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ABSTRACT

Cancer is the world's second leading cause of death, with current treatments
accompanied by a myriad of undesirable side effects. Medicinal plants contain
chemoprotective and more tolerable phytochemicals for cancer treatment, making
them a better alternative to current cancer treatments. Thus, many indigenous plants
have yet to be investigated for anticancer properties. In this study, the Momordica
balsamina leaf methanol extract was evaluated for its potential anti-inflammatory and
anti-invasiveness effects in interleukin-6-activated triple-negative MDA-MB-231 breast
cancer cells. The dried ground leaves of M. balsamina were subjected to maceration
in absolute methanol to obtain a crude M. balsamina leaf methanol extract. The Muse®
cell count and viability assay was used to assess the effect of the M. balsamina leaf
methanol extract on the viability of breast MDA-MB-231 and the kidney HEK-293 cells.
The methanol extract induced a significant decrease in MDA-MB-231 and HEK-293
cell viability at 150 pg/mL and 125 pg/mL, respectively. The annexin-V-FLUOS assay
was performed to determine the mode of cell death induced by the extract and to
further confirm lack of significant cytotoxicity in MDA-MB-231 cells exposed to 75 or
100 pg/mL of the extract. The findings revealed that the reduction in extract-treated
MDA-MB-231 cell viability was associated with a non-significant induction of apoptotic
cell death. The assessment of the effect of the methanol extract on nitric oxide
production using nitric oxide assay revealed that the extract induced nitric oxide
production in IL-6-activated MDA-MB-231 cells. Wound healing and transwell cell
invasion assays were employed to evaluate the effect of the methanol extract on the
migration and invasiveness of IL-6-activated MDA-MB-231 cells, respectively. The
results revealed that the methanol extract significantly inhibited the IL-6-induced
migratory and invasive potential of |L-6-activated MDA-MB-231 cells. Western blot
analysis showed that the methanol extract decreased MMP-2, MMP-9 and vimentin
protein expression and increased TIMP-3 protein expression levels in |IL-6-activated
MDA-MB-231 cells. In addition, gelatin-zymography also showed that the methanol
extract significantly decreased the proteolytic activity of MMP-2 and MMP-9 in IL-6-
activated MDA-MB-231 cells. Furthermore, an increase in Bax and decrease in Bcl-2,
JAK2, STAT3, MMP-2 and MMP-9 mRNA expression, was observed in extract-treated

IL-6-activated MDA-MB-231 cells as determined by quantitative reverse transcriptase

xiii
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polymerase chain reaction (QRT-PCR). The adhesiveness of IL-6-activated MDA-MB-
231 cells to extracellular matrix (ECM) proteins was assessed using the cell adhesion
assay and CHEMICON® ECM-cell adhesion array kit, respectively. The results
showed that the methanol extract significantly inhibited the IL-6-induced MDA-MB-231
cell adhesiveness. This could be associated with the inhibition of the attachment of IL-
6-activated MDA-MB-231 cells to collagen [, Il, IV, laminin, tenascin, fibronectin, and
vitronectin. In conclusion, the M. balsamina leaf methanol extract inhibited the IL-6-
induced MDA-MB-231 cell invasiveness, migration, and adhesiveness through the
modulation of the IL-6/JAK2/STAT3 pathway.

Xiv
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CHAPTER ONE

1. Introduction

Breast cancer is the most frequent type of malignancy and the primary cause of cancer
deaths among women globally (AlGhalban et al., 2021). It is considered the world’s
most common health problem among various populations due to its high recurrence
rates (Yari et al., 2014). Of the 19.3 million new cancer cases estimated in 2020, 2.3
million were attributed to breast cancer making it the 15t leading form of diagnosed
cancer globally with approximately 684 996 deaths (Sung et al., 2021). Breast cancer
is diverse and classified into three main subgroups for better detection and treatment
viz, human epidermal growth receptor-2 (HERZ2) positive, hormone receptor (HR)
positive and triple-negative breast cancer (TNBC) (Gu et al., 2016; Yin et al., 2020).
Triple-negative breast cancer is the most malignant and least treatable breast cancer
subtype as well as associated with a dismal prognosis, high metastatic and recurrence
rates (Xie et al., 2019). Furthermore, TNBC is characterised by a negative expression
of receptors for oestrogen (ER), progesterone (PR), and HER2 (Lee et al., 2019;
Nordin et al., 2021). Due to the lack of expression of hormone receptors, TNBC is not
subjective to hormonal treatment leaving sequential single-agent chemotherapy as the
only viable treatment for TNBC (Bardia et al., 2019; Yin et al., 2020). However,
chemotherapy does not provide adequate therapeutic effects due to cancer cell drug
resistance (AlGhalban et al., 2021) making the management of TNBC limited due to
inadequate treatment options. Moreover, TNBC is the only major subgroup for which
no specific targeted treatment has received approval from the United States Food and
Drug Administration (Bartholomeusz et al., 2012; Gu et al., 2016).

