine the potential of herb-drug interactions, the Vivid® CYP450 Screening kits
and P-gp-Glo™ Assay Systems with P-glycoprotein were used to assess the effect on

the activity of drug metabolising enzymes and drug transportation, respectively.

The results showed that the MeOH extract possessed fewer polar compounds, higher
ferric iron-reducing power, and a relative abundance of flavonol glycosides,
cucurbitane-type triterpenoid aglycones, and cucurbitane-type glycosides than the
H20 extract. The MeOH extract was further selectively cytotoxic to the HT-29 colon
cancer cells at 24 hours of treatment and selectively induced genotoxicity in HT-29
cells. The H20 extract, however, was not cytotoxic to the HT-29 cells at all the tested
concentrations at 24 and 72 hours of treatment. Analysis of nuclear and cell
morphology suggested that the decrease in the percentage viability of MeOH extract-
treated cells was associated with apoptotic cell death. Apoptosis was further confirmed
by the loss of mitochondrial potential, increase in ROS production, caspase-8 and -9
activities as well as Annexin-V/PI-stained cells. Cell cycle analysis revealed cell cycle
arrest at the S phase in MeOH extract-treated cells. Analysis of protein expression
profiles revealed that the extract modulated various proteins that play a role in the
promotion or inhibition of apoptosis. Moreover, the MeOH extract was shown to inhibit
the activity of CYPs 1A2, 2A6, 2C8, and 2C9, while the H20 extract showed no
significant inhibitory effects on the activity of all tested CYPs and 5-FU only
significantly inhibited the activity of CYP2C9. However, combinatory treatments with
5-FU and the MeOH extract were shown to have no additive or diminishing effects on
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the efficacy of 5-FU on the activity of all the tested CYP enzymes. Treatment with 5-
FU (0.008 — 32 pg/ml) and the H20 extract (0.02 — 200 ug/ml) was shown to stimulate
the ATPase activity of P-gp, while the MeOH extract significantly inhibited its activity

with concentrations of 0.2, 2, and 20 pg/ml.

In conclusion, the MeOH extract selectively induced cancer cell toxicity, genotoxicity
as well as S phase cell cycle arrest and apoptosis via the intrinsic and extrinsic
pathways. The anticancer activity of the MeOH leaf extract of M. balsamina as well as
its antioxidant potential may be attributed to the presence and relative abundance of
flavonol glycosides, cucurbitane-type triterpenoid aglycones, and cucurbitane-type
glycosides. Although the MeOH extract may potentially reverse the effects of P-gp
multidrug resistance by decreasing its activity, its inhibition of the activity of CYPs 1A2,
2A6, 2C8 and, 2C9, which are involved in the metabolism of more than 80% of the
drugs in clinical use may suggest that co-administration of the MeOH extract may still
result in increased plasma levels of drugs, thereby resulting in toxicity. The H20
extract, although not pro-apoptotic as the MeOH extract may still have the potential to
be developed as a nutraceutical as it was shown to exhibit no adverse drug
interactions and because this species is known to possess a wide variety of nutritional

and medicinal values.
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Chapter 1

1. Introduction

In 2020, cancer was responsible for an estimated 9.9 million deaths and as such is
the second leading cause of death around the globe % 2. About 70% of these deaths
occur in low-and-middle-income countries 2, like South Africa, where only 15% of the
population has access to private healthcare while the rest of the population relies on
public healthcare services 3. This causes a strain on public healthcare as
chemotherapy costs continue to rise 2 and consequently, rapid access to treatment

favours patients who can afford to pay for or have sufficient medical insurance #.

Chemotherapeutic treatments currently in use possess intrinsic problems that often
result in toxicity in several organs which include, for instance, cardiac, renal and,
myelotoxicity caused by anthracyclines such as doxorubicin D 56 7. Although several
chemically derived drugs such as azacytidine, decitabine, vorinostat and, istodax have
been developed and undergone trials showing no adverse side effects, it is extremely
costly and demanding to engineer a chemically-derived drug that would selectively
distinguish cancer cells from normal cells > 8. Therefore, there is an urgent need to
screen plants for novel compounds or analogues and develop an alternative treatment
that is less costly and able to discriminate cancer cells from normal cells and induce

apoptosis, specifically in cancer cells.

Plants are valuable raw materials and sources for the development of numerous
traditional and modern medicines °. In some parts of the world, their use as herbal
medicine dates back centuries and continues to date as, on a cultural and spiritual
perspective, they are trusted more than western medicine 1% 11.12. 13 More than 80%
of the world’s population rely on herbal medicines as a part of their primary healthcare
14 This is because they are claimed to enhance therapeutic effects and to be free of
side effects > 16, Furthermore, herbal medicines are commercially promoted as
complementary and alternative medicine (CAM) as they present an alternative

approach in the treatment of many diseases which include cancer 17,

Plant-derived nutraceuticals are said to be advantageous as they improve the overall
health of patients 8. However, patients with cancer are advised against the use of

such supplements 1°, as some can cause a risk of recurrence 20 21.22.23,.24 \yhile some
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may prevent the cellular oxidative damage in cancer cells that is required for radiation
therapy and chemotherapy treatments to be effective 2°. The occurrence of tumour
resistance to the current therapeutic agents has prompted research on exogenous
antioxidants which have shown the capability to prevent damage caused by free
radicals associated with the development of cancer ?6. These exogenous antioxidants
are primarily from plants and hence the introduction of phytotherapy, which makes use
of extracts of natural origin as medicine and nutritional supplement therapy in cancer
treatment 26 27, Although large-scale randomised trials on cancer prevention have
shown both beneficial and adverse effects of nutritional supplement therapy amongst
cancer patients, many still practice nutritional supplement therapy as it is perceived to

have low risk, provide anticancer and anti-toxicity agents 28 29 30,

In practice, herbal medicines are used concurrently with therapeutic drugs without
considering the potential of adverse herb-drug interactions 3*. Most herbal medicines
contain a variety of bioactive compounds whose active constituents may affect the
pharmacokinetic profile of therapeutic drugs or trigger unexpected and undesirable
effects 32 33 34 such as gastrointestinal disturbances 2°, blood loss 3, seizures ¥,
hypoglycemia 3, hepatotoxicity 3°, and organ fibrosis 4°. Only a fraction of plant
metabolites has so far successfully entered the pharmaceutical production chain for
widespread clinical use 4, although several herbal medicines have been established
with therapies showing promising potential 4. Many more potential drug candidates
remain untested and are used with poor monitoring, with little knowledge about their
mode of action, adverse reactions, and interaction with other drugs as well as
functional foods. Thus, there is a need for a detailed investigation of these herbs as

well as herb-drug interactions (HDI) 4.

Momordica species are vegetable crops found mostly in African and Asian countries
where their leaves are consumed as a vegetable 2. In the Limpopo and Mpumalanga
provinces of South Africa, as well as eSwatini, the leaves are boiled and consumed
as tea or cooked to serve as a relish. The seeds, fruit, and leaves of this plant species
are traditionally used for the treatment of diabetes 42 and are said to possess
antitumour activities 43. Furthermore, this species contains a wide variety of minerals
and amino acids 44, making it a potential herbal supplement or part of a healthy diet.
Although Momordica spp. are widely used, there is still a lack of scientific



documentation on safety and biological effects, especially how for instance plant
extracts interact with metabolising enzymes within the body or how they may interact
with other therapeutic drugs. Moreover, to the best of our knowledge, there is a lack
or no experimental studies investigating the effect of the M. balsamina crude water

and crude methanol leaf extracts on HT-29 colon cancer cells.



Chapter 2

2. Literature review

Before the development of western medicine, plants and plant derivatives were used
as herbal medicines for the treatment and prevention of diseases “°> and have over the
years shown to play a vital role in preserving human lives 46, The use of herbal plants
as medicine stems from a tradition based on theories, beliefs, and experiences
indigenous to different cultures used to maintain health, improve diagnosis and treat
physical and mental illnesses 4’. Herbal medicines and CAMs are still used in many
developing and developed countries & and are relied on as primary sources of medical

treatment by more than 80% of the world’s population 4.

Plants and plant derivatives have become important in the search for new, effective,
and safe therapeutic agents for the treatment of a variety of conditions 48 4% 50, such
as obesity 5% 52, jaundice 3, liver disease °* %5, malaria %6 and cancer & 5717, About a
third of drugs approved by the food and drug administration (FDA) have over the past
20 years been based on natural products or their derivatives %8 5°. Moreover, about
50% of the approved medication in the last 30 years have a natural origin, either as
semi-synthetic or mimicking natural compounds ¢ 6. Some examples of semi-
synthetic drugs include the antibiotic penicillin from Penicillium moulds (Penicillium
chrysogenum and P. rubens), the heart medication, digoxin from the foxglove plant
Digitalis and the anticancer drug, paclitaxel, derived from the bark of Taxus brevifolia
62,63,64 Natural products provide an important source of medicinal compounds as they
serve as chemical scaffolds or templates for designing and synthesising products with

pharmacological importance 60 65 66,67,

2.1 Secondary metabolites

Plant secondary metabolites are responsible for the beneficial properties of medicinal
plants and plant-derived products 8. These are chemical compounds produced by
plants as a defence mechanism against herbivores and microorganisms. Various
secondary metabolites have been shown to have in vivo and in vitro antibacterial,
antifungal and antiviral properties and as such serve as defence compounds against
herbivores and microorganisms 7% 71, Plant secondary metabolites are classified as

phenolics, alkaloids, saponins and terpenes based on their chemical structures 6% 71,
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2.1.1 Phenolics

Phenolics are the most common class of secondary metabolites found in plants 72 73
4. They are characterised by the presence of at least one aromatic ring attached to
one or more hydroxyl groups and are classified as flavonoids and non-flavonoids #2.
Phenolic compounds are synthesised via the shikimic acid and phenylpropanoid
pathways 7. The shikimic acid pathway is also responsible for the production of
vitamins and amino acids such as phenylalanine, tyrosine and tryptophan, while the
phenylpropanoid pathway is a rich source of plant metabolites and is a starting point

for the production of flavonoids, coumarins and lignans 76 77,

2.1.2 Flavonoids

Flavonoids are ubiquitous polyphenolic compounds found in plants forming the largest
group of natural products and the most studied class of polyphenols 78 79.80.81 They
are characterised by a flavan nucleus which consists of 15 carbon atoms arranged in
three rings (Cs—C3—Ce) 82 8, Flavonoids may be conjugated with other phenols,
organic acids, amines, lipids and sugars 8. Each of the structural units of flavonoids
possesses distinctive chemical and biological properties that exhibit activities against
stress-related diseases and cell death through modulation of the activity of several
signalling mediators associated with the pathogenesis and progression of diseases 8
8. Furthermore, flavonoids can be divided into subgroups based on the carbon of the
C ring on which the B ring is attached &’. Flavonoids whose B ring is linked in position
3 of the C ring are called isoflavones, while those whose B ring is linked to position 4
are called neoflavonoids. Moreover, flavonoids whose B ring is linked in position 2 of
the C ring are further subdivided based on the structural features of the C ring 8. The
principal players in this group include anthocyanins (e.g cyanidin), flavonols (e.g rutin),
flavones (e.g luteolin) and flavanones (e.g myricetin) (Figure 2.1) 8" 8 _which have all

been shown to possess antioxidant and anticancer activities 89 90. 91, 92,93, 94, 95,96
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Figure 2.1: Classes and examples of flavonoids.

Flavonoids are characterised by a flavan nucleus arranged in three rings (Ce—C3—Cs) which consists
of 15 carbon atoms. They can be divided into subgroups based on the benzopyrone moiety position to
the two aromatic rings A and B as; Isoflavones, Neoflavonoids, Anthocyanins, Flavonols, Flavones and

Flavanones. Chemical structures drawn using BioRender.com



2.1.3 Non-flavonoids

Non-flavonoids have variable structures, yet are found commonly as a free form or
conjugated hydroxybenzoic and hydroxycinnamic acids. They are classified into
phenolic acids, tannins, stilbenes and lignans 42 °7. Phenolic acids have one carboxylic
acid group often found bound to a carbohydrate, existing either as a free aglycone or
conjugated form % 9, Tannins can be found in their hydrolysable or condensed form
and have been shown to possess chemopreventive activities, exhibiting the regulation
of apoptosis and autophagy 1% 101, Stilbenes on the other hand are characterised by
a 1,2-diphenylethylene nucleus and are known to prevent carcinogenesis by inhibiting
inflammation, oxidative stress, suppressing proliferation of cancer cells and promoting
cell death mechanisms 192, Lignans have a steroid-analogous chemical structure and
also exhibit biological properties such as antioxidant, anti-inflammatory and antitumour
103 Examples of non-flavonoids include p-coumaric acid (phenolic acid), piceatannol

(stilbenes) and Justicidin A (Lignans) (Figure 2.2).
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Figure 2.2: Non-flavonoid classes and examples.

Non-flavonoids are found commonly as a free form or conjugated hydroxybenzoic and hydroxycinnamic
acids. They are classified into (i) phenolic acids, which have one carboxylic acid group often bound to
a carbohydrate as a free aglycone or conjugated form, (ii) tannins, which are further classified into
hydrolysable tannins and condensed tannins, (iii) stilbenes, which are characterised by a 1,2-
diphenylethylene nucleus and (iv) lignans, which have a steroid-analogous chemical structure.

Chemical structures drawn using BioRender.com



2.1.4 Alkaloids

Alkaloids are a class of naturally occurring organic substances with varying chemical
structures %4, They possess at least one basic nitrogen atom coupled with carbon,
oxygen and a hydrogen element 195, Alkaloids are classified based on their
biosynthetic pathways, such as the amino acids that provide nitrogen atoms and part
of their skeleton including terpenoids and purines %. The biological activities of
alkaloids such as antitumour and anti-metastatic properties are greatly influenced by
the presence of the nitrogen atom 107 198109 Examples of alkaloids used widely as
chemotherapeutic agents include vincristine and camptothecin 1° (Figure 2.3).

OH O
HsC

Camptothecin

Vincristine

Figure 2.3: Examples of alkaloids used as chemotherapy agents.

Alkaloids possess at least one basic nitrogen coupled with a carbon, oxygen and hydrogen element
and have varying chemical structures. They are classified based on their biosynthetic pathways.

Chemical structures drawn using BioRender.com



2.1.5 Saponins

Saponins are plant-derived organic substances with an inflexible skeleton consisting
of at least four hydrocarbon rings linked to oligosaccharide moieties of one or two
groups ! 112 Traditionally, saponins are subdivided into triterpenoids and steroid
glycosides 2 and are known to possess antioxidant, analgesic, antiviral, antifungal
and hypoglycemia activities 4. Examples include ursolic acid, lupeol (triterpenoids)

and diosgenin (steroid glycosides) (Figure 2.4).

Triterpenoids

Ursolic acid

HO

Diosgenin (Steroid glycosides)

Figure 2.4: Saponins (triterpenoids and steroid glycosides) examples.

Saponins have an inflexible skeleton that consists of at least four hydrocarbon rings linked to
oligosaccharide moieties of one or two groups. They are traditionally subdivided into triterpenoid and

steroid glycosides. Chemical structures drawn using BioRender.com
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2.1.6 Terpenes

Terpenes are built mainly from five-carbon isoprene units, and as a result, these
compounds are categorised based on the number of their isoprene units as mono-, di-
, tri-, tetra-, sesqui- and poly-terpenes (Figure 2.1.4A) 15, They are classified as a
group of phytochemicals, which are mainly produced by conifers amongst a host of
other plants and insects. They are also considered as the largest class of
phytochemicals '8, responsible for inducing apoptosis through the activity of
proteasome inhibitors 7. Examples include the monoterpene pulegone, diterpene

retinol and the triterpene squalene (Figure 2.5). y
0

l

Pulegone
(Monoterpene)

Retinol
(Diterpene)

Squalene (Triterpene)

Figure 2.5: Categories of terpenes and examples:

Terpenes are built from five-carbon isoprene units and are categorised based on the number of their
isoprene units as monoterpenes, diterpenes, triterpene and etc. Chemical structures drawn using

BioRender.com
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2.2Momordica genus

The genus Momordica, from the family Cucurbitaceae, comprises 59 species, 47 of
which are found in Africa and 12 in Asia and Australia 8. Several species from this
genus are consumed mainly in African and Asian countries as a vegetable and also
used in indigenous medicine #2. Plants from this family are known for their bitter taste
attributed to the presence of alkaloids possessing a wide range of medicinal values
42119 This plant family is also known to contain cucurbitane-type triterpenoids and
saponin glycosides, which are the major plant-derived chemical groups in the family
recognised for their health-promoting effects in Type | and Type Il diabetes 42.

Momordica charantia is the most-studied species of the Momordica spp. as a source
of natural antioxidants 1?° as it contains polyphenols, flavonoids and tannins 2 as well
as glycosides, alkaloids and triterpenes that exhibit antitumour activities 122 123, |ts
fruits are used to treat diseases such as diabetes, pneumonia, kidney stones and piles
in traditional Chinese herbal medicine 4. Momordica charantia has also been shown
to possess anti-hyperglycaemic and reno-protective effects 25, Furthermore, M.
charantia is thought to have health benefits as a functional food and value-added
ingredient 120 and for that reason, its leaves and fruit are packaged and sold as
capsules for consumers by companies like Wilson Drugs and Pharmaceuticals (P) Ltd

(www.indiamart.com). Furthermore, M. charantia forms a very close clade with

Momordica balsamina 126,

Momordica balsamina, commonly known as balsam apple is a tendril-bearing wild
climber with leaves, fruits, seeds and bark (Figure 2.6) %7, It is largely used as a
vegetable in sub-Saharan Africa due to its nutritional quality and as a traditional
medicine for the treatment of diabetes and malaria 2. In northern Maputaland and
South Africa, this species is used for the treatment of hypertension 2°, In Nigeria, the
leaves are cooked for lactating mothers for purification of breast milk and regeneration
of lost blood during labour 44, Furthermore, in Mozambique, it is used to alleviate
vomiting caused by bile and fever 13°, and for the prevention and treatment of malaria
in the Chipinge district of Zimbabwe 3. A study by Ludidi et al. *> showed that M.
balsamina possesses anti-hyperglycaemic and reno-protective effects in STZ-induced
diabetic rats and ameliorates kidney dysfunction.
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M. balsamina is also a source of several cucurbitane-type triterpenoids that include
balsaminapentaol, balsaminols A and B and cucurbalsaminols A and B, known to
possess a variety of biological properties 42, such as hepatoprotective, cytotoxic, anti-
inflammatory, cardiovascular, antidiabetic and antiparasitic effects 132, Its leaves and
fruit are a rich source of proteins, carbohydrates, vitamins and minerals 42. In a study
by Nagarani et al. 44, results for amino acid profiling of M. balsamina indicated the
presence of essential and nonessential amino acids. Essential amino acids accounted
for 41% of total amino acids analysed, while nonessential amino acids accounted for
fifty-nine percent. Predominant amino acids in M. balsamina leaves were identified as
leucine, phenylalanine and tyrosine, which are all present in amounts that meet
recommendations set by the Food and Agriculture Organisation #4. Leucine is an
important supplement for the regulation of metabolic diseases such as diabetes
mellitus as it is involved in the regulation of several cellular processes which includes
tissue regeneration and metabolism thus influences signalling pathways involved in
the regulation of metabolism 133, Phenylalanine provides the carbon skeleton for the
phenylpropanoid pathway that is responsible for the production of chemicals used for
structure, defence and other cell and organism physiology 3. It is also an important
precursor of tyrosine 3%, which in turn is a precursor of dopamine and norepinephrine
known to have beneficial effects on psychological functioning 126. M. balsamina leaves
also contain minerals; potassium, sodium, calcium, magnesium, phosphorus,
manganese, iron, copper and zinc, all of which are present in adequate amounts

suitable for an adult human as prescribed by the world health organisation (WHO) 44,

13



8018

) B

S bysProf. Vusi Mtézim"a

Figure 2.6: Momordica balsamina.

Momordica balsamina is a tendril-bearing wild climber, commonly known as balsam apple. Its flowers are pale
yellow with deep veins. The fruits are bright orange, round, warty and when ripe, burst apart to reveal many

scarlet red seeds covered by a sticky coating.
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2.3Cancer

Cancer is a disease characterised by unrestrained cell proliferation resulting from
genetic and/or epigenetic changes that control normal cell function such as cell growth,
cell differentiation and apoptosis '37. Cancer development occurs via a multi-step
process of initiation, promotion and progression 38 (Figure 2.7). In the process of
initiation, the three classes of genes that play a crucial role are proto-oncogenes,
genes involved in the DNA repair mechanisms as well as tumour suppressor genes
139, During initiation, the cell’'s genetic material changes either spontaneously or as a
result of carcinogens *4°. These changes are characterised by altered gene expression
which leads to uncontrolled proliferation of a single cell which eventually leads to the
formation of a tumour 4. 142,140 Moreover, the process of tumour promotion may also
involve nongenotoxic carcinogens thought to exert their effects through signalling
pathways that involve cell growth, cell differentiation and apoptosis 43. The last step
of cancer development, progression, is characterised by precise morphological,
molecular and functional changes in tumour cells 44, Tumour cells can either be
benign, where the cells remain constricted to their original location or malignant, where
they invade the surrounding normal tissue and spread to other organs in the body 14>
146 These changes cause the tumour cells to become more aggressive, promote

tumour invasion to distal organs and ultimately metastatic disease 4.

Carcinogen Tumour promoter

F55555555554

® @ Metastasis

Initiation Promotion Progression

Figure 2.7: Stages of cancer development.

Cancer develops when a normal cell sustains genetic alterations that causes it to lose growth signals
and begin to proliferate limitlessly forming tumours that either remain confined at the origin of

development or invade nearby organs through the processes of metastasis.
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Cancer metastasis is a process where cancer cells spread from their site of origin to
neighbouring tissues and/or distal organs 48, It comprises five stages of multiple
distinctive, yet functionally interrelated steps known as metastasis cascade 4°. First,
cell detachment occurs as a result of the growing tumour exerting pressure onto the
extracellular matrix (ECM) which leads to the dissociation of cells at cytosolic and
extracellular sites 159 151, The detached cells perforate the ECM and the basement
membrane (BM) either by ECM degradation through mesenchymal cell invasion or
use of mechanical force to create a path via amoeboid cell invasion 152 153,154,155 The
invasive cells then enter a motility cycle and migrate within circulatory systems to a
susceptible metastatic organ by polymerising new actin-rich filaments and extending
protrusions that direct their movement 156 157. 158 At the secondary site, the cells
interact with the ECM and adhere using cell adhesion molecules such as cadherins,
integrins or lymphocyte homing receptors 1% 160, Finally, the cells generate a new
vascular network from pre-existing blood vessels for nutrient and oxygen supply as
well as to facilitate the removal of waste products from the tumour to sustain their

survival and ensure further proliferation (Figure 2.8) 161,
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Figure 2.8: Metastatic cascade.