Chronic inflammation promotes tumour development and progression as well as
metastasis and drug resistance (Kumari et al., 2016; Lan et al., 2021). Breast cancer
associated with chronic inflammation through the overexpression of IL-6 and signal
transducer and activator of transcription 3 (STAT3) was reported in more than 50% of
breast cancers (Lee et al., 2019; Masjedi et al., 2018). The tumour and/or stromal cells
maintain an inflammatory tumour microenvironment (TME) by secreting pro-
inflammatory cytokines and chemokines, thereby promoting epithelial-mesenchymal

transition (EMT) which drives tumour progression and metastasis (Kumari et al.,
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2016). Pro-inflammatory cytokines stimulate tumour cell growth by activating nuclear
factor kappa B (NF-kB) and STAT3 pathways, which increase the expression of
cytokines, chemokines, and anti-apoptotic chemokines (Kumari et al., 2016;
Liubomirski et al., 2019). The NF-kB and STAT3 pathways phosphorylate tumour
suppressor genes resulting in increased tumour cell proliferation and progression.
Nuclear factor kappa B and STAT3 activation upregulate anti-apoptotic and pro-
angiogenic mediators such as MMP-9, which enhances tumour invasion and migration
by promoting angiogenesis, EMT and extracellular matrix (ECM) degradation (Kumari
et al., 2016; Liubomirski et al., 2019; Scheau et al., 2019). Increased motility of tumour
cells and compromised ECM promote primary tumour cell dissemination to distant
organs through the lymphatic and/or blood systems and account for more than 90%
of breast cancer-related deaths (Medeiros and Allan, 2019; Tang et al., 2021).
Therefore, there is a need to screen and develop agents that are safe and efficiently
targeted for TNBC as well as breast cancer metastasis that is fuelled by inflammation
by targeting the IL-6/STAT3 pathway.

According to the World Health Organization (WHO), traditional medicine is used by
over 80% of the world's population in developing countries (Palhares et al., 2015;
Tesfahuneygn and Gebreegziabher, 2019). Medicinal plants are a vital source of new
medicine globally, accounting for 25% of all prescribed medications in developed
countries (Chen et al., 2016). Moreover, there is an increasing demand for traditional
medicine as they are a cheap alternative source for primary health care
(Mahomoodally, 2013).

Momordica balsamina L. also known as balsam apple, is a perennial climber of the
family of Cucurbitaceae, native to all South African provinces except the Western Cape
(Mshelia et al., 2017; Souda et al., 2018). It exhibits multiple medicinal effects including
anti-cancer and anti-inflammatory, antiviral, and hypoglycaemic properties attributed
to the availability of flavonoids, alkaloids, saponins, and cardiac glycosides in all parts
of the plant (Thakur et al., 2011). Methanolic leaf extract of M. balsamina was reported
to possess polyphenols such as flavonoid glycosides and phenolic acids and to
decrease HT-29 colon cancer cell viability (Venter et al., 2021). Polyphenols are
known to have antioxidant, anti-proliferative and anti-inflammatory effects.
Furthermore, the M. balsamina leaf acetone extract has been reported to exert
inhibitory effects on the invasiveness and migratory activities of HT-29 colorectal

2
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cancer cells (Serala et al., 2021). Thus, the study aimed to investigate M. balsamina

as a potential source of compounds or possible treatment for metastatic TNBC fuelled

by inflammation.

1.1. Aim of the study

To investigate the potential anti-inflammatory and anti-invasiveness effects of

Momordica balsamina leaf methanol extract on triple-negative breast cancer cell line
MDA-MB-231.

1.2. Objectives

The objectives of the study were to:

Vi.

Vii.

viii.

investigate the effect of M. balsamina leaf methanol extract on the viability of
MDA-MB-231 and human embryonic kidney (HEK-293) cells using the MUSE
cell count and viability assay.

assess the mode of cell death induced by the M. balsamina leaf methanol
extract in MDA-MB-231 cells using Annexin-V-FLUOS staining assay.
investigate the effect of M. balsamina leaf methanol extract on the production
of intracellular nitric oxide in IL-6-activated MDA-MB-231 cells.

assess the effect of the M. balsamina leaf methanol extract on the invasiveness
of IL-6-activated MDA-MB-231 cells using the cell invasion assay.

assess the effect of the M. balsamina leaf methanol extract on the migration of
IL-6-activated MDA-MB-231 cells using the scratch assay.

determine the effect of the M. balsamina leaf methanol extract on the MMP-2
and MMP-9 activity IL-6-activated MDA-MB-231 cells using gelatin-
zymography assay.

evaluate the effect of M. balsamina leaf methanol extract on the mRNA
expression of Bcl-2, Bax, MMP-2, MMP-9, JAK2 and STAT3 in IL-6-activated
MDA-MB-231 cells using quantitative Real-Time PCR.

evaluate the effect of M. balsamina leaf methanol extract on the protein
expression levels of MMP-2, MMP-9, TIMP-3, and Vimentin in IL-6-activated
MDA-MB-231 cells using Western blotting.

assess the effect of M. balsamina leaf methanol extract on the adhesiveness of

IL-6-activated MDA-MB-231 cells using cell adhesion assay.
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x. assess the effect of M. balsamina leaf methanol extract on the attachment of
IL-6-activated MDA-MB-231 cells to ECM proteins using CHEMICON® ECM
Cell Adhesion Array Kit.
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CHAPTER TWO

2. Literature Review

2.1. Cancer

Cancer is one of the major contributors to increased morbidity and mortality worldwide,
with its enormous incidence rates continuously increasing yearly. In South Africa, an
annual 3-4% increase in new cancer cases was reported (Sung et al., 2021). In 2020,
1.4 million cancer cases were estimated with mortality rates (7.2%) being higher than
the incidence rates (5.7%) in Africa, indicating the fatality of cancer in this region. In
2018, following lung cancer, breast cancer was the second leading form of frequently
diagnosed cancer worldwide, however; in 2020 with 2.3 million new cancer cases and
684 996 deaths, breast cancer was reported to be the most diagnosed form of cancer
and the fifth leading cause of cancer mortality globally (Bray et al., 2018; Sung et al.,
2021).

Triple-negative breast cancer typically affects younger women accounting for 15-20%
of all diagnosed breast cancers and 25% of breast cancer-related deaths, with median
overall survival of 13 months (Shan et al., 2019; Sinka et al., 2018; Yin et al., 2020). It
is linked to a dismal prognosis, high metastatic rates, higher recurrence rates, and it
is the least treatable due to regular drug resistance (Xie et al., 2019). TNBC is highly
invasive, and at the initial stages of development, the lymphatic vessels and reflux
veins in the breasts provide a highway for metastatic progression, predominantly to
the brain, lungs, and liver (Li et al., 2017; Yin et al., 2020). Furthermore, it is associated
with early relapse with a 25% chance of recurrence following treatment and about 75%

chance of death within 3 months of recurrence (Yin et al., 2020).

2.2. Cancer development and inflammation

Cancer development is multifactorial, with epigenetic alterations, secretion of pro-
inflammatory cytokines and chemokines that cause the recruitment of immune cells
and stimulate the inflammatory process, being some of the contributing factors (Crusz
and Balkwill, 2015; Munn, 2017). The recruited immune cells secrete more pro-
inflammatory mediators in the TME creating a favourable inflammatory
microenvironment for the development of cancer (Munn, 2017). The continuous
growth of tumour cells can inflict physical damage to the surrounding normal tissue

5
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resulting in the release of damage-associated molecular patterns (DAMPs). The
release of DAMPs activates granulocytes leading to the secretion of pro-inflammatory
mediators and reactive oxygen species (ROS) in response to tumour growth (Lan et
al., 2021; Sirotkovic-Skerlev et al., 2012). Furthermore, the growth also causes
hypoxia by compressing the lymphatic and blood vessels thereby inducing angiogenic
growth factors and recruiting more blood vessels for nutrient and oxygen supply (Lan
et al., 2021; Munn, 2017). Therefore, cancer can also induce inflammation as
oncogenic transformations in malignant cells leads to inflammatory pathways in the
cells (Crusz and Balkwill, 2015).