Metastasis is the process of cancer cells spreading from the primary site to distal organs. Metastatic
cells from the primary tumour detach and invade the extracellular matrix as well as the basement
membrane then enter circulatory systems and migrate to distal organs where they adhere and establish

growth mechanisms to survive and proliferate further leading to the formation of a secondary tumour.
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Hanahan and Weinberg 162 163 described the cardinal abnormality in cells that have
become cancerous as the persistent uncontrolled proliferation which arises from
unresponsiveness to signals that govern cell homeostasis and proliferation of normal
cells. They further outlined the changes in the physiology of the cells that direct
malignant growth as; (i) self-sufficiency in growth signals, (ii) insensitivity to growth-
inhibitory signals, (iii) evasion of programmed cell death, (iv) sustained angiogenesis,
(v) reprogramming energy metabolism, (vi) evasion of immune response and (vii)

limitless replicative potential.

With regards to self-sufficiency in growth signals, before normal cells can move from
a state of dormancy to an active proliferation state, mitogenic growth signals (GS) are
required. Transmembrane receptors transmit these signals into the cells, however,
cancer cells produce their growth signals and are therefore no longer dependent on
normal stimulation signals from the normal tissue microenvironment 62, These cells
then become insensitive to growth-inhibitory signals that confer normal cells with
antiproliferative signals and thus proliferate uncontrollably and ultimately evade
apoptosis 162, Cancer cells further develop angiogenic ability which facilitates their size
expansion 162 164,165,166 and reprogramme their energy metabolism to fuel their growth
and division and thus continue to replicate limitlessly, while evading immune response
which would under normal circumstances cause the destruction of incipient neoplasms

and nascent tumours 162,

2.4Colon cancer

Colorectal cancer (CRC) is the 2" leading cause of cancer-related deaths worldwide
and in South Africa it accounted for an estimated 3 728 deaths and 7 354 new cases
in 2020 1 187 The small clump of cells that forms on the lining of the colon or rectum
(polyp) in CRC has a slow progression and thereby makes CRC one of the most
preventable cancers as the slow progression allows for the detecting and removing of

the polyps before they become cancerous 168 169,

Identified risk factors for the development of CRC include smoking, poor nutrition,
unhealthy diet (e.g. overeating of fatty foods), physical inactivity, obesity,
environmental factors, race, age, alcohol intake, low socioeconomic status,

inflammatory bowel disease as well as a family history of colon cancer 170 171, 172,173,
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174,175 Cigarette smoke contains carcinogens such as benzopyrenes, whose activated
form intercalates and damages DNA 176, Cigarette smoking is also associated with the
MSI-high, CIMP-positive, and BRAF mutation—positive colorectal cancer subtypes,
thereby indicating that epigenetic modification may be functionally involved in
smoking-related colorectal carcinogenesis /7. Furthermore, diet and exercise have a
direct effect on immune responsiveness, metabolic dysregulation, inflammation, and
oxidative stress 178, 179 180 181 gSeyeral epidemiologic and experimental investigations
have linked the consumption of red and processed meat to the risk of colorectal
neoplasia caused by the release of chemicals in the body which can inhibit the repair
of genetic material 182, Nutrients such as calcium, fiber and whole grain, however, have
been associated with a lower risk of colorectal cancer 183, Studies of mice have shown
that a high-fat diet, as well as hormonal alterations related to obesity produce more
intestinal stem cells which can lead benign and malignant tumours in the colon 184, 185,
Moreover, a number of known autosomal dominant inherited syndromes (familial
adenomatous polyposis and hereditary nonpolyposis colorectal cancer (HNPCC)) are
related to a high penetrant phenotype which gives individuals with a family history of

colon cancer a 2-3 fold increased risk of getting colon cancer 186, 187 188 189 190 191
192 193

Colorectal cancer may also be a result of the accumulation of genetic and epigenetic
alterations %8, as nearly 80% of all CRC cases are related to the mutation of the
tumour suppressor gene adenomatous polyposis coli (APC) °* Mechanisms of
genomic instabilities attributed to the development of CRC are DNA microsatellite
instability (MSI); chromosomal instability (CIN) and CpG island methylator phenotype
(CIMP) 195,

2.4.1 DNA microsatellite instability

DNA microsatellite instability accounts for about 15% of all CRC cases . This occurs
when there is a mutation in the DNA mismatch repair genes 1%. Deactivation of these
genes contributes to MSI tumourigenesis through the dissemination of genetic
instability by reinstating errors in DNA replication, obstructing DNA damage responses

and inhibiting the recombination of unidentical DNA sequences 7.
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2.4.2 Chromosomal instability

Chromosome instability is responsible for about 85% of CRC sporadic tumours 9,
CIN are mutations in the adenomatous polyposis coli gene that result from various
genomic abnormalities caused either by an imbalance in the number of chromosomes,
loss of heterozygosity in some chromosomes as well as sub-chromosomal
amplifications 195 199200201 " Thjs is followed by mutations that activate the Ki-ras2
Kirsten rat sarcoma viral oncogene homolog (KRAS) gene, an oncogene involved in
the regulation of cell division and inactivation of the tumour suppressor protein p53
(TP53) 202,203, 204,

2.4.3 CpG island methylator phenotype

CpG islands are short sequences in DNA where a cytosine nucleotide is followed by
a guanine nucleotide found in the 5' region of approximately half the number of genes
in humans 29%: 206,207 CIMP occurs due to the deactivation of tumour suppressor genes
as a result of global genome hypermethylation associated with microsatellite instability
and mutation of the proto-oncogene B-Raf (BRAF). B-Raf is responsible for the
regulation of the MAPK/ERK pathway which transmits chemical signals from outside

the cell into the nucleus thereby contributing to mechanisms of CRCs 208 209, 210, 195,
211

Colon cancer is classified from stages 0 to stage IV (Figure 2.4A) 2*2, For stage 0 colon
cancers, abnormal cells are found only within the wall or mucosa of the colon 213, while
in stage I, the abnormal cells would have invaded the mucosa and submucosa but
remain within the colon 24, Stage Il occurs when the abnormal cells have spread past
the wall of the colon, however, have not as yet affected lymph nodes 25, In stage |lI,
the abnormal cells would have spread past the lining of the colon and affected the
lymph nodes, yet are still found within the colon and have not spread to other organs
of the body 2. In stage IV, the cancer is metastatic wherein the abnormal cells would
have now spread to other organs, via the blood and lymph nodes, such as the lungs

and the liver 217,
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Figure 2.9: Primary stages of colon cancer.

Colon cancer is classified into five stages that involve development of abnormal cells in the colon
mucosa, invasion of the mucosa and submucosa, spreading of the abnormal cells past the walls of
the colon, spreading past the lining of the colon and entry into lymph nodes and spreading into distal

organs via the blood and lymph nodes (https-//www.chemoexperts.com/colon-cancer.html).

The different stages of CRC require various treatment strategies that include surgery,
chemotherapy, radiation and immunotherapy 218 21°. When diagnosed early, surgical
resection is the primary treatment for CRC. Although this improves CRC survival, CRC
remains a major health problem due to the inhibition of neoadjuvant and cytotoxicity
therapy in advanced stages as a result of tumour relapse and drug resistance 220 22%
222 Tumour relapse is associated with poorly differentiated histology, invasion of the
perineural and lymphovascular, tumour penetration to the thyroxine (T4), raptured or
clinically obstructed bowel as well as elevated preoperative plasma levels of the

carcinoembryonic antigen (CEA) 223 224, 225, 226

Drug resistance is the main cause of treatment failure in cancer chemotherapy 2%7. It
is caused by factors such as genetic or epigenetic modifications intrinsic to the cell
that are capable of inducing drug sensitivity alterations and increasing the drug’s efflux

out of the cell 228, Drug resistance may also be acquired as a result of drug exposure,

20



chemical insults or cellular stress 2%°, These changes lead to cancer cells receiving a
decreased concentration of the drug, reduced uptake into the cell as well as alteration
to enzymes involved in the drug’s metabolism 230, Furthermore, there may also be an
upregulation, mutational activation or bypassing of downstream signalling molecules
within specific pathways 231. Tumour cells develop resistance by improving DNA repair
mechanisms, acquisition of drug metabolising capability, activating drug transporters
that efflux drugs, increasing gene amplification and changing survival or cell death

pathways 232,

Current chemotherapy treatment for CRC involves single-agent therapy such as 5-FU
or multi-agent therapy which makes use of more than one drug for example irinotecan,
capecitabine and oxaliplatin 23, 5-FU is a fluorinated pyrimidine analogue used to treat
breast, head, gastrointestinal and neck cancers as well as a range of other solid
tumours 234 2351t acts by blocking DNA synthesis as well as the synthesis of proteins
and enzymes 2%, In mammalian cells, 5-FU prevents the replication and repair of DNA
by inhibiting the production of deoxythymidine monophosphate (dTMP) 237 236, This
occurs when 5-FU is converted to the metabolite 5-fluoro-2'-deoxyuridine-5'-
monophosphate (FAUMP), which forms a complex with thymidylate synthase (TS), the
only enzyme that generates a de novo precursor of DNA 238 239,240 Thijs complex
ultimately inhibits the production of deoxythymidine monophosphate (dTMP) 241, 242,
When intravenously administered, about 85% of 5-FU is catabolised into inactive
metabolites and only 3% of the original dose is responsible for the observed cytotoxic
effects. 5-Fluorouracil catabolism occurs through the activity of the rate-limiting
enzyme, dihydropyrimidine dehydrogenase (DPD) 24. Furthermore, 5-FU is also
metabolised to ribose and deoxyribose triphosphate metabolites which cause cell
death when incorporated into RNA and DNA 239 239,

Although 5-FU is one of the most frequently prescribed drugs and is used as a first-
line chemotherapy treatment for various cancers over the past seventy years 244 245,
its response rate for advanced CRC treatment is less than 15% 246, Furthermore, 5-
FU is associated with severe toxicity of the gastrointestinal tract as well as
haematological, neural, cardiac and dermatological reactions 2*7- 246, Moreover, 5-FU
has a short elimination half-life in plasma. To enhance its efficacy, it is usually
administered in combination with other drugs or agents 248 234, The efficacy of multiple-
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agent combinations such as oxaliplatin and fluorouracil have been analysed in an
adjuvant setting and has shown greater efficacy than when fluoropyrimidine is used
alone 249, Although this combination was shown to be superior, oxaliplatin is overtime
associated with neurotoxicity 24°. Some combinations tested in vitro and in vivo using
animal models include 5-fluorouracil or resveratrol and curcumin 68 which are found
in red grapes and turmeric, respectively 2°°. These bioactive compounds derived from
vegetables, fruits and medicinal plants are known as nutraceuticals 2°* and have over

the years shown potential for numerous chronic ilinesses including colon cancer %18,

2.5Eukaryotic cell division cycle

The activity and regulation of mitogenic signalling pathways that govern cell
proliferation and cell division cycle progression is crucial in the development of
tumours as they are capable of gaining self-sufficiency in growth signals 252 253, 162,
The cell division cycle is divided into two major phases; interphase and mitosis. During
the interphase, the cell grows in size and mass as it replicates its DNA, while during
the mitotic phase, the cell's cytoplasmic content, as well as the replicated DNA, are

separated and the cell undergoes division into two daughter cells (Figure 2.10) 254 255,

The interphase is divided into three distinct phases; Gap 1 (G1) phase, DNA synthesis
(S) phase and Gap 2 (G2) phase 2%. During the G1 phase, the cell is metabolically
active, its size increases and it accumulates building blocks and energy required in
the later stages of the cell cycle 2°’. RNA and ribosomes are also synthesised during
the G1 phase 2°¢, The G1 phase is then followed by the S phase 28, where the genetic
material is amplified 2°°. The centrosome, microtubule-organising structure that aids
in the separation of the chromosomes during the M phase, also get duplicated during
the S phase 225230, During the G2 phase, the cell continues to grow and replenishes
energy stores and synthesises proteins and organelles that are necessary for cell

division as it prepares to enter mitosis 25°.

In the M phase, the cell divides contents of the nucleus and cytoplasm to make two
new daughter cells in a multistep process that can be sub-divided into five phases;
prophase, prometaphase, metaphase, anaphase, and telophase and cytokinesis 2%6.
During the prophase, the cell undergoes chromatin condensation that continues until

the metaphase. The prometaphase begins when the nuclear envelope dissociates into
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small vesicles. These vesicles will then be divided among the two new daughter cells.
Chromatin condensation continues during the metaphase and becomes coiled. The
replicated chromosomes are then split and the sister chromatids separate during
anaphase. Lastly, during telophase and cytokinesis, two daughter nuclei are formed
and the nuclear envelope reforms around each nuclei producing two new daughter
cells and the chromosomes decondense into their interphase state 251, Following the
completion of the cycle, the cell may not immediately enter the next round of cell
division, but instead enter a resting phase, GO, known as quiescence 2°¢, During the
GO phase, the cell exists in a quiescent state and is neither actively dividing nor
preparing to divide 252, This state may be temporary or permanent for some cells 263

The progression and transition from one phase to the next is under control of the
expression and activity of some cyclin-dependent kinases, (CDKs) (CDK-1, CDK-2,
CDK-4, CDK-6, CDK-8, CDK-12). CDKs form complexes with cyclins (cyclin A to E)
264, 265, 266, 267 |eading to their enzymatic activity which is critical for the entry of cells
into the cell cycle and progression thereof 268, On the other hand, cell cycle
checkpoints serve to ensure genomic stability through cell cycle arrest and repair or
induction of apoptosis and therefore decide whether the cell proceeds to the next
phase of the cell cycle or not 243 267 There are three primary checkpoints, namely;
G1/S, G2/M and M 259, At the G1/S checkpoint, the cell is assessed for the availability
of nutrients and DNA synthesising enzymes 27, This checkpoint, therefore,
determines the transition of the cell from the G1 phase to the S phase 27% 272, At the
G2/M checkpoint, cells are assessed for DNA damage to prevent the entry of cells
with damaged DNA into the mitotic phase 273. At the M checkpoint, the integrity of the
chromosomes is assessed to prevent premature separation of the chromosomes 274
269 Failure to repair the cell’'s genome, DNA replication and transcription is prevented

and the cell undergoes necrosis or apoptosis 27°.
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G1 Checkpoint

Figure 2.10: The eukaryotic cell division cycle and checkpoints.

The eukaryotic cell division cycle is divided into two major phase. The interphase, which is further sub-
divided into G1, S, G2 and M phases, and Mitosis. Complex formation by CDKs and cyclins decide the

fate of the cell at cell cycle checkpoints. Image generated using Biorender.com

2.6 Apoptosis

Apoptosis is a well-orchestrated series of cell suicide events that maintains cell
populations in tissues by eliminating unwanted cells during development and ageing
276,277 Unlike necrosis, which is cell death that occurs in response to severe cell injury
and cell energy depletion, apoptosis is induced by diverse pharmacological agents
and physiological stimuli 278, Necrosis is further characterised by cell lysis caused by
the swelling of intracellular organelles 27°, while apoptosis is characterised by distinct
cell morphological features such as a decrease in cell volume, membrane blebbing,
condensing of the chromatin, DNA fragmentation and formation of apoptotic bodies as
well as the externalisation of phosphatidylserine 280281, 282,283 Thjs |leads to apoptotic
cell engulfment by macrophages to prevent the release of intracellular contents and
inflammation 284. As such, apoptosis is a preferred mode of cell death and thus also

plays a role in cancer prevention and treatment 285
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The activation of caspases is another specific feature of apoptosis 28°. Caspases are
a group of enzymes that belong to a family of cysteine proteases which play a crucial
role as mediators of apoptosis 282 286, There are three types of caspases; (i) apoptosis
initiators, caspases -2, -8, -9 and -10; (ii) inflammatory mediators, which are caspases
-1, -4, -5, -11 and -12; and (iii) apoptosis effectors, which are caspases -3, -6 and -7
287 Caspases can be activated either via the intrinsic (mitochondrial) pathway or the

extrinsic (death receptor) pathway (Figure 2.11) 228,

2.6.1 Intrinsic apoptosis pathway

The intrinsic pathway is initiated within the cell as a result of internal stimuli and is
regulated by the B-cell ymphoma 2 (Bcl-2) family of proteins 28, This family is divided
into three sub-groups: i) the anti-apoptotic group, which have four Bcl-2 homology
domains (BH1, BH2, BH3 and BH4) and comprise of the B-cell lymphoma-2 (Bcl-2),
B-cell lymphoma extra-large (Bcl-xL), Bcl-2-like protein 2 (Bcl-W), induced myeloid
leukaemia cell differentiation protein (Mcl-1), Bcl-2 related protein Al (Bcl2Al) and a
Bcl-2-like protein similar in amino acid sequence to the Boo protein (Bcl-B); ii) pro-
apoptotic proteins lacking the BH4 domain which consists of Bcl-2-associated protein
X (Bax), Bcl-2 homologous antagonist killer (Bak) and Bcl-2-related ovarian Killer
(Bok); and iii) pro-apoptotic proteins with only the BH3 domain which consists of Bcl-
2-interacting killer (Bik), Harakiri (Hrk), Bcl-2-like protein 11 (Bim), Bcl-2-associated
death promoter (Bad), BH3 interacting-domain death agonist (Bid), p53 upregulated
modulator of apoptosis (PUMA), Phorbol-12-myristate-13-acetate-induced protein 1
(NOXA) and Bcl-2 modifying factor (Bmf) 2°0:291, The Bcl-2 protein family members are
located on the outer mitochondrial membrane as dimers responsible for membrane

permeability via an ion channel or the creation of pores 292 293,294,

Anti-apoptotic proteins act by preventing pore formation on the outer mitochondrial
membrane thus blocking the release of mitochondrial proteins into the cytosol. In
contrast, pro-apoptotic proteins act by promoting pore formation on the outer
mitochondrial membrane resulting in the release of mitochondrial proteins such as
cytochrome c 2% 2% as well as high-temperature requirement protein A (HTRA2)/Omi,
second mitochondria-derived activator of caspase/direct IAP binding protein with Low
pl (SMAC/Diablo), endonuclease G and apoptosis-indicing factor (AlF), which may

execute cell death through caspase-dependent or caspase-independent mechanisms
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297, 298, 299, 300 The presence of cytochrome c in the cytosol disables the cell’'s
production of energy and initiates a proteolytic cascade which deconstructs the cell
301 This is done through the binding of cytochrome c to Apaf-1, a cytosolic protein, to
facilitate the formation of an apoptosome for the recruitment and activation of the

initiator caspase-9, which in turn activates the executioner caspases-3 or -7 302,

2.6.2 Extrinsic apoptosis pathway

Apoptosis via the extrinsic pathway occurs independent of the mitochondria and is
initiated by caspase-8 or -10 following external stimuli 303. 304, 305, 306 ' The extrinsic
pathway is initiated when a death ligand, fas-1 induced apoptosis signal ligand (FasL)
or tumour necrosis factor-alpha ligand (TNF-a) binds to its death receptor, fas-1
induced apoptosis signal receptor (FasR) or tumour necrosis factor-alpha receptor
(TNFR) 297, Upon binding of FasL to FasR, there is an activation of the fas-associated
death domain (FADD) which triggers the binding of TNF- a ligand to TNFR. The result
of this binding leads to activation of TNFR1-associated death domain (TRADD) and
receptor-interacting protein (FADD) recruitment 308 309 . 310, 311 "EADD then forms a
death-inducing signalling complex (DISC) by associating with procaspase-8, resulting

in its activation (caspase-8) which in turn activates caspase-3 312 308,

2.6.3  Execution of Apoptosis

The intrinsic and extrinsic pathways of apoptosis end at the point of execution 3%,
Once activated, executioner caspases-3, -6 or -7 cleave various cellular components,
such as the nuclear protein poly ADP ribose polymerase (PARP) which detects and
initiates immediate cellular response to single-strand DNA breaks, and the
cytoskeletal protein alpha fodrin 313 312 308  Thjs then leads to the morphological
features associated with apoptosis 4. Furthermore, the cytoskeleton is reorganised,
the cell disintegrated into apoptotic bodies 3°* and chromosomal DNA fragmented via
cleavage of the inhibitor of caspase-activated deoxyribonuclease (ICAD) to CAD,

causing chromatin condensation 316. 317, 318,319,

The last component of apoptosis is the engulfment of apoptotic bodies by phagocytic
cells 329, This is facilitated by phagocytic phosphatidylserine recognition, which allows
for the early uptake and disposal of apoptotic cells to prevent an inflammatory

response 321,
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Figure 2.11: Apoptosis pathways.

Apoptosis is a naturally programmed form of cell suicide that may be triggered via the intrinsic or extrinsic
pathway. The intrinsic pathway occurs when cytochrome c is released from the mitochondria. This release
leads to the initiator caspase-9 being activated. The extrinsic pathway occurs when a death receptor
bunds to a death ligand which results in the initiator caspase-8 being activated. Initiator caspase activation

then leads to the execution of apoptosis through activation of the executioner caspases-3\-7.