Inflammation is a biological response to infectious agents, tissue damage, or cellular
stress that activates repair mechanisms by recruiting immune cells to contain the
pathogenic agents and restrict further tissue damage (Landskron et al., 2014; Munn,
2017). The main recruited cells to the infectious site are macrophages and neutrophils,
which then produce ROS and reactive nitrogen species (RNS), cytokines and
chemokines to alleviate the infectious agents and prevent tissue damage (Lan et al.,
2021; Piotrowski et al., 2020; Qian, 2017). Acute inflammatory response
immunosurveillance inhibits tumorigenesis by inducing an immune response against
transformed cells (Sullivan., 2011). However, unregulated inflammation can become
chronic causing malignant cell transformation in the surrounding tissue (Landskron et
al., 2014).

Chronic inflammatory response induces tumourigenesis and favours all stages of
tumour development which are initiation, promotion, and progression (Piotrowski et
al., 2020). About 25% of all cancer cases are instigated by inflammation, which is the
7" hallmark of cancer (Lan et al., 2021; Multhoff et al., 2012). Inflammation leads to
the activation of various pro-inflammatory transcription factors such as STAT3, NF-kB,
and hypoxia-inducible factor (HIF-1a) within the tumour cells. These activated
transcription factors upregulate the expression of chemokines and cytokines that
maintain a network of inflammatory responses within the TME (Crusz and Balkwill,
2015).

A significant promoter and key mediator of the inflammatory response is NF-kB, a
transcription factor that regulates inflammation through inflammatory mediators

(Multhoff et al., 2012). Nuclear factor kappa B orchestrates the expression of ROS,
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RNS, cytokines (IL-1. IL-6, and TNF-a), chemokines (IL-8), and growth factors, all of
which play an essential role in the inflammatory TME (Sonnessa et al., 2020). The
activation of cytokine receptors and intracellular signalling by NF-kB accelerates
tumour progression (Esquivel-Velazquez et al., 2015). Signal transducer and activator
of transcription 3 overexpression has been linked to TNBC and enhances tumour-
promoting inflammation by upregulating the expression of pro-inflammatory cytokines,
growth factors, and pro-angiogenic factors, all of which enhance tumour growth and
progression. In addition, the binding of STAT3 mediators to their corresponding
receptors results in the hyperactivation of STAT3 resulting in the suppression of anti-
tumour immunity (Johnson et al., 2018; Multhoff et al., 2012).

2.2.1. Cytokines

Cytokines are low-molecular weight secretory proteins that regulate intracellular
communication in the immune system as well as pathological conditions such as
cancer (Bonati and Tang, 2021; Esquivel-Velazquez et al., 2015). They are subtyped
into distinct groups namely interleukins, chemokines, interferons, tumour necrosis
factors, and colony-stimulating factors (CSF) (Bonati and Tang, 2021). Cytokines are
highly inducible and elicit their function by binding to their respective receptors. The
cytokine-receptor interaction results in the downstream activation of signalling
transcription factors such as STAT3 and NF-kB (Adekoya and Richardson, 2020).
Upon secretion, cytokines act in either an autocrine or paracrine manner to mediate
communication between the tumour and host cells (immune, endothelial, and /or
stromal cells), this activates signalling pathways that regulate tumour growth.
Cytokines primarily regulate cell division, migration, and apoptosis (Crusz and Balkwill,
2015; Saglam et al., 2015). Additionally, cytokines exhibit pleiotropic effects on the
tumour and host cells, to mediate various cancer hallmarks including EMT and
enhancement of metastasis, which sustain the progression of cancerous cells (Crusz
and Balkwill, 2015).