2.7 Reactive oxygen species

Reactive oxygen species are highly reactive chemical molecules with a single
unpaired electron that are, for instance, produced by the mitochondria of living cells
as by-products of normal cellular oxidative processes 322 323.324_ They play a vital role
in many physiological processes that include liver detoxification, production of
prostaglandin, cell signaling processes and the intracellular killing of bacteria by
neutrophil granulocytes 325, 326 327 328 329 ROS encompasses transient molecules
and free radicals such as superoxide anion (O27), hydrogen peroxide (H202) and
hydroxyl radical ("OH) 3. In the presence of an invading bacteria, phagocytic cells are

activated and generate O2 which then attacks the bacteria as part of an inflammatory
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response. Hydrogen peroxide selectively takes part in the generation of "OH 331, 332,
333 In the body, the antioxidant enzyme catase breaks down H202 to yield water and
dioxygen (O2) 331, 334 335 Hydrogen peroxide can also be broken down into water and
oxidized glutathione by glutathione peroxidase and other peroxides that are formed
on lipids within the body 331, 335 336 337 Qther intracellular sources that generate ROS
are xanthine, by the enzyme xanthine oxidase along with uric acid as waste products
of purine metabolism 338, reactions involving cytochrome P450 enzymes 33°, ascorbate
340 NAD(P)H oxidases 3%, 342, the endoplasmic reticulum (ER) or by exposure to
exogenous stress, chemotherapeutic agents and environmental insults 343, These
intracellular antioxidants prevent the uncontrolled formation of free radicals and

activated oxygen species, or inhibit their reactions with biological structures 34,

Initially, ROS were thought to only be a toxic by-product of mitochondrial respiration.
This is because excessive ROS production suppresses the body’s natural response
mechanism resulting in oxidative damage of DNA, lipids and proteins which
subsequently promotes cancer development, among many other diseases 344 345 346,
Furthermore, ROS are often higher in colorectal cancer cells 34’. However through the
years, functional roles for ROS have been revealed in cells, for instance (i) aiding
immunity by oxidative bursts in phagocytes which subsequently eliminates pathogens
348 (i) H202 regulating nuclear factor kappa B (NFkB) as well as (iii) regulating

pathways of mitogen-activated protein kinase (MAPK) 34°,

Processes initiated by an imbalance in ROS are commonly referred to as oxidative
stress. Increased oxidative stress in the mitochondria is proportionally associated with
apoptosis 50 which subsequently leads to the activation of pro-apoptotic proteins and
release of cytochrome ¢ 328 351, The pro-apoptosis activity of ROS can be inhibited by
the anti-apoptotic proteins Bcl-2 and Bcl-xL by preventing pore formation on the outer
membrane of the mitochondria preventing the release of cytochrome c. Moreover, Bcl-
2 protein may increase the cell’s resistance to ROS thereby preventing apoptosis 3%
353, 354, 355, 356, 357 Bcl-2 increases cellular redox capacity and prevents cell death

caused by H202in a manner similar to glutathione peroxidase explained above 354, 358,

To achieve tumour cell apoptosis, chemotherapeutic strategies, such as the use of
anthracyclines (e.g doxorubicin) or platinum coordination complexes (e.g cisplatin)

and camptothecins (e.g irinotecan), mainly aim at the enhancement of intracellular

28



ROS levels, which induce irreparable damage to the target cells that ultimately leads

to apoptosis 359 360,

ROS initiated apoptosis can be via both the intrinsic and extrinsic signalling pathways
361 ROS also regulates the activation of poly (ADP-ribose) polymerase (PARP-1),
causing a reduction in B-nicotinamide adenine dinucleotide (NAD). This leads to the
release of mitochondria apoptosis-inducing factor (AIF) 362, which is then transferred
to the nucleus where it cleaves DNA resulting in apoptosis should the damage to DNA

not be repaired: 363,

2.8Drug metabolism

Most drugs are metabolised for detoxification and elimination purposes as they are
treated as xenobiotics in the body. This metabolism involves entry of the drug into cells
(Phase 0), the introduction of a reactive group into xenobiotics (Phase I), conjugation
of the modified compounds with polar moieties (Phase IlI) and further processing of
the conjugated xenobiotics and their excretion (Phase IIl) 34, Pharmacokinetic studies
of most herbal medicines have shown that herbal medicines undergo Phase | and
Phase Il metabolism 3. Cytochrome P450 (CYPs) are major drug metabolising
enzymes present in all organisms 327:328 and are responsible for over 80% of all phase
| drug metabolism (Figure 2.12) 366, The CYP family constitutes major enzymes
capable of catalysing the oxidative biotransformation of most drugs 367, and are
classified under two main classes concerning redox partners: Class |, known as the
adrenal mitochondrial P450 systems obtains electrons from Nicotinamide adenine
dinucleotide phosphate (NADPH) via adrenodoxin reductase and adrenodoxin; Class
II, the liver microsomal P450s obtain electrons from NADPH via a flavin adenine

dinucleotide (FAD) and flavin mononucleotide (FMN) containing P450 reductase 368,

A number of these enzymes are selectively expressed in tumours and play a
significant role in the metabolism of several currently used cancer drugs and as such,
provide a mechanism for drug resistance 3¢°. These include cytochrome P450s 1A2
(CYP1A2), 2A6 (CYP2A6), 2C8 (CYP2C8) and 2C9 (CYP2C9), mainly expressed in
the liver (Figure 2.12) 369,
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2.8.1 Cytochrome P450 (CYPs) enzymes

(). CYP1A2

CYP1A2 is one of the three types of CYP1 enzymes produced by humans 37°. It makes
up around 15% of the total hepatic CYPs and is expressed also in tissues outside the
liver. Its expression is under the transcriptional regulation of the aryl hydrocarbon
receptor (AhR), which mediates countless biological and toxicological actions of
hydrophobic natural and synthetic chemicals 371 370. 372 |t is also involved in the
metabolism of many anti-inflammatory drugs such as nabumetone 373, analgesics,
cardiovascular drugs (e.g. guanabenz) and procarcinogens 367 374, 370, 375, 376  |tg
substrates include etoposide, which is FDA-approved for the treatment of small-cell
lung and testicular cancers 377; flutamide, which is approved for prostate cancer
treatment 378; as well as the 5-Fluorouracil prodrug, Tegafur, which is used for the
treatment of many cancers, including colon 37°, stomach and breast 3¢° cancer.
Moreover, CYP1A2 is implicated in numerous clinical herb-drug interactions 389 381, 382
and plays a significant role in the metabolic clearance of about 5% of the drugs that

are currently on the market 383,

(i). CYP2A6

CYP2A6 belongs to the human CYP2A family along with two other genes namely;
CYP2A7 and CYP2A13 38, It makes up about 4% of the total CYP450 content and is
primarily expressed in hepatic cells, but may also be expressed in some specialised
cells found outside of the liver 38 386 CYP2A6 is reported to metabolise 3% of
pharmaceutical agents, including therapeutic drugs as well as procarcinogens and
toxins 387 366 |ts substrates include the anticoagulant coumarin and general
anaesthetic halothane 299, disulfiram, which is used for the treatment of chronic
alcoholism 38 and methoxyflurane, used for pain 38. Furthermore, CYP2AG6 is also
involved in the metabolism of letrozole, an aromatase inhibitor used for the treatment

of breast cancer, as well as Tegafur 3%°.

(i). CYP2C8

CYP2C8 belongs to the 2C subfamily, which is the second most plentiful CYP following
the CYP3A subfamily, constituting more than 20% of the total CYP content that exists

in the human liver 3%, It is involved in the metabolism of about 5% of clinically used
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antidiabetic and antimalarial drugs 36°. CYP2C8 substrates include paclitaxel, which is
used for the treatment of many cancers; repaglinide, used to treat diabetes,
chloroquine, used in malaria treatment; and dapsone, which is used for the treatment
of arrhythmia 366 369, CYP2C8 also participates in the metabolism of endogenous
compounds which include all-trans-retinoic acid given alongside cancer chemotherapy

390, Furthermore, CYP2CS8 is involved in the catalytic activation of Tegafur 3.

(iv). CYP2C9

CYP2C9, also belonging to the 2C subfamily, is a class Il highly polymorphic CYP450
enzyme that is involved in the metabolism of many drugs and constitutes about 18%
of the total liver microsome CYP450s 369 392 |t is responsible for the metabolism of
approximately 10% of all currently used drugs 36¢. CYP2C9 is mainly expressed in the
liver where it participates in the oxidation of endogenous and xenobiotic compounds
393,392 |ts substrates include tamoxifen, used for the prevention and treatment of
breast cancer 3%, the widely used anticoagulant, warfarin 3% and idarubicin, used for
the treatment of leukaemia 3%. Furthermore, CYP2C9 is also responsible for the

metabolism of nonsteroidal anti-inflammatory drugs and hypoglycemic agents 3%

(8.9%)
CYP1A2

(3.4%)
CYP2A6

(7.2%)

(30.2%
CYP3A4/5

(4.7%)

(12.8%
CYP2C9

(3%)
CYP2J2

CYP2E1
(3%)

(6.8%)
CYP2C19

(20%)
CYP2D6

Figure 2.12: Summarised fraction of clinically used drugs metabolised by P450 isoforms.

Cytochromes P450 (CYP)enzymes are a major source of variability in drug pharmacokinetics and
response. Of the 57 putatively functional human CYPs, only about a dozen enzymes, belonging to the
CYP1, 2, and 3 families, are responsible for the biotransformation of most foreign substances including
70-80% of all drugs in clinical use (Zanger and Schwab, 2013).
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2.8.2 Herb-drug interactions

Herbal medicines are generally regarded as safe because they are natural. However,
their safety profiles in humans are usually based on anecdotal data, not on scientific
assessment 365, These medicines may potentiate the pharmacological and
toxicological action of synthetic drugs 3°7- 3% potentiated by the fact that, while
synthetic drugs contain a single active ingredient, herbal extracts and medicines often
contain a mixture of pharmacologically active constituents, thereby increasing the
likelihood of herb-drug interactions 3% 4%, These interactions can either increase or
decrease the toxicological and pharmacological effects of the drug or herbal medicine
399, 398, 397, 401 through alteration in the absorption, distribution, metabolism and

excretion patterns of the other drug 397492,

2.8.2.1 Absorption

The bioavailability of herbal medicines is greatly influenced by pre-systemic processes
that reduce the concentration of herbal components before it reaches the systemic
circulation. This includes the herbal medicine’s solubility in the gastrointestinal fluid,
degradation in the gastrointestinal tract, absorption through the intestinal mucosa and
transportation within the body 43, The drug transporter protein, P-glycoprotein (P-gp),
greatly influences intestinal absorption of herbal medicines and many other drugs as
it is expressed in high levels in the membranes of the small and large intestines where
it participates in the efflux of xenobiotics 404 405 406 Moreover, poor absorption of these
herbal components, in particular flavonoids, results in low bioavailability and as such
effects the pharmacokinetics of the bioactive constituents 4%3. Some herb-drug
interactions may improve the bioavailability of target compounds within the drug and/or

lessen the side effects of the drug 4°7: 408,

2.8.2.2 Metabolism

The in vivo metabolism of herbal medicine components greatly depends on CYP450
metabolising enzymes as well as the drug transporter protein, P-gp 4°°. Inhibition or
induction of such metabolic enzymes by herbal medicines causes pharmacotoxicity
that could ultimately result in treatment failure 3°7. Intestinal metabolism involves the
absorption of drugs from the intestinal lumen into the mesenteric capillaries where

along the way, they are subjected to metabolic transformation 41° 41, This is done

32



mostly by the subfamily 3A of CYP450 enzymes which are the most abundant in the
intestine 412, where CYP3A4, in particular, acts as a metabolic barrier during the
uptake of herbal medicines #13. In hepatic parenchymal cells, a similar process occurs
where the drug is absorbed into the portal vein, passed through the liver to the heart
and the rest of the body 4'4.

2.8.2.3 Distribution

The interaction of plasma proteins and pharmacodynamic properties of drugs govern
a drug'’s distribution and thereby plays a vital role in its toxicity 4*°>. Many drugs are
ineffective when bound to such proteins 46, Herbal medicines contain various
components whose pharmacological effects result from the binding of active
compounds to proteins such as the plasma protein, human serum albumin (HSA),
which can enhance the solubility of hydrophobic drugs and therefore regulate their

delivery into cells 417,

2.8.2.4 Elimination

Following the processes of absorption, metabolism and distribution, herbal medicines
are excreted either via the faecal or renal route, the latter being the predominant route.
Compounds that can enter the bloodstream are transported to the liver for
metabolising and biliary excretion 404 418, 419,420,421 'DQrygs excreted by the kidneys via
the renal route can either be through passive (glomerular filtration) or active (tubular

secretion) filtration 422,

2.8.3 Drug transporter P-glycoprotein

P-glycoprotein (P-gp), also known as a multidrug resistance protein 1 (MDR1), is a
transmembrane glycoprotein, from the ATP-binding cassette (ABC) family of drug
transporters. It is directly encoded by the human ABCB1 gene that acts as a barrier,
extruding toxins and xenobiotics from cells 423 397, 424,425,426 |t is widely distributed in
organisms and found in tumours and normal tissues, such as the liver, kidneys, small
intestine, placental tissue and synovial tissue #2°. The P-gp family accounts for one of
the well-known mechanisms of multiple drug resistance (MDR) to chemotherapeutic
agents by cancerous cells. This is because it plays a significant role in the absorption,

distribution and elimination of drugs and as such may decrease intracellular drug
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availability thereby mediating resistance to a variety of pharmacological drugs,
especially, anticancer drugs 427 428,429,397,430,431 'P_qp is overexpressed in cancer cells
as an adaptive method to reduce toxicity 432 433, To date, only a few of the developed
P-gp inhibitors have made it past clinical trials due to non-specific toxicity 433, and as

such, there is still a need to explore alternative P-gp inhibitors.

Several herbal medicines are made available at pharmacies and shops as either dried
leaves for tea, powdered, as capsules or tablets, or in solution at the disposal of
anyone mostly without a list of precautions. This is mainly because herbal medicines
are not subject to review by the Food and Drug Administration (FDA), but can be
seized and removed when the FDA is made aware of the problems. However, since
these herbal supplements are taken unmonitored patients often do not disclose their
intake to their physicians, the problems encountered are rarely documented or voiced
out. An example of this herbal supplement is Actaea racemosa (Black cohosh). It is a
shrub-like plant that grows in North America and is how packaged and sold in many
outlets, even in South Africa. It is often used for menopausal disorders, uterine spasms
and vaginitis. Black cohosh is alleged to be toxic to the liver and when used with
prescription drugs, certain liver enzymes required for breaking down prescription
drugs may cause it to accumulate in the body and thus lead to liver toxicity. Another
readily available herbal supplement is Hypericum perforatum (St John's-wort). It is
widely used to treat symptoms of depression and is reported to have many serious
drug-interactions, yet is still sold in pharmacies and supermarkets (www.drugs.com).
As such, because herbal active constituents may affect the pharmacokinetic profile
and trigger unexpected and inappropriate effects 434, the use of medicinal plants as a

collection of bioactive phytochemicals should be optimised 32

2.9 Aim

The study aimed to characterise the crude water and crude methanol leaf extracts of
Momordica balsamina, investigate their potential anticancer activity on HT-29 colon
cancer cells and assess their effect on CYP450 enzymes which metabolise

5-Fluorouracil.
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2.9.1 Hypothesis

Momordica balsamina crude water and crude methanol leaf extracts possess

compounds with anticancer activities against HT-29 colon cancer cells. The extracts

also have an additive effect on the efficacy of 5-Fluorouracil and do not interact with

drug metabolising enzymes.

2.9.2 Null hypothesis

Momordica balsamina crude water and crude methanol leaf extracts do not possess

compounds with anticancer activities against HT-29 colon cancer cells. The extracts

also do not have an additive effect on the efficacy of 5-Fluorouracil and they interact

with drug metabolising enzymes.

2.9.3 Objectives

VI.

VII.

To characterise the M. balsamina crude water and crude methanol leaf
extracts using Thin-Layer Chromatography (TLC), standard phytoconstituent
tests and Liquid Chromatography-Mass Spectrometry (LC-MS).

To assess the cytotoxicity of the extracts and 5-Fluorouracil on HT-29 colon
cancer and C2C12 muscle cells using cell viability assays.

To assess the effect of the extracts on the efficacy of 5-Fluorouracil on HT-29
colon cancer cells using cell viability assays.

To assess the genotoxicity of the extracts and 5-Fluorouracil on C2C12
muscle cells using the Muse™ Multi-Colour DNA Damage Kkit.

To assess ROS production in HT-29 cells following treatment with the extracts
and 5-Fluorouracil using the DCFH-DA staining assay.

To assess the potential pro-apoptotic activity of the extracts and 5-Fluorouracil
on HT-29 colon cancer cells using the JC-1 staining assay, the acridine
orange/propidium iodide (AO/PI) dual staining assay, the Annexin V/PIl and
Caspase-8 and Caspase-9 colourimetric assays.

To assess the effect of the extracts and 5-Fluorouracil on the mechanism of
apoptosis induction of HT-29 colon cancer cells using the human apoptosis
antibody array Kkit.
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VIIl.  To assess the potential of herb-drug interactions between the extracts and
5-Fluorouracil using Vivid® CYP450 Screening kits and the P-gp-Glo™ Assay
Systems with P-glycoprotein.
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Chapter 3
3. Methodology and analytical procedures
3.1Plant collection and extraction

The Momordica balsamina plant, voucher specimen number UNIN121046, leaves
were collected from Letsitele (23°57'51” S 30°22’39” E) in the Limpopo province,
South Africa. The plant leaves were washed with distilled water, air-dried at room
temperature and ground to powder using a commercial blender. The powdered leaves
were then extracted by boiling (125 g/L) in distilled water using a method described by
Azwanida #3°, or macerating in methanol (Rochelle Chemicals, SA) at 70°C using a
method described by Cheng et al. 4%. Following extraction, the extracts were filtered
using a filter paper with a pore size of 12-15 pm (Munktell, UK). The water extract was
then freeze-dried using a freeze-dryer (Labconco, Labotec, Cape Town) and the
methanol extract dried using an industrial fan. The water extract was then stored as a
powder in the dark, at room temperature and the methanol extract weighed and
dissolved in 100% dimethyl sulfoxide (DMSO) (Sigma-Aldrich, St. Louis, USA) to give

a stock solution of 100 mg/ml which was then stored at -20°C.

3.2Screening and chemical characterisation of the extracts
3.2.1 TLC fingerprint

The phytochemical fingerprint of the M. balsamina H20 and MeOH extracts was
analysed by thin-layer chromatography (TLC) using a method described by Kotzé and
Eloff 437. The extracted compounds were separated on aluminium-backed silica gel 60
F2s4 plates (MilliporeSigma, cat# 10554, Burlington, USA). A volume of 5 pul of the
extracts at a concentration of 20 mg/ml was spotted onto the TLC plates. The plates
were developed in closed tanks saturated with mobile phases of varying polarities in
descending order, namely; butanol: acetic acid: water (4:1:5) [BAW]; chloroform: ethyl
acetate: formic acid (5:4:1) [CEF] and benzene: ethyl acetate: ammonium hydroxide
(90:10:1) [BEA]. The plates were then viewed and photographed under UV light at 365
nm and sprayed with vanillin-sulphuric acid (0.1 g vanillin in 28 ml methanol: 1 ml

sulphuric acid) for visualisation.
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3.2.2 Presence of phytochemicals

The type of phytochemicals present in the M. balsamina MeOH and H20 extracts were
determined qualitatively using standard phytochemical tests as described in Table 3.1
according to methods described by Harbone 438 and Kokate 43°. Comparative analysis
between the H20 and MeOH extracts was done qualitatively by observing colour

intensity and annotating + for moderate and ++ for intense colouration or change.

Table 3.1: Test for the presence of phytochemicals.

Phytoconstituents | Test Observation
Tannins 2 ml extract” + 2 ml H20 + 2-3 drops FeClz (5%) Green precipitate
Coumarins 2 ml extract* + 3 ml NaOH (10%) Yellow colouration
Phenols 2 ml extract” 2 ml of 2% FeClz Blue/black colouration
Flavonoids 1 ml extract” + 1 ml Pb(OAc)4 (10%) Yellow colouration
Carbohydrates 2 ml extract” + 10 ml H20 + 2 drops Ethanolic a-naphthol | Reddish-violet ring at
(20%) + 2 ml H2SO4 (conc.) the junction
Saponins 5 ml extract” + 5 ml H20 + heat Froth appears
Triterpenoids 2 ml extract” + 2 ml (CHzCO)20 + 2-3 drops H2SO4 Reddish-violet
(conc.) colouration

#Extract concentration (10 ug/ml)

3.2.3 Ferric ion reducing power

The ferric ion reducing the power of the MeOH and H20 extracts of the M. balsamina
leaves was determined using a method by Benzie and Strain #4°, The MeOH and H20
extracts were prepared in methanol and distilled water, respectively, at a concentration
of 10 pg/ml. Ascorbic acid (Sigma-Aldrich, cat# A92902, St. Louis, USA) was used as
a reference standard. A volume of 100 ul of the extracts or ascorbic acid was added
to 250 pl of 0.2 M phosphate-buffered saline (PBS) (Lonza, cat# BE17-516F, Basel,
Switzerland) at pH 7.4, 250 pl of 1% potassium ferricyanide and incubated for 20
minutes at 50 °C. Following incubation, 250 ul of 10% (w/v) trichloroacetic acid was
added to each sample, the mixtures centrifuged at 1100 g for 10 minutes and the
supernatant (250 ul) mixed with equal parts of distilled water. Ferric chloride (50 pl of
0.1%) was then added to the supernatant-distilled water mixture and the absorbance
of the samples measured using a microtiter plate reader (GloMax®-Multi+Detection
system, Promega, Madison, USA) at a wavelength of 600 nm. Data were presented
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as ECso reducing power calculated using linear regression from a quercetin standard

curve.

3.2.4 Liquid chromatography-mass spectrometry

3.24.1 Sample preparation

The M. balsamina extracts were obtained by extraction as described in section 3.1.
The powdered H20 extract was dissolved in 10 ml of deionised water obtained using
a Milli-Q water purification system (Millipore, Milford, USA) and the MeOH extract in
10 ml of methanol. The samples were then diluted 1:1 (v:v) in deionised water and
filtered through a 0.22 ym polyethersulfone filter unit (Millipore, cat#SLGPO33RS
Watford, UK) before being subjected to analysis by liquid chromatography-mass
spectrometry (LC-MS).

3.2.4.2 LC-MS conditions

Samples were separated by reverse-phase liquid chromatography (RP-LC) performed
on an InfinityLab Poroshell 120 SB-C18 column (4.6 x 100 mm, 2.7 ym) using mobile
phases water (A) and acetonitrile (B). The solvent gradient used was 1 — 95% B from
0 to 20 minutes, 95% B from 20.01 to 25 minutes, 95 — 1% B from 25.01 to 30 minutes
with a flow rate of 0.4 ml/min. MS analysis was accomplished using the 1260 Infinity
Il liquid chromatographic system coupled to a single quadrupole Infinity Lab LC/MSD
(Agilent Technologies, Santa Clara, USA) system equipped with a jet stream
electrospray ionisation source. Data acquisition and processing were performed using
the OpenLab CDS software (Chemstation). Compounds within the extracts were
detected using the scan mode in the positive ionisation mode with a fragmentation
voltage of 200 V. Furthermore, nitrogen was used as the desolvation gas at a flow rate
of 5 L/min at 300°C and sheath gas at a flow rate of 12 L/min at 360°C.

3.3Study model

The HT-29 colon cancer cell line is a human colorectal adenocarcinoma cell line with
epithelial morphology used extensively to study the biology of human colon cancers
441 The HT-29 are able to differentiate and simulate characteristics of mature
intestinal cells and thus are a good model for in vitro studies of absorption, transport

and secretion by intestinal cells. Under standard cell culture conditions (when grown
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in DMEM), the cells grow as a non-polarised, undifferentiated multilayer 442. Moreover,
these cells are sensitive to chemotherapeutic drugs such as 5-fluorouracil and

oxaliplatin 443,

3.4 Cell culture and maintenance

Human HT-29 colon cancer cells (ATCC® HTB-38™) and mouse (Mus musculus)
C2C12 cells (ATCC® CRL-1772™) were purchased from the American Type Culture
Collection (Manassas, VA, USA). The C2C12 muscle cells were used as a model for
normal cells as they are highly proliferative, easy to culture and have good basic
metabolic panel responsiveness (BMP), which provides information on the body’s
metabolism 4*4, The cells were grown in 75 cm? flasks in Dulbecco’s Modified Eagle’s
Medium (DMEM) (HyClone Laboratories, cat# SH30285.03, South Logan, USA),
supplemented with 10% (v/v) heat-inactivated foetal bovine serum (FBS) (Gibco, cat#
10500064, Life Technologies, Carlsbhad, USA). Cells were grown in a tissue culture
incubator at 37°C in humidified air containing 5% CO2. The C2C12 cells were sub-
cultured every second day at a ratio of 1:8, while the HT-29 cells were sub-cultured
every fourth day at a ratio of 1:8 and refreshed every second day in a level 2 biosafety
cabinet (Labtech™, Ortenberg, Germany). Passage numbers were recorded with
each sub-culture and restricted to under 30 passages to avoid phenotypic drift caused
by sub-culturing. To retrieve cells from the culture flask surface, all media was
aspirated and the cells were washed with 8 ml of 1x Dulbecco’s phosphate-buffered
saline (DPBS) (Gibco, cat# 14040133, Life Technologies, Carlsbad, USA). Following
the aspiration of DPBS, 2 ml of 1x trypsin (Gibco, cat# 25200072, Life Technologies,
Carlsbad, USA) was added to the flask and incubated in the tissue culture incubator
for 5 — 7 min. To stop trypsinisation, 8 ml of supplemented DMEM was added to the
flask and the cells resuspended by pipetting to ensure all cells have detached from
the culture surface. The cells were then centrifuged at 800 rpm for 5 min and
resuspended in 8 ml of supplemented DMEM. The cell suspension was then either

transferred to a new flask or counted and seeded for experiments.