2.2.2. Interleukin-6

Interleukin-6 is a soluble, multifunctional pleiotropic cytokine responsible for a variety
of biological processes within and outside the immune system. It is the major mediator
of acute and chronic inflammation and exhibits both pro-inflammatory and anti-
inflammatory effects (Fujihara et al., 2020; Rose-John, 2020). IL-6 is highly regulated
and produced by different immune cells such as macrophages, endothelial cells,
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fibroblasts, T and B-cells. The dysregulation of IL-6 expression is associated with the
onset and maintenance of various inflammatory diseases such as rheumatoid arthritis
and cancer (Fujihara et al., 2020). Interleukin-6 is a primary regulator of several types
of cancers including breast cancer. This is achieved by modulating genes responsible
for the progression of the cell cycle and anti-apoptotic pathways which in turn promote
the survival, progression, and migration of DNA damaged cancerous cells (Rose-John,
2020; Sirotkovic-Skerlev et al., 2012).

Interleukin-6 exhibits biological function by binding to its receptors using two different
IL-6 signalling pathways namely the classical- and trans- signalling pathways
(Johnson et al., 2018; Razidlo et al., 2018). The IL-6 receptor complex is made up of
IL-6-specific binding receptor a (IL-6Ra) and signal transducing coreceptor
glycoprotein-130 (gp130), whereby the IL-6 receptor exists in both transmembrane
and soluble forms (Razidlo et al., 2018; Reeh et al., 2019). The soluble IL-6Ra (slL-
6Ra) is generated from proteolytic cleavage of the IL-6Ra by zinc-dependent
metalloproteinases, a disintegrin and metalloprotease 17 (ADAM17) or alternative
splicing of the IL-6Ra mRNA. The classical signalling pathway is denoted by binding
of IL-6 to the membrane bound IL-6Ra (mIL-6Ra) while the trans-signalling pathway
is denoted by the binding of the IL-6 to the sIL-6Ra. Classical signalling occurs during
acute-phase inflammatory response and induces anti-inflammatory effects and is
limited to only hepatocytes and leucocytes as they are the only cells expressing miL-
6Ra, while the trans-signalling dominates in the tumour microenvironment, inducing
pro-inflammatory effects and predominant in various cells that express the gp130 even
without IL-6Ra expression (Kumari et al., 2016; Reeh et al., 2019). Generation of slL-
6Ra increases IL-6 spectrum on cells as all cells express the gp130 with only a few
expressing the mIL-6R, and the IL-6/slL-6Ra complex can bind with the co-receptor
gp130 on cells without the IL-6R (Schumacher and Rose-John, 2022).

The IL-6 signalling occurs when IL-6 binds to its specific receptor either through the
classical- or trans-signalling pathway. The IL-6/IL-6Ra binary complex then binds to
the signal-transducing co-receptor gp130, leading to its dimerization and activation of
its cytoplasmic tyrosine kinases which are responsible for intracellular signalling by
activating and phosphorylating various transcription factors (Johnson et al., 2018; Li
et al., 2020; Sun et al.,, 2014). The IL-6/IL-6Ra/gp130 heterohexameric complex
initiates intracellular signalling by phosphorylating and activating members of the
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Janus kinase (JAK) family namely JAK1, JAK2, and tyrosine-protein kinase 2 (TYK2)
(Jin, 2020; Xie et al., 2019). This results in the subsequent activation of various
pathways including the JAK/STAT3, phosphoinositol-3-kinase/Akt (PI3K/Akt), and
Ras/mitogen associated protein kinase (Ras/MAPK) pathways (Figure 2.1) (Razidlo
et al., 2018; Sun et al., 2014).
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Created in BioRender.com bio

Figure 2.1: A schematic representation of the role of IL-6 signalling in the development

of cancer. The binding of IL-6 to its receptor leads activation of various signalling pathways
which subsequently leads in activation of transcription factors such as STAT3, NF-kB, and
MAPK. These transcription factors target genes that results in expression molecules maintain
cancer cell proliferation and survival, and those that drive angiogenesis, metastasis, and
inflammation. The figure was adapted from Masjedi et al. (2018), and created using

BioRender.com.