3.5Cell counting and seeding

For cell counting, the cell suspension was stained with 0.4% (w/v) trypan blue
(Invitrogen, cat# T10282, Carlsbad, USA) in DPBS at a 1:1 ratio (v:v), by adding equal
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volumes (10 pl) of the cell suspension and trypan blue. The solution was gently mixed
by pipetting and 10 pl of the mixture transferred to the counting chamber of a Neubauer
haemocytometer. Live and dead cells were counted at 10x magnification using an
inverted phase-contrast microscope (Olympus CKX31, Tokyo, Japan). Cell
concentration was calculated using equation 1. C2C12 cells were seeded at a density
of 1.5 x 10° cells per cm? and HT-29 cells at a density of 3.0 x 10* cells per cm?. Upon
seeding, the cells were allowed to attach and grow for 48 hours (C2C12) or 72 hours

(HT-29) before commencing the respective experiments.

# of cells per ml = average of cells counted per mm? x 2 x 10 000

1)
3.6 Treatment preparation and cell treatment conditions

For cytotoxicity and genotoxicity assays, the M. balsamina water extract (H20) stock
solution of 100 mg/ml was prepared by dissolving the dried extract (stored at RT) in
cell culture media which was further diluted to make up concentrations ranging from
250 — 2000 pg/ml. The MeOH extract concentrations were prepared by diluting the
stock solution (100 mg/ml, in 100% DMSO, stored at -20°C) in cell culture media to
make up concentrations between 50 — 300 pg/ml. A 5-Fluorouracil (5-FU) (Sigma, cat#
F6627-1G, Sigma-Aldrich, St. Louis, USA) stock solution of 50 mg/ml was prepared in
100% DMSO, aliquoted and kept at 4°C until use. The 5-FU stock solution was further
diluted with cell culture media to make up concentrations of 0.001 — 100 pg/ml.
Curcumin (Sigma, cat# C1386-5G, Sigma-Aldrich, St. Louis, USA) at 200 uM was
prepared from a stock solution (1000 pM) in cell culture media and served as a positive
control. The DMSO (vehicle control) final concentration in all treatments was 0.5%.
Furthermore, for reactive oxygen species, apoptosis detection and cell cycle
distribution assays, the cells were treated with a low concentration and either the 1Cso
or a higher concentration determined from the MTT assay results (250 and 2000 pg/mi
of the H20 extract, 100 and 267 pg/ml of the MeOH extract, 10 and 100 pg/ml of 5-
FU) and 200 puM of curcumin for 24 hours. For protein expression analysis, the cells
were treated with 267 pg/ml of the MeOH extract, 100 pug/ml of 5-FU and 200 uM of
curcumin for 24 hours. All treatments were filter sterilised using a 0.22 pm

polyethersulfone filter unit before treating the cells.
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3.7 Cytotoxicity assay

The effect of the M. balsamina H20, MeOH extracts or 5-FU on the viability of
HT-29 colon cancer and C2C12 muscle cells was evaluated using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT) (Sigma, cat# M2003-1G, Sigma-
Aldrich, St. Louis, USA) assay, as described by Mosmann 44°, with slight modifications.
The MTT assay is based on the reduction of the yellow tetrazolium dye, MTT,
blue/purple water-insoluble formazan crystals by the action of nicotinamide adenine
dinucleotide phosphate (NADPH)-dependent cellular oxidoreductase enzyme 446,
Cells were seeded as described in section 3.5 in 96-well plates and allowed to attach.
The cells were treated as described in section 3.6 for 24 and 72 hours. Following
treatment, the cell culture media was removed, 100 pl of 1 mg/ml of MTT in 1x DPBS
was added and the cells incubated in a tissue culture incubator for 30 minutes. The
MTT solution was then removed and 200 ul of DMSO added to dissolve the formazan
crystals. The absorbance was measured at a wavelength of 570 nm using the
SpectraMax i3x (Molecular Devices, LLC, Sunnyvale, CA, USA). Data were expressed

as percentage viability calculated using equation (2).

Absorbance of treated cells

Viability = x 100
T = Absorbance of vehicle control treated cells

%

2
For the testing of potential interactions between M balsamina extracts and 5-FU, the
cells were treated with the vehicle control as well as varying concentrations of the
extracts and/or 1Cso of 5-FU and the MeOH extract. To test for the H20 extract and 5-
FU, the cells were treated with 250 — 2000 pg/ml of the H20 extract together with the
5-FU ICso obtained from the MTT assay at 72 hours of treatment (3.2 ug/ml). For the
MeOH extract and 5-FU, cells were treated with 0.001 — 100 ug/ml of 5-FU and the
MeOH ICso0 (267 ug/ml) for 24 hours. The same treatments were also applied for 72
hours, except for the concentration of the MeOH extract, which was the ICso (151
pug/ml) obtained from the MTT assay at 72 hours of treatment. MTT analysis was done

as above and the data expressed as percentage viability calculated using equation 2.
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3.8Genotoxicity assay

To assess the genotoxicity of the M. balsamina MeOH extract or 5-FU on C2C12 cells,
the Muse™ Multi-Colour DNA Damage kit (MilliporeSigma, cat# MCH200107,
Burlington, USA) was used, following the manufacturer’s description. The kit uses two
directly conjugated antibodies; a phospho-specific ATM (Ser1981)-PE and a phospho-
specific Histone H2A. X PE_Cy5 to measure the extent of DNA damage in treated and
control cells. This allows for simultaneous detection of the phosphorylation state of
ATM and Histone H2A.X, thereby assessing the DNA damage signalling pathway.
Briefly, cells were seeded at 1.0 x 10°cells/well in a 24-well plate and allowed to attach.
The cells were treated with 0.5% DMSO or 267 ug/ml of the MeOH extract, 100 pug/mi
of 5-FU and 200 uM of curcumin for 24 hours. Following treatment, the spent media
was collected and the cells were harvested by trypsinisation. Briefly, the cells were
washed with warm 1x DPBS and incubated with 300 pl of trypsin in a tissue culture
incubator for 5 min. The cells were then centrifuged at 800 rpm for 5 min before being
washed with 1x DPBS and the pellet resuspended in 500 pl of 1x assay buffer. Equal
parts of the fixation buffer were then added to the cell suspension and the samples
were incubated on ice for 5 min. The cells were then centrifuged at 300 g for 5 min
and 1 ml of ice-cold permeabilisation buffer added to the pellet and incubated on ice
for another 5 min. The cells were centrifuged as above and resuspended in 450 pl of
1x assay buffer. A volume of 90 pl was then transferred to a new microcentrifuge tube,
10 ul of the antibody cocktail was added to the cells and incubated for 30 min in the
dark, at room temperature. The cells were centrifuged and washed with 1x assay
buffer as above. The cell pellet was then resuspended in 200 pl of 1x assay buffer and
the samples analysed using the BD Accuri™ C6 flow cytometer (BD Biosciences,
Johannesburg, South Africa). Cell samples were initially stained with each fluorophore
separately to determine the required colour compensation and for setting the quadrant
gate to select for positive events. Fluorescence spill over in FL2 was corrected by
subtracting 1.79% of FL3 while FL3 was corrected by subtracting 27.9% of FL2. Data
were presented as percentage expression of H2A.X, H2A.X/ATM and ATM.

3.9DCFH-DA reactive oxygen species assay

The effect of the M. balsamina H20, MeOH extracts, and 5-FU on the generation of
intracellular reactive oxygen species (ROS) in HT-29 cells was measured using 2',7'-

43



dichlorodihydrofluorescein diacetate (DCFH-DA) (Sigma, cat# D6883, Sigma-Aldrich,
St. Louis, USA) using a method described by Wu and Yotnda 44, with slight
modifications. The assay uses DCFH-DA, a fluorogenic dye, which is non-fluorescent,
that is deacetylated by the cellular hydrolase enzymes (esterase) once diffused into
cells. Inside the cells, DCFH-DA is oxidised into 2',7'-dichlorodihydrofluorescein
(DCF), which is fluorescent, in the presence of ROS #¥/. Cells were seeded as
described in section 0, allowed to attach and treated as described in section 3.6 for 24
hours. Following incubation, the treatment media was discarded and the cells washed
with 1x DPBS and further incubated with 10 uM of DCFH-DA solution in 1x DPBS at
37°C in the dark for 30 min in a tissue culture incubator. The fluorescence signal was
detected following trypsinisation of the cells using the BD Accuri™ C6 flow cytometer,
using the FL1 detector. Data were presented as percentage of DCF positive cells

separated by a marker between the negative and positive populations.

3.10 Apoptotic assays
3.10.1 Mitochondrial membrane potential

The effect of the M. balsamina H20, MeOH extracts and of 5-FU on the mitochondrial
membrane potential of HT-29 cells was assessed using 5,5',6,6'-tetrachloro-1,1',3,3'-
tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1) (Sigma, cat# T4069-5MG,
Steinheim, Germany), following a method by Sivandzade et al. 448, with modifications.
The assay is used to measure the cell’s mitochondrial membrane potential. The JC-1
dye selectively enters the mitochondria and changes fluorescence from red to green
as the cell's membrane potential decreases, fluorescing orange when the cell’s
mitochondria are healthy and green when the cell is in distress 44°. Cells were seeded
in 24-well plates as described in section 0 and allowed to attach. The cells were then
treated as described in section 3.6 for 24 hours. Following treatment, the supernatant
was removed and the cells were washed with warm 1x DPBS and incubated with 500
pl of 2 uM JC-1 solution made by reconstituting 2.7 pl of the stock solution in 100 pl of
100% DMSO and 1x DPBS was added to make a final volume of 10 ml. The cells were
incubated for 30 min in a tissue culture incubator, whereafter the supernatant was then
replaced with warm 1x DPBS and the samples viewed and captured under an inverted
fluorescent microscope (Nikon Eclipse Ti/S Fluorescence Microscope (Nikon, Minato

City, Tokyo, Japan)) with 10x magnification using a tri-bandpass filter. Images from 3
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independent experiments were analysed and the intensity of the red fluorescence was
quantified using the ImageJ (32 bit) software application 4%°, version 1.52a. The
procedure used for quantitation is outlined in Annexure A. Briefly, the RGB images
were split into single channels and the red channel used to create a binary image. The
binary image was then used for background subtraction and measuring the intensity
of the fluorescence. Data were presented as representative images from three

experiments and as a percentage of mitochondrial depolarisation.

3.10.2 Nuclear morphology analysis

Nuclear morphology associated with apoptosis in treated and control HT-29 cells were
assessed using the acridine orange/propidium iodide (AO/PI) (AO; Sigma, cat#
A6014, Sigma-Aldrich, St. Louis, USA) (PI; Invitrogen, cat# p3566, Life Technologies,
Carlsbad, USA), dual staining assay as described by Hussain et al. 1, with slight
modifications. Acridine orange is a DNA intercalating dye that can permeate live and
apoptotic cells to stain the nucleus and generate green fluorescence. In contrast, Pl
can only permeate cells with poor cell membrane integrity, staining all dead nucleated
cells to generate red fluorescence %52 453, The nuclear of apoptotic cells will thus stain
orange due to the combination of the AO and PI. Cells were seeded and treated as
described in section 3.10. Following treatment, the supernatant was removed and the
cells were washed twice with 1x DPBS and stained with 30 pg/ml of AO for 15 min in
the dark, at room temperature. The cells were washed as before and counterstained
with 30 pg/ml of PI for 15 min in the dark, at room temperature. Following incubation,
the images of 3 independent experiments were captured using an inverted fluorescent
microscope with a 10x magnification using a tri-band pass filter. The
excitation/emission profile for AO is 460/650 nm and 525/595 nm for Pl. Data were
presented as representative images from 3 independent experiments and the number
of green and red fluorescent cells counted using the ImageJ (32 bit) software
application 4%, version 1.52a. The procedure used for quantitation is outlined in
Annexure B. Briefly, the RGB images were split into single channels and the green
and red channels converted to 8-bit type and the relative size of the cells calibrated
using the scale bar and set to 100 um. Cells of interest were then counted and
guantified and data were presented representative images from one experiment and

as a percentage of red fluorescent cells.
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3.10.3 Quantitation of apoptosis

To determine the quantity of apoptotic HT-29 cells following treatment, the annexin-
V/Pl assay was used, following the manufacturer's description (Invitrogen, cat#
A13199, Carlshad, USA), with slight modifications. The assay is based on the binding
of annexin-V to phosphatidylserine (PS) which becomes externalised in cells
undergoing apoptosis. Propidium iodide (PI) stains the nuclei of cells with poor or
compromised cell membrane function and thus distinguishes late apoptotic or dead
cells from early apoptotic cells 4%, Briefly, cells were seeded and treated as described
in section 3.10. for 24 hours. Following treatment, the cells were harvested by
trypsinisation. Briefly, the supernatant was collected and the cells washed in 1x DPBS
and incubated with trypsin for 5 — 10 min in a tissue culture incubator. The collected
supernatant and dislodged cells were centrifuged at 800 rpm for 5 min and the pellet
resuspended in 100 pl annexin-binding buffer (1x DPBS containing 133 mg/ml CaClz
and 10 mM HEPES, pH 7.4). Thereafter, 5 ul of the annexin-V conjugate as well as
0.60 ul of PI (25 pg/ml) were added to the cells and incubated in the dark at room
temperature for 15 min. Following incubation, 400 pl of the annexin-binding buffer was
added to each sample prior to analysis by flow cytometry using the BD Accuri™ C6
flow cytometer using the “BD Pharmingen Annexin-V FITC” template and detector FL1
and FL3. To correct for autofluorescence, all the cell samples were also acquired
unstained. Cells were also stained separately with each fluorophore to determine
colour compensation and set the quadrant gate (Annexure C). Fluorescence spill over
in FL3 was corrected by subtracting 1.6% of FL1, while FL1 was corrected by
subtracting 0.28% of FL3. Data were expressed as the percentage of early apoptotic
cells (Annexin-V+ and PI-), late apoptotic cells (Annexin-V+ and PI+), and
dead/necrotic cells (PI+ and Annexin-V-).

3.10.4 Determination of Caspase-8 and -9 activity

To determine the effect of the M. balsamina MeOH extract or 5-FU on caspase-8/-9
activity, the Caspase-8 and Caspase-9 colourimetric assay kits were used, following
the manufacturer's description (R&D Systems, cat# K119-100 and cat# K113-100,
Minneapolis, USA). The assay uses a peptide coupled to a coloured reporter system
to evaluate the activity of caspases in cell lysates. Briefly, cells (5 x 10° cells/well) were
seeded in 6-well plates, allowed to attach and treated with 267 pg/ml of the MeOH
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extract, 100 pg/ml of 5-Fluorouracil, 200 uM of curcumin and the vehicle control for 24
hours. Following treatment, the supernatant was collected and the cells harvested by
trypsinisation. The cells were centrifuged at 250 g for 10 min, 25 pl of cold lysis buffer
added and incubated on ice for 10 min. The lysate was centrifuged at 10 000 g for 1
min and the supernatant transferred to a new tube and kept on ice. The protein
concentration was then determined following the manufacturer’s description, using the
Pierce™ BCA Protein Assay kit (ThermoFisher Scientific, cat¥# 23225, Waltham, USA).
Briefly, the bicinchoninic acid assay (BCA) working reagent was prepared by adding
50 parts of solution A to 1 part of solution B, as per instructions. A volume of 10 pl of
bovine serum albumin (BSA) standards (between 2 pg/ml and 0.125 pg/ml) and
experimental samples were pipetted in triplicate into a 96-well flat-bottom assay plate.
Two hundred microlitres of the working reagent were added to each well containing
the standards as well as the experimental samples. The plate was placed onto a plate
shaker and mixed for ten seconds, followed by incubation at 37°C for thirty minutes
before the absorbances of the samples were measured at OD (570 nm) using a plate
reader, GloMax®-Multi+Detection. The absorbance readings from the BSA standards
were used to calculate concentrations of the experimental samples by extrapolation
from the standard curve. For the caspase activity assay, 50 pl of protein diluted to 200
png/ml were transferred to a flat-bottom 96-well plate. A volume of 50 ul of the 2x
reaction buffer 8/9 was added to each sample as well as 5 ul of Caspase-8 or
Caspase-9 colourimetric substrates. The samples were then incubated at 37°C for 2
hours and the plate read at a wavelength of 405 nm using a microtiter plate reader,
GloMax®-Multi+Detection system. Data were expressed as fold change of the

caspases as a function of the DMSO-treated control cells.

3.10.5 Protein expression profile analysis

The effect of the MeOH extract or 5-FU on the expression levels of apoptosis
regulatory proteins was assessed using the human apoptosis antibody array Kit,
following the manufacturer's protocol (R&D Systems, cat# ARY009, Minneapolis,
USA). This is a membrane-based sandwich immunoassay that makes use of capture
antibodies that are spotted in duplicate on nitrocellulose membranes allowing the
binding of numerous specific target proteins 4°. Cells (7 x 10° cells/flask) were seeded
in 75 cm3flasks, allowed to attach and treated as described in section 3.6 for 24 hours.

47



The cells were harvested by scraping in lysis buffer [10 mM Tris, pH 7.4, 100 mM
NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM NaF, 20 mM Nas4P207 2 mM NaszVOs, 1%
Triton X-100, 10% glycerol, 0.1% SDS, 0.5% deoxycholate] (Invitrogen, cat#
FNNOO11, Carlsbad, USA). Following cell harvesting, a stainless steel bead
(Qiagen™ Hilden, Germany) was added to each 2 ml centrifuge tubes containing the
cell suspension. The samples were then homogenised using a TissueLyser
(Qiagen™, Hilden, Germany) at 25 Hertz for 60 seconds. This was repeated 5 times
with sixty-second intervals on ice. The homogenised suspension was then centrifuged
at 15000 g for 15 minutes at 4 °C and the supernatant containing total cellular protein
carefully removed and transferred to a 2 ml Eppendorf tube. Total protein was then
guantified using the BCA as described in section 3.10.4. The membrane arrays were
blocked for 30 minutes using the array buffer 1 and 400 pg of the protein were added
to the respective array membranes. Array membranes were then incubated at 4°C
overnight on a rocking platform shaker, followed by washing 3 times with the 1x wash
buffer for 10 minutes on a rocking platform shaker. The detection antibody cocktail (15
ul) was diluted in 1.5 ml of the 1x array buffer 2/3 prepared by diluting 2.0 ml of the 5x
array buffer 2 concentrate into 8.0 ml of array buffer 3 and added to the membranes
which were further incubated for one hour on a rocking platform shaker. The
membranes were washed as above, whereafter the diluted streptavidin-HRP (1:2000)
was added to the membranes followed by a 30 minute incubation at room temperature,
on a rocking platform shaker. Lastly, the membranes were washed as above and a
chemiluminescent-reagent mix (1:1 of chemi reagent 1 and 2) added for the
development of the spots. The spots were then visualised and captured using the
ChemiDoc MP system (Bio-Rad, Hercules, USA), and data were presented as fold of
protein expression/activation as a function of the control cells treated with 0.5%
DMSO.

3.11 Cell cycle analysis

To assess the effect of the M. balsamina MeOH extract or 5-FU on the cell division
cycle of HT-29 cells, flow cytometry was used, following a description by Agarwal et
al. 324, with slight modifications. The assay assesses the distribution of cells in three
major phases of the cell cycle by use of the fluorescent DNA-binding dye, PI %%, Cells
were seeded and treated with the MeOH extract and 5-FU as described in section 3.10
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for 24 hours. Following treatment, the supernatant was collected and the cells
harvested by trypsinisation. The combined supernatant and cell pellet were then
washed with ice-cold 1x DPBS by centrifugation at 300 g for 5 min and fixed overnight
in 70% ethanol at 4°C. The cells were then washed and incubated with a mixture of
100 pg/ml RNase A (Qiagen, cat# 19101, Hilden, Germany) and 50 pg/ml Pl in 1 ml
1x DPBS at room temperature, in the dark for 30 min. The stained cells were subjected
to analysis by flow cytometry using the BD Accuri™ C6 flow cytometer, using the “BD
Cycletest” template. The analysis was performed using the FlowJo analysis software
application, version 10.6.2 (https://www.flowjo.com) and the procedure outlined in
Annexure D. Data were presented as percentage of cells in each cell cycle phase.

3.12 Assessment of the activity of drug metabolising enzymes

The effect of the M. balsamina H20 , MeOH extracts or 5-FU on CYP1AZ2 (cat# P2863),
CYP2A6 (cat# PV6140), CYP2C8 (cat# P2861) and CYP2C9 (cat# P2860), was
assessed using the Vivid® CYP450 screening Kkits, following the manufacturer’s
description (Thermo Fisher Scientific, Waltham, USA). The assay enables
measurement of the interactions between drug candidates and cytochrome P450
enzymes by use of a “mix-and-read” fluorescent assay. The specific CYP450 enzymes
were chosen from those listed by the DrugBank (drugbank.com) 457 as those for which
5-FU prodrugs serve as a substrate (CYP1A2, CYP2A6 and CYP2C8) or are inhibited
by 5-FU (CYP2C9) since it was used as a reference compound in this study. Briefly,

test compounds and P450 inhibitors were prepared at a 2.5x concentration in either
methanol or DMSO. For the H20 and MeOH extracts, concentrations ranged from 40
— 200 pg/ml, while those of 5-FU ranged between 0.8 to 80 ug/ml. Forty microliters of
the test compounds were added in duplicate to a black clear bottomed 96-well plate.
A Master Pre-Mix (50 pl) containing P450 Baculosomes® Plus Reagent and Vivid®
Regeneration System in 1x Vivid® CYP450 Reaction Buffer was added to the wells.
The plate was incubated at room temperature for 10 minutes to allow the test
compounds to interact with the P450 baculosomes in the absence of enzyme turnover.
The background fluorescence was then measured using the SpectraMax i3x before
adding 10 pl of a 10x mixture of the Vivid® substrate and Vivid® NADP* to each well.
The fluorescence was measured in kinetic mode for 30 min at 2 min intervals using

the SpectraMax i3x. The inhibitors, their concentrations and wavelengths used are
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summarised in Table 3.2. Fluorescence intensity was measured over time to illustrate
enzyme activity. Reaction rates were obtained by calculating the change in
fluorescence per unit time (slope of the curves) and data calculated as percentage

inhibition as a function of the inhibitor using equation (3).

rate observed for test compound — rate observed for inhibitor

% Inhibition = 1 — ( )x 100

rate observed for solvent control — rate observed for inhibitor

3

Table 3.2: Reaction set-up for Vivid® screening assays

Enzyme | Vivid® Solvent Buffer | Inhibitor Concentration | Excitation/emission
Substrate (nm)
CYP1A2 | EOMCC DMSO | (1x) | a-naphthoflavone | 10 uM 415/460
CYP2A6 | CC Methanol | Il Tranylcypromine 100 uM 415/460
(0.5x)
CYP2C8 | DBOMF DMSO Il (1x) | Montelukast 10 yM 490/520
CYP2C9 | BOMCC DMSO Il (1x) | Sulfaphenazole 50 uM 415/460

EOMCC = 7-ethyloxymethyloxy-3-cyanocoumarin
CC = 3-cyanocoumarin

DBOMF = dibenzoxymethylfluorescein

BOMCC = 7-benzyloxymethyloxy-3-cyanocoumarin

3.13 Assessment of the activity of the drug transporter P-glycoprotein

To assess the influence of the M. balsamina H20 , MeOH extracts or 5-FU on multidrug
resistance, the activity of the drug transporter protein, P-glycoprotein, was determined
using the P-gp-Glo™ Assay Systems with P-glycoprotein, following the manufacturer’s
description (Promega, cat# V3591, Madison, USA). The assay relies on the ATP-
dependence of the light-generating reaction of firefly luciferase which allows detection
of ATP consumption by a decrease in luminescence. In an opaque 96-well plate, 20
pl of the following samples and controls were added to individual wells in duplicate, (i)
P-gp-Glo™ assay buffer as a control, (ii) 0.25 mM sodium orthovanadate (NasVOa) as
a selective inhibitor of P-gp, (iii) 0.5 mM Verapamil as a stimulator for P-gp ATPase
activity and (iv) 2.5x concentrated test compounds with concentrations ranging from
0.02 to 200 pg/ml for the H20 and MeOH extracts, and 0.008 to 32 ug/ml for 5-FU.
Diluted P-gp membranes (20 ul) were added to each well and the plate incubated at
37°C for 5 minutes. To initiate the reaction, 10 pl of 25 mM MgATP was added to all
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wells, mixed briefly by gently tapping the plate and incubated at 37°C for a further 40
minutes. The reaction was stopped by adding 50 ul of ATP detection reagent (ATP
detection buffer + ATP detection substrate) to all the wells. The reaction mixture was
mixed briefly by gently tapping the sides of the plate and incubated at room
temperature for 20 minutes. Luminescence was measured using the SpectraMax i3x.
Data were presented as a change in luminescence, representing ATPase activity,

obtained using the following calculations:

1. The ARLUbasal, which reflects basal P-gp ATPase activity, was calculated by
calculating the difference between the average luminescent signals from
NasVOas- treated control (RLUnasvo4) and untreated control (RLUnr)

ARLUbasal =RLUna3vos — RLUNT. (equation 47?)