2.2.3. IL-6/JAK2/STAT3 pathway

Interleukin-6 and STAT3 are constitutively overexpressed and activated in triple-
negative breast cancer and they mediate tumour cell survival, progression, invasion,
metastasis, immunosuppression, and poor patient outcome (Banerjee and Resat,
2016; Johnson et al., 2018; Qin et al., 2019). Upon phosphorylation by the IL-6/IL-
6R/gp130 complex, the phosphorylated JAK2 (pJAK2) activates the STAT3
transcription factor via phosphorylation, and the phosphorylated STAT3 (pSTAT3)
then dimerizes and translocates from the cytoplasm to the nucleus where it mediates
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the transcriptional expression of STAT3 target genes (Razidlo et al., 2018; Reeh et
al., 2019). The STAT3 target genes include genes that play a role in apoptosis (Bcl-2,
Bax and Survivin), cell division cycle (Cyclin D1 and c-Myc), metastasis (MMP-2,
MMP-9, vimentin, and Twist), angiogenesis (VEGF, HIF-1a) and immune evasion (/L-
6, IL-10, and TGF-B) (Banerjee and Resat, 2016; Jin, 2020; Qin et al., 2019). The
transcriptional activation of IL6/JAK2/STAT3 and the above-mentioned genes drive
inflammatory-mediated tumour cell progression, metastasis, and immune suppression
in TNBC.

2.3. Metastasis

Metastasis is a multistep, organ-selective process that begins with tumour cell
dissemination from primary lesions and ends with secondary colonisation of tumour
cells in distant sites (Majidpoor and Mortezaee, 2021; Medeiros and Allan, 2019). It
accounts for more than 90% of breast cancer-related deaths, with the dissemination
occurring through the lymphatic and/or haematogenous system (Medeiros and Allan,
2019; Tang et al., 2021). For a successful metastatic cascade, tumour cells must
detach from the primary lesion, intravasate into the lymphatic and/or haematogenous
system, evade immune surveillance and anoikis, extravasate into distant capillary
beds, invade and colonise at the secondary site (Figure 2.2) (Majidpoor and
Mortezaee, 2021; Seyfried and Huysentruyt, 2013).
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Figure 2.2: The Metastatic cascade. Cancer cells undergo morphological transformation
through epithelial-to-mesenchymal transition (EMT) process to invade the neighbouring tissue
parenchyma and then intravasate into the blood circulatory system. In the circulation, they
associate with the immune cells such as platelets for survival, resist anoikis, and then attach
to the capillary bed of the blood vessels and extravasate the circulatory system to the target
site where they undergo MET and form colonies that develop into clinically detectable macro-
metastasis. The figure was adapted from Datta et al, (2021), and created using

BioRender.com.

2.3.1 Epithelial-mesenchymal transition and tumour cell invasion

For a local invasion to occur the stationary epithelial tumour cells must acquire
migratory and invasive characteristics to disseminate from the primary tumour and
invade neighbouring tissue parenchyma (Majidpoor and Mortezaee, 2021; Yeung and
Yang, 2017). The EMT is a critical event in promoting stationary epithelial tumour cells
with migratory, invasive, and subsequently metastatic potential. Epithelial-to-
mesenchymal transition is a biochemical transition process that enables the partial
loss of epithelial features and partial acquisition of mesenchymal phenotype in tumour
cells (Lambert et al., 2017; Scheau et al., 2019; Yeung and Yang, 2017). The partial
transition to mesenchymal phenotype is induced by various signalling pathways
including IL6/STAT3, TGF-B, Wnt, and Notch. Additionally, the secretion of cytokines,
chemokines, and growth factors by stromal and immune cells in the TME promote
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EMT by activating the expression of EMT-inducing transcription factors such as zinc-
finger E-box binding homeobox factors (Zeb1 and Zeb2), Snail zinc-finger family
(Snaill and Snail2), and the basic helix—loop—helix transcription factors (Twist1,
Twist2) (Dongre and Weinberg, 2019; Yeung and Yang, 2017).