2. Difference between the average luminescent signals from NasVOas-treated
control (RLUna3vo4) and test compound-treated samples (RLU+c) to determine
ARLU+c as follows:

- ARLUtc = RLUNa3vos — RLUTc.

(ARLUr~c reflects P-gp ATPase activity in the presence of a test compound).

3.14 Statistical analysis

For all experiments, unless specified, data were generated from 3 independent
experiments and expressed as mean = S.E.M. Statistically significant differences
between untreated or DMSO-treated controls and treatments were determined using
GraphPad Prism version 8.4.3. (GraphPad Software Inc., La Jolla, USA) software by
one-way ANOVA with a Dunnett’s post hoc test. Differences between the mean of the
untreated or DMSO-treated control and treated cells were considered significant at p
<0.05(*),p=<0.01(*),p=<0.001 (***)and p <0.0001 (****). ICso values were calculated
using the GraphPad Prism version 8.4.3. (GraphPad Software Inc., La Jolla, USA)
software by plotting activity against log concentration of the compounds in a line graph.
A Non-linear regression (curve fit) and dose response-inhibition was selected and the
variable slope (four parameters) used to analyse the plot. An ICso value was

determined for each independent repeat to calculate averages and S.E.Ms.
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Chapter 4
4. Results
4.1 Plant characterisation
4.1.1 Thin-layer chromatography fingerprinting

Under UV light, TLC plates developed in butanol: acetic acid: water (4:1:5) [BAW]
showed that the M. balsamina water (H20) extract contained more polar compounds
when compared to the methanolic (MeOH) extract as most of the compounds of the
H20 extract were found to have lower retention factors thus migrated furthest from the
solvent front. Vanillin sulphuric acid sprayed plates developed in BAW also showed
more polar compounds in the H20 extract when compared to the MeOH extract. Plates
developed in chloroform: ethyl acetate: formic acid (5:4:1) [CEF] showed that the H20
extract contained additional polar compounds that were lacking in the MeOH extract
under UV light. The vanillin-sulphuric acid sprayed plates developed in CEF showed
that the H20 and MeOH extracts had similar compounds, although, the MeOH extract
had more compounds than the H20 extract. Furthermore, plates developed in the least
polar mobile phase, benzene: ethyl acetate: ammonium hydroxide (90:10:1) [BEA]
only showed the presence of compounds within the MeOH extract and not the H20
extract after viewing under UV light and spraying with vanillin-sulphuric acid (Figure
4.1).
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M. balsamina

\V4 nm Vanillin-Sulphuric acid

Vanillin-sulphuric acid

HO MeOH

BAW (4:1:5)

CEF (5:4:1)

BEA (90:10:1)

Figure 4.1: Chromatograms of the crude water (H.O) and crude methanol (MeOH) extracts of M.

balsamina leaves.

The extracts were spotted on TLC plates and developed in three eluent systems; Butanol: Acetic acid:
Water (4:1:5) [BAW]; Chloroform: Ethyl acetate: Formic acid (5:4:1) [CEF] and Benzene: Ethyl Acetate:
Ammonium hydroxide (90:10:1) [BEA], in a closed eluent saturated tank. The plates were then

photographed under UV light at 365 nm and sprayed with vanillin-sulphuric acid for visualisation.
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4.1.2 Phytoconstituents

Qualitative analysis of the type of phytochemicals present in the H2O and MeOH

extracts of M. balsamina leaves revealed the presence of tannins, coumarins, phenols,

flavonoids, carbohydrates, saponins and triterpenoids (Table 4.1). Coumarins and

flavonoids were found to be most abundant in the MeOH extract, while phenols were

most abundant in the H20 extract.

Table 4.1: Presence and/or absence of some secondary metabolites in the M.

balsamina crude H20 and MeOH extracts.

Phytoconstituents

Presence (+) or absence (-)

MeOH

H20

Tannins

+

+

Coumarins

++

+

Phenols

+

++

Flavonoids

++

Carbohydrates

Triterpenoids

++ Abundant
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4.1.3 Quantitative ferric reducing antioxidant power

The ECso values for the ferric reducing power of the H20 and MeOH extracts of the M.
balsamina leaves were calculated using linear regression from a quercetin standard
curve. The results showed that the H20 extract had the least antioxidant power as it
had the highest ECsovalue of 1.33 £ 0.29 mg/ml, while the MeOH had more antioxidant
potential with the least ECso value of 0.85 + 0.08 mg/ml. These ECso values were

higher than that of ascorbic acid (0.48 + 0.28 mg/ml), which was used as a reference
standard.
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Figure 4.2: Ferric reducing antioxidant power of the M. balsamina crude water (H,0) and crude
methanol (MeOH) extracts.

The extracts and ascorbic acid were mixed with phosphate buffer, potassium ferricyanide, trichloroacetic
acid, distilled water and ferric chloride solution with cycles of incubation. Ascorbic acid was used as a
standard for comparison to the extracts. Data represents S.E.M of three independent experiments

performed in triplicate. # # # p < 0.001 and # # # # p < 0.0001 indicate significant differences to the
ascorbic acid control.
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4.1.4 Liquid chromatography-mass spectrometry

The base peak ion chromatograms obtained for the H2O and MeOH extracts are
presented in Figure 4.3 A and B, respectively. Molecular species in methanol extracts
of M. balsamina were previously identified in a study by Venter et al. (2021) %°8. These
included flavonol glycosides, cucurbitane-type triterpenoid aglycones and
cucurbitane-type glycosides. A comparison of the relative quantity of these previously
identified compounds found in the MeOH and H20 extracts was conducted. Table 4.2
shows that the flavonol glycosides rutin, nicotiflorin and Isorhamnetin 3-O-rutinoside
were only found in the MeOH extract. Cucurbitane-type triterpenoid aglycones
balsaminol D and F were more abundant in the MeOH extract than the H20 extract by
73 and 85%, respectively. Balsaminol E on the other hand was only found in the MeOH
extract (Table 4.3). Cucurbitane-type glycosides balsaminoside B and C were also
found only in the MeOH extract as ammonia [M+NHa4]* adducts, while the sodium
[M+Na]* adduct was found predominantly in the MeOH extract, i.e. it was 79% less
abundant in the H20 extract. On the other hand, the potassium [M+K]* adducts of
balsaminoside B and C were found to be only 30% more abundant in the MeOH extract
than the H20 extract (Table 4.4)
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Figure 4.3: Base peak ion chromatograms obtained for the LC/MS analysis of the M. balsamina
crude H,O (A) and crude MeOH (B) leaf extracts.
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Table 4.2: Identified flavonol glycosides in the H20 and MeOH extracts of M. balsamina using LC/MS

Compound name (no) Molecular formula [M+H]*

Quercetin 3-O-rutinoside (Rutin) (1) C27H30016 611.2
Kaempferol 3-O-rutinoside (Nicotiflorin) (2) Cy7H31015 595.2
Isorhamnetin 3-O-rutinoside (3) CasH33016 625.2

MeOH extract

Retention time (min) (%) Retention time (min)
5.54 100 -
6.00 100 -
6.12 100 -

H,0O extract
(%)

0

0
0

Table 4.3: Identified cucurbitane-type triterpenoid aglycones in the H20 and MeOH extracts of M. balsamina using

LC/MS
MeOH extract H:0
Compound no. (Name) Molecular formula [M+H-HO]* o . (%) Retention time (%)
Retention time(s) (min) (min)
Balsaminol D (4) CorHes0s 413.3010 19.52 100 19.50 21
. . . 100 - 0
Balsaminol E, Karavilagenin E (5) C3oHas03 439.3555 11.50, 12.00
. . . 7.99 9.36. 10.16, 11.79 100 9.38, 10.18, 11.78, 15
* , , ; ;
Balsaminagenin C, Balsaminol F (6) C3oHs003 441.3719 12.99. 13.57, 15.07, 15.27 11.90, 13.59
. . . 1 10.13, 10.4
Balsaminagenin A, Cucurbalsaminol A, CaHeO 457 3670 10.04, 10.35, 11.21, 12.65, 00 0 135’ 82 0, 5
Balsaminol A (7) sotis0™a ’ 12.98 )
100 9.54,9.82, 10.52, <1
11.37, 12.10,
Compound 8 CatHso04 486.3709 4.08, 9.51, 9.78, 10.49, 13.36, 13.88,
11.35, 12.07, 13.85 14.16

*
Predominate ionic species detected for compound 6 is m/z 423 [M+H-2H,0]*
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Table 4.4: Identified cucurbitane-type triterpenoids glycosides in the H20 and MeOH extracts of M. balsamina using

LC/MS
Compound Molecular MeOH extract H,O extract MeOH extract H,O extract MeOH extract H,O extract
[M+NH,]* Retention Retention % [M+Na]* Retention Retention % [M+K]* Retention time Retention %
no. (Name) formula . : % . : . - % . : : % A -
time (min) time (min) time (min) time (min) (min) time (min)
21 8.99, 9.28, 16
9.59, 9.90,
10.07,
Compound 9 10.28, 0.6210.81 10.16,
(Balsaminosid CasHeoOs 638.4632 15.19 100 - 643.4183 100 10.79, 659.3943 1'1 9’1 1'3 ég 100 10.29,
eBandC) 0 10.25, 10.62, 11.08, T 10.50,
10.75, 10.89, 11.20, 10.85,
11.05, 11.17, 11.78, 11.20,
11.88 11.90 11.78,11.91
Compound 10
(Balsaminosid 0 5,989, <1 9
e A and Cs7He20s 652.4774 - 0 - 657.4243 100 10,508, 673.4089 11.44, 12.62, 100
Kuguaglycosid 11.44, 12.40, 10,713, 12.81, 14.50,
eA) 12.62, 12.81 11,198 14.70 10.92, 12.05
61 7.73,7.91, 7.77,7.95,
Compound 11 8.13, 8.53, 8.56, 8.83,
eD) 8.88, 9.07, 9.10, 9.46, 9.49, 9.60, 9.81, 10.19,
10.02, 10.17, 10.19 9.80, 10.18 18.98
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4.2 Anticancer activity

4.2.1 Cytotoxicity on HT-29 and C2C12 cells

The MTT assay showed that there was no significant reduction in the viability of
HT-29 cells treated with the H20 extract at 24 and 72 hours of treatment. On the other
hand, treatment with the MeOH extract at 24 hours resulted in a significant
(p =0.0001) reduction in HT-29 cell viability from concentrations of 200 yg/ml and an
ICs0 of 267.4 + 7.4 ug/ml. At 72 hours, the MeOH extract further significantly reduced
HT-29 cell viability at concentrations from 50 ug/ml with an ICso of 151.1 £ 5.3 ug/ml.
Treatment with 5-FU resulted in a significant reduction in cell viability only at 72 hours
of treatment at concentrations from 0.1 pg/ml with an 1Cso of 3.2 £ 0.3 pg/ml (Figure
4.4). Furthermore, at 24 hours (Figure 4.5A) and 72 (Figure 4.5C), when the cells were
treated with the H20 extract at concentrations ranging from 250 to 2000 pg/ml
combined with the 5-FU ICs0 (3.2 pg/ml) obtained from the 72h treatment of HT-29
cells, there was no significant change in cell viability observed when compared to the
cells treated with only 3.2 pg/ml of 5-FU. The 5-FU-MeOH extract treatment at
concentrations ranging from 0.001 to 100 ug/ml of 5-FU combined with the MeOH
extract ICso (267 .4 pg/ml) obtained from the 24 hours treatment of the HT-29 cells, only
showed a significant (p < 0.0001) increase in cell viability at 100 pg/ml at 24 hours
(Figure 4.5B) of treatment when compared to the cells treated with only 267 ug/ml of
the MeOH extract. At 72 hours (Figure 4.5D), however, there was no significant change
in cell viability when compared to the cells treated with only the MeOH extract 1Cso
(151.1 pg/ml) obtained from the 72 hours treatment of HT-29 cells (Figure 4.5).
Moreover, treatment of the C2C12 cells with the H20 extract showed a significant
reduction in cell viability with concentrations from 1000 ug/ml at 24 hours of treatment
(p =0.0001) and 500 pg/ml a 72 hours of treatment (p < 0.01), although the cells still
maintained viability of above 80%. The MeOH extract led to a significant (p < 0.05)
decrease in cell viability only at 300 pg/ml at 24 hours of treatment and at
concentrations from 100 ug/ml at 72 hours (p < 0.001). Treatment with 5-FU showed
a significant (p < 0.0001) reduction in thel viability of C2C12 muscle cells with
concentrations from 1 ug/ml at 24 hours of treatment and 0.01 pg/ml at 72 hours of
treatment (p < 0.01) (Figure 4.6) Moreover, the I1Cso of the MeOH extract on HT-29
cells was shown to be far less toxic to the C2C12 cells when compared to the HT-29

cells as the cells maintained viability of above 70%.
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Fluorouracil on the viability of HT-29 colon cancer cells.

Figure 4.4: Effect of the M. balsamina extracts or 5

DMSO as the vehicle control for 24 and 72 hours. Effect on cell via viability

Cells were treated with various concentrations of the extracts, 5-Fluorouracil or 0.5%

was determined using the MTT assay. Each data point represents the mean + S.E.M of three independent experiments, performed in sextuplicate. *** p < 0.001

and **** p £ 0.0001 indicate significant differences to the DMSO control cells .
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Figure 4.5: Effect of the M. balsamina extracts on the efficacy of 5-Fluorouracil on the viability of HT-29 colon cancer cells.

Cells were treated with 0.5% DMSO as the vehicle control or 250 — 2000 pg/ml of the H20 extract and 3.2 pug/ml of 5-FU (A and C) or 0.001 — 100 pg/ml of 5-FU and 267
pg/ml (B) or 151 ug/ml of the MeOH extract (D) for 24 and 72 hours. Effect on cell viability was determined using the MTT assay. Each data point represents the S.E.M
of two independent experiments, performed with six replicates. **** p < 0.0001 indicates a significant difference to the DMSO control cells, # # # # p < 0.0001 indicates a
significant difference to the 267 ug/ml MeOH treated cells.
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Figure 4.6: Effect of the M. balsamina extracts or 5-Fluorouracil on the viability of C2C12 muscle cells.

DMSO as the vehicle control for 24 and 72 hours. Effect on cell viability

Cells were treated with various concentrations of the extracts, or 5-Fluorouracil or 0.5%

was determined using the MTT assay. Each data point represents the mean = S.E.M of three independent experiments with 6 replicates each. *p <0.05, **p <

0.01, *** p <0.001 and **** p < 0.0001 indicate significant differences to the control cells treated with 0.5% DMSO.
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4.2.2 Genotoxicity on C2C12 cells

HT-29 cells treated with the ICso (267 pg/ml) of the MeOH extract served as a positive
control. The results showed that there was little to no change in the activation of H2A
histone family member X (H2A.X) or H2A.X-ataxia telangiectasia mutated kinase
(ATM) in C2C12 muscle cells treated with the MeOH extract or 5-FU. Furthermore,
ATM activity was slightly increased with the MeOH extract treatment as well as 5-FU,
however, this increase was not significant. In contrast, treatment with 200 yM of
curcumin as well as HT-29 cells treated with 267 ug/ml of the MeOH extract showed
a significant (p < 0.01) increase in ATM expression. Treatment with curcumin further
showed a significant (p < 0.01) increase in H2A.X/ATM activation in the HT-29 cells
(Figure 4.7).
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Figure 4.7: Effect of the M. balsamina methanol extract or 5-Fluorouracil on C2C12 muscle cell

genotoxicity.

Cells were treated with 267 pg/ml of the MeOH extract or 100 pyg/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on genotoxicity was determined using the Muse™ Multi-
Colour DNA Damage Kit. Each data point represents the mean + S.E.M of two independent
experiments, performed in duplicate. ** p < 0.01 indicates a significant difference to the vehicle control

cells.
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4.2.3 Oxidative stress
4.2.3.1 Intracellular reactive oxygen species

The 27" dichlorodihydrofluorescein diacetate (DCFH-DA) assay showed that
treatment with 100 pug/ml of the MeOH extract resulted in the lowest intracellular ROS
levels when compared to the other treatments. A significant increase, however, was
observed in cells treated with 267 pg/ml of the MeOH extract (p < 0.0001), 5-FU
(p = 0.0001) and 200 puM of curcumin (p < 0.01). The MeOH extract at 267 ug/ml
induced the highest level of oxidative stress, which was 8% higher than the 10 pug/ml

5-FU treatment (Figure 4.8B). Representative histograms are shown in Figure 4.8A.
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Figure 4.8: Effect of the M. balsamina extracts or 5-Fluorouracil on intracellular ROS levels in HT-29 colon cancer cells.

Cells were treated with various concentrations of the extracts, 5-Fluorouracil or 0.5% DMSO as the vehicle control for 24 hours. Effect on intracellular ROS levels
was determined using H2DCFDA. Each histogram is a representative of three independent experimental repeats, performed in duplicate (A). Each data point
represents the mean + S.E.M of three independent experiments, performed in duplicate (B). ** p < 0.01, and **** p < 0.0001 indicate significant differences to the

vehicle control cells.
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3.2.3.2 ROS regulating proteins

The expression of heme-oxygenase 1 (HO-1) protein was significantly upregulated
following treatment with 267 pg/ml of the MeOH extract (p < 0.01) and 200 uM of
curcumin (p < 0.05). The HO-1 levels increased by 48% in the MeOH extract-treated
cells and 38% in the 5-FU treatment when compared to control cells treated with 0.5%
DMSO. Furthermore, paraoxonase 2 (PON2) protein expression level was significantly
downregulated by 30% following treatment with the MeOH extract (p < 0.01), by 24%
and 42% following treatment with 5-FU (p < 0.05) and 200 yM of curcumin (p <0.0001),
respectively, when compared to the DMSO-treated control cells. On the other hand,
Catalase protein expression levels were only significantly (p < 0.0001) upregulated
upon treatment with 200 uM of curcumin, while treatment with the MeOH extract
resulted in a slight, but non-significant downregulation of Catalase protein expression.
Conversely, treatment with 5-FU resulted in a slight, non-significant upregulation of

Catalase protein expression (Figure 4.9).
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Figure 4.9: Effect of the M. balsamina methanol extract or 5-Fluorouracil on ROS regulating

proteins.

HT-29 cells were treated with 267 pg/ml of the methanol extract,100 ug/ml of 5-Fluorouracil or 0.5%
DMSO as the vehicle control for 24 hours. Effect on ROS regulating proteins was determined using the
proteome profiler array. Each data point represents the mean + S.E.M of three independent
experiments, performed in duplicate. *p < 0.05, ** p < 0.01 and **** p < 0.0001 indicate significant

differences to the vehicle control cells.
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4.2.4 Effect of M. balsamina extracts or 5-FU on apoptosis of HT-29 cells

4.2.4.1 Mitochondrial membrane potential

The 5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1)
staining assay showed that the cells maintained a high mitochondrial membrane
potential upon treatment with the H20 extract, 100 pg/ml of the MeOH extract and 100
pug/ml of 5-FU. However, treatment with 267 pg/ml of the MeOH extract, 10 pg/ml of
5-FU and 200 uM of curcumin resulted in a reduction in the mitochondrial membrane
potential of the cells, which was evident by the increase in green fluorescence when
compared to the DMSO-treated control cells (Figure 4.10A). Intensity analysis of the
red fluorescence depicting healthy mitochondria was shown to decrease significantly
in cells treated with 267 pug/ml of the MeOH extract (p < 0.0001), 10 ug/ml of 5-FU (p
<0.05) and 200 uM of curcumin (p < 0.001) (Figure 4.10B).
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Figure 4.10: Effect of the M. balsamina extracts or 5-Fluorouracil on mitochondrial function of HT-29 colon cancer cells.

Cells were treated with various concentrations of the extracts, 5-Fluorouracil or 0.5% DMSO as the vehicle control for 24 hours. Effect of on mitochondrial
function was determined using JC-1. Cells were viewed and photographed under a fluorescent microscope (10X). Each image is a representative of three
independent experimental repeats (A). Each data point represents the mean + S.E.M of three independent experimental repeats, performed in duplicate (B).

*p <0.05, *** p=<0.001 and **** p < 0.0001 indicate significant differences to the vehicle control cells.
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4.2.4.2 Effect of M. balsamina extracts or 5-FU on nuclear morphology of HT-29
cells

Nuclear morphological changes in cells treated with the M. balsamina H20, MeOH
extracts or 5-FU-treated HT-29 cells were assessed using the acridine orange and
propidium iodide (AO/PI) dual staining assay. The results showed an increase in
orange/red fluorescence in MeOH extract, 5-FU or curcumin-treated cells when
compared to the control cells treated with 0.5% DMSO (Figure 4.11A). Moreover,
chromatin condensation was observed to a greater degree in the 267 pg/ml MeOH
extract-treated cells seen by the bright green fluorescence as a result of AO
intercalating the compact or condensed chromatin (Figure 4.11A). The orange/red
fluorescent cell count showed a significant increase in cells treated with 100 pg/ml (p
<0.001) and 267 pg/ml (p <0.0001) of the MeOH extract, 10 yg/ml (p <0.001) and 100
Mg/ml (p <0.0001) of 5-FU as well as 200 yM of curcumin (p < 0.001). Treatments with
the higher doses of 267 ug/ml of the MeOH extract and100 ug/ml of 5-FU were the
more effective, showing an increase of 19% and 16%, respectively, of the orange/red

fluorescent cells, when compared to the DMSO-treated control cells (Figure 4.11B).
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Figure 4.11: Effect of the M. balsamina extracts or 5-Fluorouracil on nuclear morphology of HT-29 colon cancer cells.

Cells were treated with various concentrations of the extracts, 5-Fluorouracil or 0.5% DMSO as the vehicle control for 24 hours. Effect of the extract on cell
nucleic content was determined using acridine orange and propidium iodide. Each image is a representative of three independent experimental repeats (A).
Cells were viewed and photographed under a fluorescent microscope (10X). Each data point represents the mean + S.E.M of three independent experimental
repeats, performed in duplicate. ** p < 0.01, *** p < 0.001 and **** p < 0.0001 indicate significant differences to the vehicle control (B).
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4.2.4.3 Assessment and quantification of apoptosis in HT-29 cells

A significant increase in cells stained only with annexin-V (quadrant 3; Apoptotic;
Annexin-V*, PI'), depicting early apoptosis was observed with 267 pg/ml of the MeOH
extract treatment (p < 0.01). However, treatment with the H20 extract, the lower
concentration (100 uyg/ml) of the MeOH extract and 5-FU showed no significant
change in the percentage of cells undergoing early stages of apoptosis when
compared to the control cells treated with 0.5% DMSO. Treatment with 267 pg/ml of
the MeOH extract further showed a significant (p < 0.0001) increase in cells stained
positive for both annexin-V and PI (quadrant 4; Dead; Annexin-V* and PI*), depicting
late stages of apoptosis. Treatment with curcumin, on the other hand, showed no
significant change in cell population across all quadrants when compared to the
DMSO-treated control cells (Figure 4.12A and B).
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Figure 4.12: Assessment and quantitation of apoptosis in M. balsamina extracts or 5-Fluorouracil-treated HT-29 colon cancer cell.

Cells were treated with various concentrations of the extracts, 5-Fluorouracil or 0.5% DMSO as the vehicle control for 24 hours. Assessment and quantitation of
apoptosis was determined by flow cytometry using Annexin-V/PIl. Each image is a representative of three experimental repeats (A). Each data point represents
the mean = S.E.M of three independent experiments, performed in duplicate (B). *p < 0.05, **p < 0.01, **** p < 0.0001 indicate significant differences to the

vehicle control cells.
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4.2.4.4 Caspase-3 protein expression and activation in HT-29 cells

There was little to no change observed in the expression level of pro-caspase-3 in all
treatments as well as the cleaved caspase-3 of cells treated with 100 ug/ml of 5-FU or
200 uM of curcumin when compared to the control cells treated with 0.5% DMSO.
However, treatment with 267 pg/ml of the MeOH extract showed a significant
(p = 0.001) upregulation in the expression level of the active caspase-3, (cleaved
caspase-3). The expression of the cleaved caspase-3 in MeOH extract-treated cells
was increased by 85% when compared to the DMSO-treated control cells (Figure
4.13).
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Figure 4.13: Effect of the M. balsamina methanol extract or 5-Fluorouracil on caspase-3

expression and cleavage.

Cells were treated with 267 pg/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on caspase-3 expression was determined using the proteome
profiler array. Each data point represents the mean + S.E.M of three independent experiments,

performed in duplicate. *** p < 0.001 indicates a significant difference to the vehicle control.
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4.2.4.5 Activation of apoptosis initiator caspases -8 and -9 in HT-29 cells

Assessment of the activity of the initiator caspases, caspase-8 and -9, showed a
significant (p < 0.01) upregulation of caspase-8 and -9 activity in cells treated with 267
pug/ml of the MeOH extract. This increase was 2.2 fold higher for the activity of
caspase-8 and 2.3 fold higher for caspase-9 when compared to the control cells
treated with 0.5% DMSO. In 5-FU and curcumin-treated cells, no significant change in
caspase-8 or caspase-9 activity was observed when compared to the DMSO-treated

control cells (Figure 4.14).
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Figure 4.14: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the activity of

apoptosis initiator caspases-8 and -9.

Cells were treated with 267 pg/ml of the methanol extract, 100 pug/ml of 5-Fluorouracil or 0.5% DMSO as
the vehicle control for 24 hours. Assessment of caspase activity was determined spectrophotometrically
using the caspase-8 and caspase-9 activity colorimetric assay kits. Each data point represents the mean
+ S.E.M of three independent experiments, performed in duplicate. *p < 0.05 and **** p < 0.0001 indicate

significant differences to the vehicle control cells.
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4.2.4.6 Bcl-2 family of proteins expression in HT-29 cells

Treatment with 267 pg/ml of the MeOH extract resulted in a significant downregulation

of both pro-apoptosis Bad (p < 0.001), Bax (p < 0.0001) and anti-apoptosis and Bcl-2
(p =£0.01), Bcl-x (p £ 0.0001) proteins. Treatment with 100 ug/ml of 5-FU only led to a

significant (p < 0.01) downregulation of Bax expression. Curcumin significantly

downregulated the expression levels of Bad (p < 0.01), Bax (p < 0.0001), Bcl-2 (p <

0.01) and Bcl-x (p < 0.0001) proteins. Interestingly, the ratio of Bax to Bcl-2 was

reduced with all the treatments, suggesting that the anti-apoptotic protein, Bcl-2,

showed slightly higher expression levels than the pro-apoptotic protein Bax (Table

4.5).
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Figure 4.15: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the expression levels

of Bcl-2 family of proteins.

Cells were treated with 267 pg/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO as

the vehicle control for 24 hours. Effect on expression levels of Bcl-2 family of proteins was determined

using the proteome profiler array. Each data point represents the mean + S.E.M of three independent

experiments, performed in duplicate. *** p < 0.01, *** p < 0.001 and **** p < 0.0001 indicate significant

differences to the vehicle control cells.

Table 4.5: Ratio of Bax/Bcl-2 protein

0.5% DMSO

267 yg/ml MeOH

100 pg/ml 5-FU

200 pM curcumin

Bax/Bcl-2

1

0.69 + 0.09 **

0.72 +0.10 **

0.68 £ 0.05 **
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4.2.4.7 Release of mitochondrial proteins in HT-29 cells

The presence of mitochondrial proteins in the cytosol of cells treated with the M.
balsamina MeOH extract or 5-FU was assessed using the proteome profiler array Kkit.
The results showed that treatment with 267 ug/ml of the MeOH extract resulted in a
significant decrease in the amount of cytochrome ¢ (p < 0.01), HTRA2/Omi and
SMAC/Diablo (p < 0.0001). Treatment with 100 pg/ml of 5-FU also showed a
significant decrease in the amount of cytochrome c¢ (p < 0.001), HTRA2/Omi
(p = 0.0001) and SMAC/Diablo (p < 0.0001) present in the cytosol, while treatment
with curcumin resulted in a significant decrease in cytosolic HTRA2/Omi (p < 0.05)
and cytosolic cytochrome ¢ and SMAC/Diablo (p < 0.0001) (Figure 4.16).
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Figure 4.16: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the release of

mitochondrial proteins into the cytosol.

Cells were treated with 267 pug/ml of the methanol extract, 100 ug/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. The amount of mitochondrial proteins in the cytosol was determined
using the proteome profiler array. Each data point represents the mean + S.E.M of three independent
experiments, performed in duplicate. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001 indicate

significant differences to the vehicle control cells.
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4.2.4.8 Expression of Bcl-2 protein inhibitors in HT-29 cells

Treatment with 267 pg/ml of the MeOH extract or 100 ug/ml of 5-FU tended to
downregulation the expression of the Bcl-2 inhibitor, Hypoxia-inducible factor 1-alpha
(HIF-1a). Treatment with 200 uM of curcumin significantly (p < 0.01) downregulated
the expression of HIF-1a. The expression level of the influencer of HIF-1a response,
heme-oxygenase-2 (HO-2) was significantly (p < 0.01) downregulated in cells treated
with 5-FU, while the MeOH extract treatment resulted in its upregulation, however, not
significant. Furthermore, treatment with curcumin downregulated the expression of

HO-2, however, also not significantly (Figure 4.17).
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Figure 4.17: Effect of the M. balsamina methanol extract or 5-Fluorouracil on Bcl-2 protein

inhibitors.

Cells were treated with 267 ug/ml of the methanol extract, 100 ug/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on Bcl-2 protein inhibitors was determined using the proteome
profiler array. Each data point represents the mean + S.E.M of three independent experiments,

4

performed in duplicate. ** p < 0.01 indicates a significant difference to the vehicle control cells.

77



Assessment of the protein expression levels of apoptosis extracellular membrane
receptors and death domains revealed that treatment with 267 pug/ml of the MeOH
extract significantly downregulated the expression levels of Fas (p < 0.0001), TRAIL
R1 (p<0.0001), TNF RI (p £0.0001) and FADD (p <0.0001). However, the expression
level of TRAIL R2 was significantly upregulated in cells treated with the MeOH extract
(p < 0.0001). Treatment with 100 ug/ml of 5-FU showed little to no change in the
expression level of Fas, TRAIL Rl and a significant decrease in FADD (p < 0.05) and
TNF RI (p =0.0001) expression. Curcumin significantly downregulated the expression
of Fas (p = 0.001), TNF RI (p < 0.0001) and FADD (p < 0.001). TRAIL RI and TRAIL
R2 expression levels were also downregulated with curcumin treatment, however, this

downregulation was not significant (Figure 4.18).
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Figure 4.18: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the protein

expression levels of apoptosis receptors and death domains.

Cells were treated with 267 pug/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO

as the vehicle control for 24 hours. Effect on the protein expression levels of apoptosis receptors and

death domains was determined using the proteome profiler array. Each data point represents the mean

1 S.E.M of three independent experiments, performed in duplicate. * p <0.05, ** p <0.01, *** p < 0.001
4and **** p < 0.0001 indicate significant differences to the vehicle control cells.
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The protein expression level of apoptosis inhibitor, clAP-1, was significantly
downregulated upon treatment with 267 pug/ml of the MeOH extract (p < 0.05), 100
pug/ml of 5-FU (p £ 0.01) and 200 uM of curcumin (p < 0.05). Treatment with 267 pg/mi
of the MeOH extract further significantly downregulated the expression levels of
Survivin (p < 0.0001) and XIAP (p < 0.01). Livin expression level in MeOH-extract
treated cells was also downregulated, however, not significantly. Furthermore, the
MeOH extract slightly upregulated the expression levels of clAP-2 and Clusterin.
Treatment with 5-FU resulted in the significant (p < 0.05) downregulation of clAP-2
and Livin expression levels. The expression of Clusterin and Survivin were also
downregulated upon treatment with 5-FU, however not significantly. On the other

hand, treatment with curcumin resulted in the significant downregulation of clAP-1

(p = 0.05), clAP-2 (p < 0.05), Clusterin (p < 0.001), Survivin (p < 0.0001), Livin
(p = 0.0001) expression levels, as well as XIAP, although not significantly (Figure
4.19).
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Figure 4.19: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the protein

expression levels of apoptosis inhibitors.

Cells were treated with 267 ug/ml of the methanol extract, 100 ug/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on the protein expression levels of apoptosis inhibitors was
determined using the proteome profiler array. Each data point represents the mean + S.E.M of three
independent experiments, performed in duplicate. * p < 0.05, ** p < 0.01, ** p < 0.001 and **** p <

0.0001 indicate significant differences to the vehicle control cells.
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4.2.4.11 Cell cycle analysis of HT-29 cells

Assessment of the cell cycle of the M. balsamina MeOH extract-treated HT-29 cells
showed a significant (p < 0.05) decrease (by 9.2%) in the distribution of cells in the
GO0/G1 phase and a subsequent significant (p < 0.01) increase (by 5.3%) in the S
phase with at 100 pyg/ml. The 267 pg/ml MeOH extract treatment only showed a
significant (p < 0.01) decrease (by 10%) in the G2/M phase (Figure 4.20). Treatment
with 10 pg/ml of 5-FU also only showed a significant (p < 0.001) decrease (by 12.4%)
in the G2/M phase, while at 100 pg/ml, there was a significant (p < 0.01) increase (by
10%) in the S phase and a subsequent significant (p < 0.0001)decrease (by 16%) in
the G2/M phase (Figure 4.21). Moreover, treatment with curcumin showed a
significant (p < 0.0001) decrease (by 20.3%) in the distribution of cells in the GO/G1
phase with a subsequent significant (p < 0.0001) increase (by 26.9%) in the S phase
and a significant (p < 0.0001) decrease (by 14.4%) in the G2/M phase.
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Figure 4.20: Cell cycle distribution of the M. balsamina methanol extract treated HT-29 colon cancer cells.

Cells were treated with 100 or 267 pg/ml of the methanol extract or 0.5% DMSO as the vehicle control for 24 hours. Assessment of the cell cycle distribution
was determined by flow cytometry using Pl. Each data point represents the mean + S.E.M of three independent experiments, performed in duplicate.
*p<0.05 **p=<0.01, "™ p<0.001 and **** p < 0.0001 indicate significant differences to the vehicle control cells.
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Figure 4.21: Cell cycle distribution of the 5-Fluorouracil treated HT-29 colon cancer cells.

Cells were treated with 10 or 100 pg/ml of 5-Fluorouracil or 0.5% DMSO as the vehicle control for 24 hours. Assessment of the cell cycle distribution was
determined by flow cytometry using Pl. Each data point represents the mean + S.E.M of three independent experiments, performed in duplicate. ** p < 0.01,
***p <0.001 and **** p < 0.0001 indicate significant differences to the vehicle control cells.
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4.2.4.12 Cell cycle regulatory and checkpoint proteins in HT-29 cells

Analysis of the expression of cell cycle regulatory and checkpoint proteins in HT-29
cells showed that treatment with 267 pg/ml of the MeOH extract resulted in a
significant (p < 0.05) downregulation of Claspin (by 34%) and a significant upregulation
of p21 (p < 0.0001; by 80%). Treatment with the MeOH extract further resulted in a
non-significant upregulation of p27 (by 47%) expression level. Treatment with 100
pg/ml of 5-FU resulted in an upregulation in the expression level of Claspin (by 40%),
however, not significant. 5-FU treatment also resulted in a non-significant decrease in
expression levels of p21 (down by 23%) and p27 (by 10%). On the other hand,
treatment with curcumin resulted in the downregulation of Claspin (p < 0.01; by 36%),
p21 (p =0.01; by 37%) and p27 (by 26%). Moreover, phospho-Rad17 expression level
was slightly upregulated with the MeOH extract (up by 9%) treatment and showed a
non-significant downregulation with 5-FU (by 16%) and curcumin (by 20%) treatments
(Figure 4.22).
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Figure 4.22: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the expression

levels of the cell cycle regulatory and checkpoint proteins.

Cells were treated with 267 pug/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on expression levels of cell cycle distribution and checkpoint
proteins was determined using the proteome profiler array. Each data point represents the mean +
S.E.M of three independent experiments, performed in duplicate. * p < 0.05, ** p < 0.01 and

**** p < 0.0001 indicate significant differences to the vehicle control cells.
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4.2.4.13 Assessment of p53 phosphorylation in HT-29 cells

The determination of the phosphorylation of p53 serine residue 15 (S15) in HT-29 cells
treated with 267 ug/ml of the MeOH extract showed non-significant phosphorylation
(increased by 40%). Treatment with 267 pg/ml of the MeOH extract further
downregulated the phosphorylation of S46 (by 25%) and S392 (by 19%), however,
this was not statistically significant. Treatment with 100 ug/ml of 5-FU resulted in a
significant (p < 0.0001; by 200%) phosphorylation of S15, little to no change in S46
(by 4%) and a slight downregulation in S392 (by 13%) phosphorylation levels. On the
other hand, treatment with curcumin showed a slight upregulation in the
phosphorylation of S15 (by 16%) and a slight downregulation in S46 (by 26%) and
S392 (by 30%) phosphorylation levels (Figure 4.23).
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Figure 4.23. Effect of the M. balsamina methanol extract or 5-Fluorouracil on the

phosphorylation levels of p53.

Cells were treated with 267 pg/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on the phosphorylation of p53 was determined using the
proteome profiler array. Each data point represents the mean + S.E.M of three independent
experiments, performed in duplicate. **** p < 0.0001 indicates a significant difference to the vehicle

control cells.
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4.2.4.14 Heat shock proteins

Treatment with 267 ug/ml of the MeOH extract had no effect on the expression level
of HSP27, HSP70 and HSP60 proteins when compared to the control cells treated
with 0.5% DMSO. Treatment with 100 pug/ml of 5-FU had no effect on HSP27 protein
expression level, but resulted in a significant downregulation in expression levels of
HSP60 (p < 0.01; by 12%) and HSP70 (p < 0.001; by 15%). Furthermore, treatment
with curcumin resulted in a significant downregulation of HSP27 (p < 0.01; by 10%),
HSP60 (p < 0.01; by 14%) and HSP70 (p < 0.01; by 12%) proteins (Figure 4.24).
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Figure 4.24: Effect of the M. balsamina methanol extract or 5-Fluorouracil on the expression
levels of heat shock proteins.

Cells were treated with 267 pg/ml of the methanol extract, 100 pg/ml of 5-Fluorouracil or 0.5% DMSO
as the vehicle control for 24 hours. Effect on expression levels of heat shock proteins was determined
using the proteome profiler array. Each data point represents the mean + S.E.M of three independent
experiments, performed in duplicate. ** p < 0.01 and *** p < 0.001 indicate significant differences to the
vehicle control cells.
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4.3 Determination of herb-drug interactions

4.3.1 Momordica balsamina extracts or 5-FU effect on the activity of drug

metabolising enzymes

Treatment with the H20 extract significantly inhibited the activity of CYP1A2 at 200
Mg/ml (p < 0.01) (Figure 4.25). CYP1A2 activity was maintained on average 80% or
more with all treatment concentrations and no ICso could be established for the
concentrations tested. The MeOH extract resulted in significant inhibition of CYP1A2
from concentrations of 120 ug/ml and above showing a concentration-dependent
response, i.e. an increase in the inhibition of enzyme activity with increasing extract
concentration, resulting in an ICso of 154.6 + 3.3 ug/ml. On the other hand, 5-FU only
showed no significant inhibition of CYP1A2 activity at all tested concentrations and no
ICs0 could be established (Figure 4.25).

CYP2AG6 (Figure 4.26) activity was significantly inhibited with 160 pg/ml (p < 0.05) and
200 pg/ml (p = 0.01) of the H20 extract, with a remaining enzyme activity of 87% and
84%, respectively. However, no ICso could be established for the concentrations
tested. The MeOH extract showed a significant (p < 0.0001) inhibition of CYP2A6
activity at concentrations of 40 pg/ml and above, resulting in an ICso of 93.2 + 6.8
pug/ml. Both the H20 and MeOH extracts showed a concentration-dependent response
with CYP2A6 activity. Furthermore, 5-FU resulted in a significant (p < 0.05) inhibition
of CYP2AG6 activity at 80 ug/ml, but with a remaining enzyme activity of 78% and a
concentration-dependent response with no established ICso for the concentrations

tested.

The activity of CYP2C8 showed no significant inhibition at all tested concentrations of
the H20 extract, with remaining activity of more than 79% across all concentrations.
The MeOH extract resulted in significant inhibition of CYP2C8 activity at
concentrations of 10 yg/ml (p < 0.001) and above (p < 0.0001), resulting in an 1Cso of
14.1 £ 1.6 yg/ml and concentration-dependent response. On the other hand, no
significant change in the activity of CYP2C8 was observed with 5-FU treatment and
all 5-FU concentrations had a remaining enzyme activity of more than 80% (Figure
4.27).
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The activity of CYP2C9 showed no significant inhibition with the H20 extract at all
tested concentrations and had a remaining enzyme activity of over 85%. Although
there was a concentration-dependent response, there was no ICso established. The
MeOH extract showed significant inhibition of CYP2C9 activity at concentrations of
10 pg/ml (p £0.01) and above (p < 0.0001), with a concentration-dependent response
and an ICso of 26.3 + 1.6 pyg/ml. Furthermore, treatment with 5-FU resulted in no
significant inhibition of CYP2C9 activity and remaining enzyme activity of above 70%
across all the tested concentrations. There was also no ICso established with the
concentration, even though treatment showed a concentration-dependent response
(Figure 4.28).
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Effect of the M. balsamina H,O, MeOH extracts or 5-FU on activity of CYP1A2.

CYP1A2 activity was assessed by spectrophotometry using the Vivid® CYP450 Screening Kits. Tested

extract concentrations ranged from 40 to 200 pg/ml for the H20 or MeOH extract or 0.8 to 80 pg/ml for

5-FU. DMSO at 0.2% served as a vehicle control and 10 yM of a-napthoflavone as a positive inhibitor.

Each data point represents the mean + S.E.M of three independent experiments, performed in duplicate.
*p<0.05,*p=<0.01,** p<0.001 and **** p < 0.0001 indicate significant differences to the 0.2% DMSO

control.
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Figure 4.26: Effect of the M. balsamina H,O, MeOH extracts or 5-FU on activity of CYP2AB6.

CYP2AG6 activity was assessed by spectrophotometry using the Vivid® CYP450 Screening Kits. Tested

extract concentrations ranged from 40 to 200 pg/ml for the H20 or MeOH extract or 0.8 to 80 ug/ml for

5-FU. Methanol at 0.2% served as a vehicle control and 100 uM of tranylcypromine as a positive inhibitor.

Each data point represents the mean + S.E.M of three independent experiments, performed in duplicate.
*p<0.05, **p<0.01 and **** p £ 0.0001 indicate significant differences to the 0.2% MeOH control.
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Figure 4.27: Effect of the M. balsamina H,O, MeOH extracts or 5-FU on activity of CYP2CS8.

CYP2CS8 activity was assessed by spectrophotometry using the Vivid® CYP450 Screening Kits. Tested

extract concentrations ranged from 40 to 200 pg/ml for the H20 or MeOH extract or 0.8 to 80 pg/ml for 5-

FU. DMSO at 0.2% served as a vehicle control and 10 uM of montelukast as a positive inhibitor. Each

data point represents the mean + S.E.M of three independent experiments, performed in duplicate.
*** n <0.001 and **** p £ 0.0001 indicate significant differences to the 0.2% DMSO control.

90



Fluorescence intensity (AU)

CYP2C9 activity

1%108+

8x107

6x107-

CYP2C9 % inhibition

T T T T T 1
0 4 8 12 16 20 24 28 32

Time (min)

1%108-

8x107

1 1 1 1 1 1
12 16 20 24 28 32
Time (min)

1%108-

8x107

Fluorescence intensity (AU)

1 1 1 1 1
0 4 8 12 16 20 24 28 32
Time (min)

bttt S AR A

t

Tk

—e— No inhibitor
0.2% DMSO
50 uM Sulfaphenazole
40 pg/mi
—— 80 pg/ml
-o— 120 pg/ml
& 160 pg/ml
A 200 pg/mi

No inhibitor

0.2% DMSO

50 uM Sulfaphenazole
0.8 pg/ml

5 pg/ml

10 pg/ml

20 ug/ml

40 pg/ml

80 pg/ml

No inhibitor

0.2% DMSO

50 uM Sulfaphenazole
0.8 pg/mi

5 pg/ml

10 pg/ml

20 pg/mi

40 pg/ml

80 pg/ml

- -
oN
T 7

CYP2C9 % inhibition

CYP2C9 % inhibition

CYP2C9 % inhibition

N A O @
i i s

Kkkk
o

(-]

'
N
(=]

120+
100+

M.

o

alsamina (H,0)

IC_ =26.3% 1.6 ug/ml

Fekkk

dededede Fekdek

[TH

Fekkk

=

AR A

iz

ATLLLLLLLLLTNNCRRRRRSNN

100

M. balsamina (MeOH)

Fkkk

5-Fluorouracil

Figure 4.28: Effect of the M. balsamina H,O, MeOH extracts or 5-FU on activity of CYP2C9.

CYP2C9 activity was assessed by spectrophotometry using the Vivid® CYP450 Screening Kits. Tested

extract concentrations ranged from 40 to 200 ug/ml for the H20 or MeOH extract or 0.8 to 80 ug/ml for

5-FU. DMSO at 0.2% served as a vehicle control and 50 pM of sulfaphenazole as a positive inhibitor.

Each data point represents the mean + S.E.M of three independent experiments, performed in duplicate.
*p <0.05 * p <0.01, ** p <£0.001 and **** p < 0.0001 indicate significant differences to the 0.2%

DMSO control.
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4.3.2 Momordica balsamina extracts or 5-FU effect on the activity of drug transporter
P-glycoprotein

Treatment with the H20 extract of M. balsamina resulted in significantly increased
P-gp ATPase activity, at concentrations of 0.02 (p < 0.05), 0.2 pg/ml (p < 0.01),
2 pg/ml (p < 0.01), 20 pug/ml (p < 0.0001) and 200 ug/ml (p < 0.05) (Figure 4.29).
Treatment with the MeOH extract resulted in decreased P-gp ATPase activity at
concentrations from 0.2 pg/ml, with 20 pg/ml being significantly (p < 0.01) decreased.
Furthermore, treatment with 5-FU also resulted in significantly increased P-gp ATPase
activity, at concentrations of 0.008 ug/ml (p < 0.01), 0.8 pg/ml (p < 0.001), 8 pg/ml (p
<0.05), 16 pyg/ml (p < 0.05) and 32 yg/ml (p < 0.010) (Figure 4.29).
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Figure 4.29: Effect of the M. balsamina H,O, MeOH extracts or 5-FU on ATPase activity of the

drug transporter, P-glycoprotein.

P-gp activity was assessed by chemiluminescence using the P-gp-GloTM Assay Systems with P-
glycoprotein. Tested concentrations ranged from 0.02 to 200 pg/ml for the H20 or MeOH extract or
0.008 to 32 pg/ml for 5-FU. DMSO at 0.5% served as a vehicle control. Each data point represents the
mean + S.E.M of three independent experiments, performed in duplicate. * p < 0.05, ** p < 0.01 and***
p < 0.001 indicate significant differences to the basal activity.
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Chapter 5

5. Discussion

Colorectal cancer (CRC) is the fifth leading cause of cancer-related deaths in South
Africa 4%°. Despite great treatment improvements, CRC remains one of the leading
causes of cancer mortality and morbidity worldwide, due to high relapse rates 419 420,
5-Fluorouracil (5-FU) has had the largest impact on CRC chemotherapy treatment 462
463, 464 However, the frequent occurrence of tumour resistance to 5-FU therapy 23/
necessitates the need to develop and improve new chemotherapeutic treatment
regimens and perhaps combinatory treatment regimens that would increase the
activity of 5-FU and overcome clinical resistance 464,

For centuries, herbal medicines have been relied on for the treatment and prevention
of many chronic illnesses and are still often used as an alternative and complementary
approach to achieve better therapeutic options and overcome disadvantages resulting
from synthetic drug use %%, M. balsamina is regarded as a miracle herb mainly due to
its nutritional and medicinal properties 466, Leaf extracts of M. balsamina have been
shown to possess bioactive compounds with antidiabetic 467, antimalarial 468, and
anticancer #%° properties. In this study, the crude water and crude methanol leaf
extracts of M. balsamina were characterised and investigated for their potential
anticancer activity in vitro, in HT-29 colon cancer cells. This study further assessed
the effect of the extracts on the activity of drug metabolising enzymes relevant for 5-
FU.

Plants produce a variety of secondary metabolites that are non-nutritive, but serve
protective functions in the plant and may possess health beneficial effects when
consumed by humans 47°. Examples of these include phenolic acids, flavonoids, and
isoflavones 471, Phytochemical fingerprinting of the M. balsamina H20 and MeOH
extracts by thin-layer chromatography (TLC) revealed that the MeOH extract
contained a more complex mixture of compounds than the H20 extract. This suggests
that the MeOH extract may contain more biologically active compounds than the H20
extract. Compounds within the MeOH extract were shown to resolve better in the
mobile phase with intermediate polarity (CEF) as well as the non-polar mobile phase

(BEA). This is because the MeOH extract contained the least polar compounds when
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compared to the H20 extract, which resolved better in the most polar mobile phase
(BAW) as well as the mobile phase with intermediate polarity than the non-polar mobile
phase (Figure 4.1). This phenomenon was also reported by Masoko et al. 472,
Moreover, the vanillin-sulphuric acid spray is known to detect triterpenoids, flavonoids
and glycosides 472 therefore, it can be said that the MeOH extract may contain an
abundance of these compound classes than the H20 extract.

Although TLC was able to illustrate the phytochemical profiles of the M. balsamina
extracts, this method cannot with 100% certainty identify which specific compounds or
compound classes were present in each extract. For this reason, chemical tests were
conducted to screen for selected phytochemical classes within the extracts. The tests
revealed the presence of phytochemicals that have been typically found in the
Momordica species and reported in the literature 4’ 474, Tannins, carbohydrates, and
triterpenoids were found to be equally distributed in both extracts. Coumarins and
flavonoids were found to be more abundant in the MeOH extract than the H20 extract
(Table 4.1). The presence and distribution of these compounds as well as the
antioxidant capacity (Figure 4.2) in each extract may be the basis for the
pharmacological effects acclaimed in the Momordica balsamina plant.

A recent study aimed to provide detailed identification of compounds that are present
in the methanol extracts of M. balsamina led to the identification of eleven molecular
species. The study used reversed-phase liquid chromatography (RP-LC) coupled with
ion mobility (IM) and high-resolution mass spectrometry (HRMS) operating in the
positive ion mode. The molecular species identified included three flavonol glycosides
(Table 4.2), five cucurbitane-type triterpenoid aglycones (Table 4.3) and three
glycosidic cucurbitane-type triterpenoids (Table 4.4) 458, In this study, 11 molecular
species were detected in the MeOH extract and 7 in the H20 extract (Figure 4.3). A
comparison of the H20 and the MeOH extracts, regarding the abundance of flavonol
glycosides, cucurbitane-type triterpenoid aglycones and glycosidic cucurbitane-type
triterpenoids found that the MeOH extract showed a higher abundance of flavonol
glycosides (Table 4.2), cucurbitane-type triterpenoid aglycones (Table 4.3), and
glycosidic cucurbitane-type triterpenoids (Table 4.4). Furthermore, since flavonoids,
saponins and triterpenoids have a wide range of biological activities, which include

antioxidative 47> 476, antiproliferative and anticancer properties 477: 478,479, 480 this may
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suggest that the M. balsamina H20 and MeOH extracts may possess antioxidative,
antiproliferative and anticancer activities, especially the MeOH extract as it had an

abundance of the compound classes.

Ideally, an anticancer agent should specifically target cancer cells without damaging
normal cells by inhibiting the growth, viability and proliferation of the cancer cells and
inducing apoptosis 449 441 When assessing the effect of the M. balsamina H20 or
MeOH extracts as well as 5-FU, it was found that the water extract was slightly
cytotoxic to the C2C12 cells used in this study as a model for normal cells as there
was a 20% decrease in cell viability at 24 and 72 hours of treatment, respectively.
Furthermore, the H20 extract was not cytotoxic to the HT-29 colon cancer cells.
However, a study by Thiagarajan et al. (2019) “® tested the crude water leaf extract
of M. charantia, which is closely related to M. balsamina, against A549 lung cancer
cells and found that the extract inhibited cell viability with an 1Cso of 32.5 + 0.18 pg/ml
after 24 hours of treatment. This may imply that the M. balsamina H20 extract used in
this study is far less toxic than the M. charantia H20 extract or that the A549 lung
cancer cells are more sensitive than the HT-29 cells. Treatment with 5-FU showed
significant toxicity in both cell lines at 72 hours of treatment. The ICso of 5-FU was
consistent with those reported by Wiebke et al. 44?2 (1.69 ug/ml) and Varghese et al. 443
(3.09 ug/ml) at 72 hours. Moreover, several other studies reported ICso for 5-FU
treatment in HT-29 cells as 11.25 uM after five days of treatment 444, 11.5 pug/ml 44°
and 8.7 uM (=1.13 ug/ml) 446 at 48 hours. Combinatory treatment with 5-FU and the
MeOH extract showed that the MeOH extract has no additive effects to the cytotoxicity
exhibited by 5-FU treatment (Figure 4.5). The MeOH extract selectively inhibited the
viability of HT-29 colon cancer cells with an ICso of 267.4 + 7.4 ug/ml at 24 hours of
treatment (Figure 4.4), without affecting the viability of C2C12 muscle cells (Figure
4.6). A study by Ofuegbe et al. (2017) 48 using the methanolic leaf extract of M.
charantia showed that the extract also exhibits selective cytotoxicity against HT-29
colon cancer cells without affecting normal cells, with a 77.1% decrease in cell viability

after 24 hours of treatment with 400 pyg/ml.

The MeOH extract contains a variety of different compound classes such as flavonol
glycosides, cucurbitane-type triterpenoid aglycones and glycosidic cucurbitane-type

triterpenoids. Pure compounds such as the flavonol glycosides Quercetin 3-O-

96



rutinoside (Rutin), Kaempferol 3-O-rutinoside (Nicotiflorin) and Isorhamnetin 3-O-
rutinoside (Narcissin) from these classes have been shown to have significant
cytotoxic effects. Rutin has shown anticancer properties in several cell lines such as
786-0 cancer cells °°, LAN-5 neuroblastoma cells °*, breast cancer MDA-MB-231 cells
485 and SW480 colon cancer cells in vitro “88. Nicotiflorin, has been reported to reduce
the risk of cancer 487 488, 489,490, 491, 492: gnd |sorhamnetin 3-O-rutinoside (Narcissin) is
capable of inhibiting the proliferation of tumour cells, induce tumour cell apoptosis and
regulate tumour suppressor and proto-oncogenes, signalling pathways 4°3. Narcissin
inhibited the growth of several cancer cell lines such as human cervical 4% 49, Jung
496,497,498 colon 499 500 preast 501 502, 503 nancreatic %4, nasopharyngeal °%, liver 506
and gastric cancer cells 7, Furthermore, cucurbitane-type triterpenoids previously
isolated from various parts of Momordica charantia 508 599. 510 have been shown and
confirmed in several studies to have antidiabetic 5% 512. 513 gntioxidant 513 54,
antitumuor 515 516, 517 - gntiobesity 5% 51° and antiviral 529 511 512, 513 properties. The
antitumour activity was by inhibition of migration and invasion of cells >1¢ as well as the
induction of cell cycle arrest at G1 and apoptosis °'’. Considering that the MeOH
extract displayed significantly higher toxicity in the cancer cells, the MeOH extract of
M. balsamina may be a potential for further exploration as an anticancer agent. The
H20 extract although not cytotoxic to the HT-29 colon cancer cells, possesses a
variety of minerals and amino acids attributed to the species 44, it would be interesting
to analyse the extract further to ascertain whether the mineral and amino acid content
are high enough to develop as a potential beneficial herbal supplement and be used

as part of a healthy diet.

When investigating new compounds for potential anticancer activity, it is important to
establish whether the extracts have potential genotoxic properties, since genotoxicity
could contribute to carcinogenicity °2*. Many plants synthesise substances that protect
them against infections, insects and herbivores 22, which when present in herbal
medicines, may exhibit genotoxicity 523 524. 525,526 As such, assessing the potential
genotoxicity of herbal medicines is vital since mutations that lead to an increased risk
of cancer and many other diseases are a result of damage to the genetic material. In
response to DNA damage, ataxia-telangiectasia mutated (ATM) kinase is activated 5?7,
ATM acts upstream p53 and controls the DNA damage response (DDR) pathway
which is responsible for resolving DNA double-stranded breaks 52, The H2A histone
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family member X (H2A.X) also plays a crucial part in the repair of double-stranded
DNA breaks 52°. Its phosphorylated form, gamma H2AX (yH2AX) functions as a
marker for double-stranded DNA breaks °3°. Findings in this study showed that the
MeOH extract did not exhibit genotoxicity in C2C12 cells as made evident by no
apparent ATM and/or H2A.X activation when compared to the cells treated with 200
MM of curcumin as well as the HT-29 cells treated with 267 pg/ml of the MeOH extract
(Figure 4.7), thereby further suggesting that the MeOH extract was selectively
cytotoxic and genotoxic to only the cancer cells. It would be important to confirm the

lack of genotoxic potential with additional assays in the future.

Reactive oxygen species (ROS) are active metabolic by-products capable of causing
either beneficial or deleterious effects °31. Reactive oxygen species are necessary
molecules in the regulation of biological and physiological processes such as cell
differentiation and proliferation 532 533, An imbalance in the body between free radicals
and antioxidants leads to oxidative stress, which may induce damage to cells and
macromolecules such as lipids, proteins and DNA 534 535 53  gSome plant
phytochemicals exhibit pro-oxidant activity and may contribute to apoptosis of cancer
cells as a result of ROS-induced DNA damage, thereby constituting the desired effect
in cancer therapy 537538, Furthermore, agents capable of inducing heme oxygenase-
1 (HO-1), a stress-induced protein that protects cells from oxidative injury, can either
directly or indirectly promote ROS generation 53° 54 Heme oxygenase-1 is also
known to induce anti-inflammatory, anti-apoptosis, antioxidant and drug resistance
properties 5*1, An increase in HO-1 expression is associated with an increase in the
removal of ROS and therefore, its upregulation can combat stressful events and
further contributes to apoptosis inhibition, inflammation and cell proliferation 542 543,
Paraoxonase-2 (PON2) is an enzyme that is also capable of protecting cells from
oxidative stress by exerting antioxidant functions that lessen cellular oxidation
damage, thereby influencing redox signalling and promoting survival of cells 544 545,
When overexpressed, PON2 reduces the generation of intracellular ROS and when
deficient, increases its generation 5. When assessing intracellular ROS in HT-29
cells, it was found that the treatment with 267 pg/ml of the MeOH extract, 10 and 100
pug/ml of 5-FU and 200 uM of curcumin significantly increased ROS production when
compared to the control cells (Figure 4.8), despite the significant upregulation in HO-
1 expression in cells treated with 267 ug/ml of the MeOH extract and 200 uM of

98



curcumin (Figure 4.9). Even though HO-1 expression increases due to increased
oxidative stress %47-548 the increase may not have been sufficient to remove ROS or
the enzyme activity may have been inhibited. Although there are studies that report a
significant upregulation of HO-1 by 5-FU due to oxidative stress, this was shown in
mice in vivo rather than in cells in vitro 4% 559, The upregulation of HO-1 by curcumin
was consistent with several studies that showed that curcumin is an inducer of HO-1
551 in mice %2, Huh7.5-HCV %3 and mesangial cells %>, Furthermore, the significant
decrease in PON2 expression levels may further support ROS generation and/or may

have prevented ROS removal in the cells treated with the MeOH extract (Figure 4.9).

ROS generation by natural products disrupts the mitochondrial membrane and
therefore interferes with the electron transport chain. This leads to a reduction in the
mitochondrial membrane potential, which is considered as one of the early events of
apoptosis %5 5% and is responsible for the loss of cell viability °57. The changes in
mitochondrial membrane potential and condensing of the chromatin 58, allows for
detection by several dyes such as the JC-1, which selectively enters the mitochondria
of the cell and changes fluorescence from red to green as the membrane potential
decreases #4°, and nuclear DNA-binding dyes such as acridine orange (AO), used to
assess chromatin integrity where the intercalating dye, AO, will fluoresce more brightly
in cells undergoing apoptosis due to condensation of the chromatin 452. On the other
hand, propidium iodide (PI) stains the chromatin of necrotic cells as well as apoptotic
cells that have lost cell membrane function, a feature of cells in the late stages of
apoptosis 4°*. The induction of apoptosis in cells treated with 267 ug/ml of the MeOH
extract was evident by the observed decrease in mitochondrial membrane potential
(Figure 4.10), as well as changes in the nuclear morphology and loss of cell

membrane integrity (Figure 4.11).

Another characteristic of cells that are undergoing apoptosis is the change in the
asymmetry of phosphatidylserine (PS). Phosphatidylserine in normal healthy cells is
found within the inner layer of the cell membrane (cytoplasmic surface) but gets
translocated to the outer layer of cells undergoing apoptosis 8. The translocated PS is
recognised by phagocytes for removal 284, Phosphatidylserine translocation also
serves as a marker for apoptosis as it has a high affinity to Annexin-V, a 35-36 kDa

human vascular anticoagulant, which allows for the detection of apoptotic cells 5%°. In
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this study, an increase in the percentage of MeOH-treated HT-29 cells stained with
Annexin-V or Annexin-V/Pl was observed (Figure 4.12). This further confirmed the
pro-apoptotic activity of the MeOH extract in HT-29 cells.

Cellular and nuclear morphological changes in apoptotic cells are initiated by
biochemical changes such as caspase activation °%°, Once activated, there is a
cascade of events that ultimately lead to apoptosis where initiator caspases such as
caspase-8 and -9, responsible for initiating the extrinsic and intrinsic pathways,
respectively, activate the executioner caspase, caspase-3 or -7 561, 562,299,563 Thg
activation of the executioner caspase then results in cytoskeletal reorganisation and
disintegration of the cell into apoptotic bodies 63 315, The active form of caspase-3,
cleaved caspase-3, was upregulated upon treatment with 267 pg/ml of the MeOH
extract (Figure 4.13), validating the occurrence of apoptosis in MeOH-treated HT-29
cells. Moreover, caspase-3 activation could be attributed to the activation of both
initiator caspase-8 and -9 as suggested by the significant (p < 0.0001) increase in their

activity when compared to the untreated cells (Figure 4.14).

In the intrinsic pathway of apoptosis, the pro-apoptotic and anti-apoptotic members of
the Bcl-2 family of proteins form dimers to either promote or prevent apoptosis 564 565,
The ratio of pro-apoptotic proteins to anti-apoptotic proteins determines whether a cell
undergoes apoptosis or not %%, The pro-apoptotic members Bcl-2-associated X
protein (Bax) and Bcl-2 associated agonist of cell death (Bad) cause mitochondrial
dysfunction and induce the release of cytochrome c into the cytosol. In the cytosol,
cytochrome c interacts with the apoptotic protease activating factor 1 (Apaf-1) to
initiate the activation of a caspase cascade °¢7- %68, The anti-apoptotic member B-cell
lymphoma 2 (Bcl-2) preserves the integrity of the outer mitochondrial membrane and
suppresses the release of cytochrome c thereby inhibiting apoptosis °¢7. Furthermore,
Bad can selectively form dimers with the anti-apoptotic proteins, thereby displacing
Bax so it is free to initiate the permeabilisation of the outer mitochondrial membrane
which leads to the release of mitochondrial proteins such as cytochrome ¢ 56% 570,
Treatment with the MeOH extract downregulated the expression levels of both pro-
apoptotic and anti-apoptotic proteins when compared to the control (Figure 4.15).
However, the absolute quantity may be of less importance rather than the overall
balance between pro-apoptotic and anti-apoptotic proteins for apoptosis to occur 2°*
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289 In this study, the expression of the Bax protein was lower compared to the
expression of the Bcl-2 protein in HT-29 cells treated with 267 pg/ml of the MeOH
extract. Bad, which is capable of binding anti-apoptotic proteins displacing Bax to
initiate permeabilisation of the outer mitochondrial membrane for release of
cytochrome ¢ was also expressed. Thus, the presence, although downregulated, of
cytochrome c and other mitochondrial proteins in the cytosol could be attributed to Bad
displacing Bax from the anti-apoptotic proteins allowing Bax to form pores on the outer

mitochondrial membrane.

Cytochrome c, as well as other mitochondrial proteins such as high-temperature
requirement protein A (HTRA2)/Omi and second mitochondria-derived activator of
caspase/direct IAP Binding protein with Low pl (SMAC/Diablo), are released into the
cytosol and trigger activation of caspase-9 which in turn activates caspase-3 thereby
inducing apoptosis 2% 2%9, HTRA2/Omi contributes to apoptosis via a caspase-
dependent as well as a caspase-independent pathway, while SMAC/Diablo is
responsible for interacting and antagonising inhibitors of apoptosis proteins (IAPs) to
allow activation of caspases and execution of apoptosis 300 571. 572. 573 HTRA2/Omi
and SMAC/Diablo were detected in lower amounts as compared to the DMSO control
cells following treatment with the MeOH extract or 5-FU (Figure 4.16). However, an
increase in caspase-9 (Figure 4.14) and -3 (Figure 4.13) activity upon treatment with
the MeOH extract was observed. This suggests that, even though the amount of
cytochrome ¢ and other mitochondrial proteins that promote apoptosis was low,
overall, they were sufficient to trigger a caspase cascade in the treated cells as seen

by the increase in caspase-9 and -3 activity.

The extrinsic pathway of apoptosis is triggered by the binding of a death ligand such
as FasL or TNF-a to death receptors FasR or TNFR1, respectively >4, Once FasL
binds to FasR or TNF-a to TNFR1, cytoplasmic adaptor proteins with corresponding
death domains, Fas-associating protein with death domain (FADD) or TNFR1-
associated death domain protein (TRADD) are recruited and bind with the receptors.
The death domain FADD recruits the receptor-interacting protein (RIP) and associates
it with procaspase-8, the initiator caspase of the extrinsic pathway, to form a death-
inducing signalling complex (DISC). The DISC then activates procaspase-8 which in

turn triggers apoptosis by activating caspase-3 57> 311,312 |n this study, although the
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expression levels of FasL, TRAIL R1 and TNF RI proteins were downregulated upon
treatment with the MeOH extract, there was a significant upregulation of the receptor
TRAIL R2, whose corresponding death domain, FADD, was downregulated (Figure
4.18). Whether TRAIL R2 expression could have been sufficient for the formation of
DISC remains speculative, however, caspase-8 was found to be activated (Figure
4.14), suggesting that the extrinsic pathway of apoptosis was to some degree also

activated.

The increase in caspase-9 and -8 activities upon treatment with the MeOH extract,
suggests that the extract triggered both the intrinsic and extrinsic pathways of
apoptosis. The simultaneous activation of the extrinsic and intrinsic pathway is
reported to involve the cleavage of the BH3 interacting-domain death agonist (BID)
protein by the extrinsic pathway initiator caspase-8 °3’. The BH3 interacting-domain
death agonist is a member of the BH3 only domain subgroup of the Bcl-2 family which
once activated, activates the pro-apoptotic protein Bax which then complexes with the
anti-apoptotic protein, Bak to form a channel in the outer mitochondrial membrane.
This increases the permeability of the outer mitochondrial membrane and releases
cytochrome ¢ and other pro-apoptotic molecules which then activate caspase-9, thus
triggering the intrinsic pathway of apoptosis %38 53° Moreover, the MeOH extract is in
its crude form and thus contains a mixture of phytochemicals, therefore, this may lead
to the phytochemicals targeting numerous proteins leading to the activation of various
pathways and possibly the activation of both the intrinsic and extrinsic pathways of

apoptosis.

Apoptosis can be inhibited by inhibitors of apoptosis (IAPs) which prevent caspase
activation and thereby ensure cell survival 5’6, These IAPs regulate the activity of the
initiator caspase-9, responsible for the intrinsic pathway of apoptosis and effector
caspase-3 577:578_clAP-1/2 deficiency leads to apoptotic cell death by the formation of
a pro-apoptotic complex and activation of caspase-8 %7°. Expression of Clusterin is
known to sensitise cancer cells to apoptosis mediated by chemotherapeutic drugs
through Bax activation interference 8. Among all IAPs, XIAP is the one that directly
inactivates active catalytic sites of caspase-3 and activation of caspase-9 58! 582
Furthermore, Survivin is proposed to exert its anti-apoptotic activity by jointly blocking

the activation of caspase-9 with XIAP %8, However, XIAP activity is inhibited by the
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|IAP-antagonist SMAC/Diablo %84 585 586 Treatment with the MeOH extract significantly
(p = 0.01) upregulated the expression level of clAP-2. This finding, therefore, also
contributes to the induction of apoptosis via the intrinsic pathway in cells treated with
the MeOH extract since clAP-2 is responsible for inhibiting the activity of the extrinsic
pathway of apoptosis initiator caspase, caspase-8, but does not affect apoptosis
initiator caspase of the intrinsic pathway, caspase-9. Interestingly, the activity of
caspase 8 was increased as much as the caspase 9 activity, while there was little
evidence from the protein expression studies to indicate how this activation occurred.
Moreover, the MeOH treatment significantly downregulated expression levels of
Survivin and XIAP (Figure 4.19) thus allowing activation of the executioner caspase,

caspase-3 (Figure 4.13).

Following cellular stress, such as DNA damage, p53, a tumour suppressor protein is
upregulated and/or phosphorylated at multiple serine residues %8"- %88, Upregulation of
the p53 protein results in the transcription of CDK inhibitors, such as p21 and p27,
which leads to cell division cycle arrest 589 590, 591,592,593 ‘Moreover, direct activation of
p27, a CDK inhibitor with tumour suppressor potential, was found to induce cell cycle
arrest in a study by Yadav et al. 5% 59, This arrest leads to the repair of the damage
or induction of apoptosis in cases where it is irreparable %% 597 A study by Zhu et al.
598 found that molecules that upregulated p21 expression could also induce S-phase
arrest. In our study, the MeOH extract and 5-FU-treated cells underwent S phase
arrest as seen by the significant increase in cells distributed in the S phase when
treated with 100 pg/ml of the MeOH extract (Figure 4.20) and 100 ug/ml of 5-FU
(Figure 4.21). The observed S phase arrest in MeOH-treated cells could be a result
of DNA damage induced by the extract. Phosphorylation of p53 is reported to modify
its biochemical function as a transcription factor 599 600,601,602 Phogphorylation at S15
triggers events of phosphorylation to other serine residues, such as serine 46 (S46)
when the damage to DNA is intense enough, which further contributes to the induction
and activation of p53 993 604  Furthermore, serine 392 (S392), which regulates
mitochondrial translocation of p53 to induce transcription-independent apoptosis may
also get phosphorylated upon DNA damage 9°°. The increase in S15 phosphorylation
was witnessed in the cells treated with the MeOH extract and 5-FU (Figure 4.23), and
therefore, suggests that the observed cell cycle arrest could have been mediated by
p53 through p21 and p27 in extract-treated cells (Figure 4.22). A study by Semple et
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al. 8% found that when the expression level of Claspin, which is known as a key player
in the DNA damage repair pathway 7, is downregulated by short interfering RNA,
there is an increase in the induction of apoptosis in both the presence and absence of
DNA damage. The downregulation in Claspin expression levels in MeOH extract-
treated cells (Figure 4.22) further supports the observed increase in apoptotic cells
with the MeOH extract treatment (Figure 4.12).

In response to stress conditions, heat shock proteins (HSPs) are produced to make
cells resistant to stress-induced damage 6%. When overexpressed, Hsp27 increases
cell resistance to apoptotic stimuli by directly binding to cytochrome ¢ and inhibiting it
from binding to Apaf-1 609.610.611,612 Under normal conditions, Hsp60 forms a complex
with the pro-apoptotic protein, Bax. However, under hypoxic conditions, Hsp60
dissociates from Bax, leaving it to translocate to the mitochondria and mediate
apoptosis 613, Furthermore, Hsp70 is suspected to have direct interaction with Apaf-1
wherein it prevents the formation of the apoptosome and thus inhibits apoptosis 84
615 However, in this study, the levels of HSPs in MeOH-treated HT-29 cells were not
regulated in a biologically significant way and could therefore not have exerted any
significant pro- or anti-apoptotic effects (Figure 4.24). Moreover, treatment of HT-29
cells with 5-FU resulted in a significant decrease in expression levels of Hsp60 and
Hsp70 (Figure 4.24) and thus may be the influence in the degree of apoptosis

witnessed in 5-FU treated cells.

Although the use of chronic medication and herbal medicines is common, little is
known about how the interaction of the herbal medicine and drug can affect the
pharmacological or toxicological effects of the drug 4 4°2. Drug metabolising enzymes
are responsible for the detoxification of foreign chemicals and degradation of drugs in
the body 616617, These include cytochrome P450s which are mainly found in the liver
where they play a vital role in metabolising drugs and xenobiotics through their
induction and inhibition 68 619 Co-administration of enzyme-inducing herbal
medicines with prescription drugs may result in sub-therapeutic plasma levels of the
drug and therefore result in therapeutic failure 3%’. In contrast, enzyme-inhibiting herbal
medicines can also compete with prescription drugs for binding sites and as such, alter
the therapeutic effects of the drug which can then result in elevated serum levels of
the drugs and thus severe toxicity 3°7- 620, Furthermore, if a drug depends only on one
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CYP450 enzyme for its metabolism or has a narrow safety range, it is most likely to
cause unfavourable effects if a CYP450 enzyme inhibitor is added to the therapy %
622 Of more than thirty CYP450 enzymes that exist, 5-Fluorouracil is associated with
twelve. Four of which were selected for this study based on information retrieved from
drugbank.com %7, Orally administered prodrugs of 5-Fluorouracil are substrates for
CYPs 1A2 623, 624 2 AG 623, 624 gnd CYP2C8 522 which facilitate the conversion of 5-FU.
On the other hand, 5-FU inhibits the activity of CYP2C9 234 625 5-FU is further
converted to fluorouridine triphosphate (FUTP), fluorodeoxyuridine triphosphate
(FAUTP) and fluorodeoxyuridine monophosphate (FdUMP). FUTP is incorporated into
RNA instead of uridine triphosphate (UTP) and causes alterations in RNA processing
and function, while FAUTP is incorporated into DNA instead of deoxythymidine
triphosphate (dTTP) and causes DNA damage. FAUMP inhibits the activity of

thymidylate synthase (TS) in the ternary complex which also causes DNA damage 62,

In this study, 5-FU showed weak or no inhibition of CYPs 1A2 (Figure 4.26), 2A6
(Figure 4.27) and 2C8 (Figure 4.28), presumably because they are responsible for
converting prodrugs to 5-FU. However, the inhibition of CYP2C9 (Figure 4.29)
concurred with the literature 23* 625, Inhibition of CYPs 1A2 (Figure 4.26), 2A6 (Figure
4.27), and 2C8 (Figure 4.28) by the MeOH extract would suggest that 5-FU will not
be converted to its active metabolites and would therefore suggest the potential to
interfere with the activation of orally administered 5-FU prodrugs thus affecting
efficacy. Moreover, since more than 80% of clinically used drugs are metabolised by
these CYPs, the MeOH extract of M. balsamina may therefore present a significant
risk for herb-drug interactions when used concurrently with pharmaceuticals with
potential for toxicity and treatment failure. On the other hand, the H20 extract was
shown to have minimal inhibition of the tested CYPs (1A2, Figure 4.26, 2A6, Figure
4.27, 2C8, Figure 4.28, and 2C9 Figure 4.29) but displayed no anti-apoptotic or
cytotoxic effects. Although the biological activity of the H20 extract was also minimal,
its medicinal and nutritional content 128 466 attributed to the plant species contributes

to its potential use as a nutraceutical.

Many forms of chemotherapy fail due to multidrug resistance (MDR) associated with
the overexpression of ATP-binding cassette (ABC) transporters 527: 628,629 The drug

efflux transporter, P-glycoprotein (P-gp), which belongs to the ABC transporter family
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contributes to MDR by conferring cancer cells the potential to withstand doses of
cytotoxic drugs that would under normal circumstances be lethal to the cancer cells
630, 631 |nhibitors of P-gp have been shown to increase chemotherapeutic-induced
mortality due to MDR tumours 62°, All tested concentrations of 5-FU (0.008 — 32 ug/ml)
and the H20 extract (0.02 — 200 pg/ml) used in this study were shown to stimulate P-
gp ATPase activity, thereby suggesting that these treatments would not be able to
reverse MDR. However, with the MeOH extract, the P-gp ATPase activity was
significantly inhibited with 0.2, 2 and 20 pg/ml thereby suggesting that the MeOH
extract may have the potential to reverse the effects of P-gp MDR by inhibiting its
activity (Figure 4.30), confirming results from a study by Ramalhete et al. 832 633 which
showed that several cucurbitanes obtained from M. balsamina methanol extract of the

aerial parts had MDR reversing activity.

Conclusion

This study hypothesised that Momordica balsamina crude water and crude methanol
leaf extracts possess compounds with anticancer activities against HT-29 colon
cancer cells and may have an additive effect on the efficacy of 5-Fluorouracil due to

its mineral and nutritional content.

The MeOH extract selectively induced toxicity and genotoxicity to cancer cells and
further exhibited anticancer activities against HT-29 colon cancer cells by induction of
apoptosis and cell cycle arrest. The extract however did not have additive effects on
the efficacy of 5-Fluorouracil and its inhibition of drug metabolising enzymes that are
needed for conversion of 5-FU from its orally administered prodrugs, however, may
present a potential problem. The extract further decreased the ATPase activity of the
drug transporter P-gp, thereby suggesting it may have the potential to reverse P-gp
multidrug resistance (MDR), however, this again will need to be carefully assessed
against its CYP inhibitory function. Moreover, given that more than 80% of the clinically
used drugs are metabolised by CYPs inhibited by this extract, its use may potentiate
toxicity and result in treatment failure when used concurrently with other drugs.
Therefore, its potential interactions with commonly used chronic medication need

further exploration.
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These pro-apoptotic and MDR reversal activities can likely be attributed to the
abundance of flavonol glycosides, cucurbitane-type triterpenoid aglycones and
cucurbitane-type glycosides. Moving forward, it may be beneficial to isolate and purify
these compounds to further investigate the pro-apoptotic mechanisms and provide a
more comprehensive perspective. Thus potentially improving the pro-apoptotic activity
of the MeOH extract.
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Chapter 7
7. Appendices

Annexure A — Mitochondrial membrane potential
The number of green and red fluorescent cells was quantified using the ImageJ (32
bit) software application (imagej.nih.gov/ij/list.html), version 1.52a. The following

procedure was used for quantifying;

1. After opening the image, the background was subtracted by selecting;
- Process > Subtract background with rolling ball
2. The multi-colour image (RGB) was converted to grayscale (8-bit) by selecting;
- Image > Type > 8-hit
3. The relative size of the cells was set as 100 um obtained from the burnt scale on the
images
4. A copy of the image was made by selecting;
- Image > Duplicate
5. A binary image was then created by selecting;
- Image > Adjust > Threshold > Apply
- In“Threshold”, the cells of interest were highlighted
6. Particles that were merged together were corrected for by selecting;
- Process > Binary > Watershed
7. Counting of cells was done by selecting;
- Analyse > Analyse particles
- Objects matching the specified shape and size were highlighted
- The summary of the total number and area of cells was then presented on a

separate window
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Annexure B — AO/PI

The intensity of the red fluorescence was quantified using the ImageJ (32 bit) software
application (imagej.nih.gov/ij/list.ntml), version 1.52a. The following procedure was

used for quantifying;

1. The multi-colour images (RGB) were split to grayscale images by selecting;
- Image > Colour > Split channels
2. A copy of the image was made by selecting;
- Image > Duplicate
3. A binary image was then created by selecting;
- Image > Adjust > Threshold > Apply
- In“Threshold”, all structures of interest were highlighted
4. The background was subtracted by selecting;
- Process > Subtract background with a rolling ball
5. Particles that were merged were corrected for by selecting;
- Process > Binary > Watershed
6. Measurements for intensity values were set by selecting;
- Analyse > Set Measurements
- Under “Set Measurements” the “Redirect to” line was set to the name of the copy
of the image still in grayscale
7. Particles of the binary image were then analysed by selecting;
- Analyse > Analyse patrticles
- The summary of the intensity measurement of particles was then presented on a

separate window
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Annexure C — Annexin V/PI

Cells treated with the MeOH extract at ICso concentration was used for setting the
gates and compensation due to autofluorescence.
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Figure 7.1: Representative image of gating applied to forward and side scatter plots.
A — A polygonal gating was drawn around the cell population in the forward/side scatter lot (P1). The
guadrant gate was set in the FL1/FL3 plot using an unstained cell sample treated with the MeOH

extract, which displayed autofluorescence in the FL3 channel.

For determination of colour compensation settings, the cells treated with the MeOH
extract were stained with Annexin and Pl separately. The Annexin/Pl template used
already contained compensation settings which were adjusted so that the median

values for FL3 in the live and apoptotic quadrat were similar (Fig 7.2 and table 7.1)
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Figure 7.2: Representative image for compensation of Annexin V stained sample.

A — The compensation setting of the template (correct FL3 by subtracting 2.6% of FL1) did not results
in equal median values, which were reduced to 1.6% (B)
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FL1 was corrected in a similar way. The MeOH extract-treated cells stained with PI

only were then used to Check the compensation settings for FL1. The median values

for the Q1-UL and live quadrants were again slightly overcompensated and the

percentage was reduced to 0.28% to make the median value for FL1 for both

quadrants (Fig 7.3).

HO1 267 MeOH P HO1 267 MeOH FI
= Gate: (P71 in all) = Gate: (P1in all)
o]0l Dear EF FEIE Dead
22,409 i 0.0% 93.4%  a 0.0%
%é b %g "
L < :
3% ‘ 3, f
5% £
= 2y
o o
4 Apoptotic 4 Apoptatic
3 5
Wl w wd Wb Wb T B R R T R

FLA Annexin W FITC-A FL1 Annexin W FITC-A

Figure 7.3: Representative image for compensation of Pl stained samples.
A — before adjusting FL1 compensation (0.4%) — B after adjusting compensation (0.28%).

Table 7. 1: Before and after compensation median values for FL3 and FL1

Median values (Before) Median values (After)
FL3 11356.0 and 3230.0 11599.0 and 11458.0
FL1 3308.5 and 5440.0 5501.0 and 5468.0
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Annexure D — Cell cycle analysis

Cell cycle analysis was done using the FlowJo analysis software application, version

10.6.2 (https://www.flowjo.com). The Watson Pragmatic algorithm univariate

modelling was used to create a fit to the cell cycle data. The procedure was as follows;

1. Cell population of interest were identified using the forward vs side scatter (FSC vs
SSC) gating.
2. The forward scatter height vs side scatter area (FSC-H vs SSC-A) density plot was

used to exclude doublets by gating singlets using the polygonal gating tool
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Figure 7.4: Representative image of doublet exclusion.

A polygonal gate was drawn around singlet cells from a FSC-H vs FSC-A density plot.

3. Single parameter histograms were then generated to distinguish cells in different cell

cycle phases.
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Figure 7.5: Representative image of single parameter histogram.

The single parameter histogram was generated using FL2-A to distinguish cells in different phases of

the cell cycle.
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Annexure E - Effect of M. balsamina MeOH extract on the efficacy of 5-Fluorouracil
on activity of P450 enzymes

Methodology

The effect of the M. balsamina H20 and MeOH extracts on the efficacy of 5-FU on
CYP1A2, CYP2A6 and CYP2C8 activity was assessed using the Vivid® CYP450
Screening kits, following the manufacturer’s description (Thermo Fisher Scientific,
Waltham, USA). The assay was conducted as in 3.12 and cells treated with a range
of 5-FU concentrations together with ICso concentrations of the MeOH extract obtained
for each CYP. The concentrations were 0.8 to 80 pg/ml of 5-FU with 154 ug/ml of the
MeOH extract for CYP1A2, 93 ug/ml of the MeOH extract for CYP2A6 and 14 ug/ml
of the MeOH extract for CYP2C8.

Results

The results showed that the M. balsamina MeOH extract had no effect on the efficacy
of 5-FU regarding activity of CYP1A2, CYP2A6 and CYP2C8 (Figure 7.7). This was
made evident by the MeOH ICsp concentrations having the same percentage inhibition
with the combination treatment with 5-FU, thereby elucidating that the extract did not

promote nor interfere with the efficacy of 5-FU.
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Figure 7.6: Effect of the M. balsamina methanol extract on the efficacy of 5-Fluorouracil on
activity of CYPs 1A2, 2A6 and 2C8.
CYP activity was assessed by spectrophotometry using the Vivid® CYP450 Screening Kits. Tested 5-

FU concentrations ranged from 0.8 to 80 ug/ml. DMSO or methanol at 0.2% served as a vehicle control

and 10 yM a-naphthoflavone, 100 uM tranylcypromine or 50 uM of sulfaphenazole, as a positive

inhibitor. Each data point represents the S.E.M of two independent experiments, performed in duplicate.
***p <0.001 and **** p < 0.0001 indicate significant differences to the DMSO/MeOH control.
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Annexure F — ICso graphs
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Figure 7.7: M. balsamina MeOH extract ICso graph (24h).
The ICso value for the M. balsamina MeOH extract on HT-29 colon cancer cells was determined using
AAT Bioquest from MTT data obtained after 24h of treatment.
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Figure 7.8: M. balsamina MeOH extract ICso graph (72h).
The ICso value for the M. balsamina MeOH extract on HT-29 colon cancer cells was determined using

AAT Bioquest from MTT data obtained after 72h of treatment.
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Figure 7.9: 5-Fluorouracil ICso graph.

The ICso value for 5-Fluorouracil on HT-29 colon cancer cells was determined using AAT Bioquest from
MTT data obtained after 24h of treatment.
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Annexure G — List of reagents and main equipment

Reagents

Methanol (cat# 34860), butanol (cat# B7906), acetic acid (cat# A6283), chloroform
(cat# C2432), ethyl acetate (cat# 270989), formic acid (cat# F0507), benzene (cat#
270709), ethyl acetate (cat# 270989), ammonium hydroxide (cat# 221228), Iron (lII)
chloride (cat# 157740), Sodium hydroxide (cat# S8045), lead (IV) acetate (cat#
185191), a-naphthol (cat# N1000), acetic anhydride (cat# 242845), sulfuric acid (cat#
339741) ascorbic acid (cat#A92902) acridine orange (cat# A6014), 5-Fluorouracil (5-
FU) (cat# F6627-1G), Curcumin (cat# C1386-5G), 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium (MTT) (cat# M2003-1G), 2',7'-dichlorodihydrofluorescein diacetate
(DCFH-DA) (cat# D6883), HEPES (cat# 83264-500ML-F), a-naphthoflavone (cat#
N5757), Tranylcypromine (cat# P8511), Sulfaphenazole (cat# NS0758) and Dimethyl
sulfoxide (cat# 276855) (Sigma-Aldrich, St. Louis, USA)

Aluminium-backed silica gel 60 Fzs4 plates (MilliporeSigma, cat# 10554, Burlington,
USA)

(PBS) (Lonza, cat# BE17-516F, Basel, Switzerland)

Dulbecco’s Modified Eagle’s Medium (DMEM) (HyClone Laboratories, cat#
SH30285.03, South Logan, USA)

Propidium iodide (PI) (Invitrogen, cat# p3566, Life Technologies, Carlsbad, USA)
(FBS) (Gibco, cat# 10500064, Life Technologies, Carlsbad, USA).

Dulbecco’s phosphate-buffered saline (DPBS) (Gibco, cat# 14040133, Life
Technologies, Carlsbad, USA).

trypsin (Gibco, cat# 25200072, Life Technologies, Carlsbad, USA)

Trypan blue (Invitrogen, cat# T10282, Carlsbad, USA)

Muse™ Multi-Colour DNA Damage kit (MilliporeSigma, cat# MCH200107, Burlington,
USA)

5,5',6,6'-tetrachloro-1,1',3,3'-tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1)
(Sigma, cat#T4069-5MG, Steinheim, Germany)

Caspase-8 colourimetric assay kit (cat# K119-100) Caspase-9 colourimetric assay kit
(cat# K113-100) (R&D Systems, Minneapolis, USA)

Pierce™ BCA Protein Assay kit (ThermoFisher Scientific™, cat# 23225 Waltham,
USA).

RNase A (Qiagen, cat# 19101, Hilden, Germany)
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- Vivid® CYP450 screening kits CYP1A2 (cat# P2863), CYP2A6 (cat# PV6140),
CYP2C8 (cat# P2861) and CYP2C9 (cat# P2860) (Thermo Fisher Scientific, Waltham,
USA)

- Montelukast (cat# AB142323, Abcam, Cambridge, UK)

- P-gp-Glo™ Assay Systems with P-glycoprotein (Promega, cat# V3591, Madison, USA)

Equipment

- Freeze-dryer (Labconco, Labotec, Cape Town)

- Microtiter plate reader (GloMax®-Multi+Detection system, Promega, Madison, USA)

- Milli-Q water purification system (Millipore, Milford, USA)

- Filter unit ((0.22 um polyethersulfone) (Millipore, cat#SLGPO33RS Watford, UK)

- Filter paper with a pore size of 12-15 um (Munktell, UK)

- LC/MS (Agilent Technologies, Santa Clara, USA)

- Inverted phase-contrast microscope (Olympus CKX31, Tokyo, Japan).

- SpectraMax i3x (Molecular Devices, LLC, Sunnyvale, CA, USA).

- Centrifuge (SL16R; Thermo Fischer Scientific, Johannesburg, South Africa)

- BD Accuri™ C6 flow cytometer (BD Biosciences, Johannesburg, South Africa)

- Inverted fluorescent microscope (Nikon Eclipse Ti/S Fluorescence Microscope (Nikon,
Minato City, Tokyo, Japan))

- ChemiDoc MP system (Bio-Rad, Hercules, USA)

- TissueLyser (Qiagen™, Hilden, Germany)
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