These transcription factors promote EMT through repression of epithelial markers
including E-cadherin, B-catenin, cytokeratin, and laminin and upregulation of
mesenchymal markers such as N-cadherin, vimentin, and fibronectin (Cao et al., 2015;
Lambert et al., 2017; Scheau et al., 2019). This disrupts the cell-cell junctions and
basement membrane as well as reorganises the ECM. E-cadherin repression results
in the loss of cell-ECM adhesion, subsequently altering the apical-substrate polarity of
tumour cells to apical-posterior polarity that initiates cell migration and enhances
tumour invasiveness (Guo et al., 2020; Tsuji and Plock, 2017). When epithelial tumour
cells detach, they lose matrix-mediated survival signals and enter a programmed
mode of cell death known as anoikis; however, cell detachment through EMT causes
anoikis resistance in tumour cells, allowing them to metastasize (Cao et al., 2016).
Furthermore, Snail1 and Zeb2 promote the expression of matrix metalloproteinases
(MMPs) that facilitate the degradation of the basement membrane and ECM, thereby

promoting cancer cell invasiveness (Dongre and Weinberg, 2019).

Matrix metalloproteinases are zinc-dependent and calcium-containing proteolytic
endopeptidases that are produced and secreted in the cell surface or extracellular
matrix as pro-enzymes (Scheau et al., 2019; Zhang et al., 2020). They facilitate the
proteolytic degradation of numerous protein substrates upon activation by serine
proteases or other MMPs, leading to structural changes in the basement membrane
and ECM (Jiang and Li, 2021; O’Sullivan et al., 2014). They are expressed in lower
levels during physiological processes and facilitate embryogenesis, wound healing,

and angiogenesis (Cabral-Pacheco et al., 2020).

Matrix metalloproteinases are classified into subtypes based on their target substrates
on the ECM components and sequence homology. The different subtypes include
collagenases (MMP-1, -8, -13, and -18), gelatinases (MMP-2 and -9), matrilysins
(MMP-7 and -26), membrane-type MMPs (MT-MMPs) (MMP-14, -15, -16, -17, -24,
and -25), stromelysins (MMP-3, -10, and -11), and unclassified others (MMP-4, -5, -6,
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-12, MMP-19, -20, -21, -22, -23, -27, and MMP-28) (Abdel-Hamid and Abass, 2021;
Cabral-Pacheco et al., 2020).

Amongst the MMPs, gelatinases are the primary promoters of local invasion and
distant metastasis, and their overexpression has been reported in aggressive cancers
including breast cancer (Laronha and Caldeira, 2020; Scheau et al., 2019).
Gelatinases have a specific domain at the N-terminus of the catalytic domain that
comprises three fibronectin type Il tandem repeats that enhance collagen, gelatin, and
laminin binding. This allows gelatinases to proteolytically degrade gelatin, laminin, and
type-IV, -V, -VIII, -X, -XI, and -XIV collagen (Cui et al., 2017; Laronha and Caldeira,
2020). MMP-2 (gelatinase A, 72 kDa collagenase type-IV) and MMP-9 (gelatinase B,
92 kDa collagenase type-1V) restructure the basement membrane and ECM by
facilitating the digestion of gelatin and collagen type-IV, permitting the invasive tumour
cells to invade the adjacent tissues and metastasize to distant sites (Jiang and Li,
2021; Yari et al., 2014).

The activity of MMPs is endogenously regulated through inhibition by tissue inhibitors
of matrix metalloproteinases (TIMPs). There are four types of TIMPs (TIMP-1, TIMP-
2, TIMP-3, and TIMP-4), which differ in tissue-specific expression and their efficacy to
inhibit different MMPs (Hrabia et al., 2019; O’Sullivan et al., 2014). Amongst the four
TIMPs, TIMP-1 and TIMP-2 are the most potent gelatinase inhibitors, with a high
affinity for MMP-9 and MMP-2, respectively (Das et al., 2021; O’Sullivan et al., 2014).
TIMP-1 inhibits MMP-3, -7, and -9 activity, whereas TIMP-4 inhibits the activity of
MMP-2 by competing for binding against TIMP-2. (Hrabia et al., 2019; Jackson et al.,
2017). TIMP-3 exerts its inhibitory activity to a wide range of MMPs including MMP-1,
-2, -3, -9, -13, and all MT-MMPs (Cabral-Pacheco et al., 2020; Groblewska et al.,
2012). The balance between MMPs and TIMPs determines the extent of ECM
degradation and therefore regulates the access of invasive tumour cells to the blood

and lymphatic vessels (Cui et al., 2017).

The proteolytic activity of MMP-2 and MMP-9 on the basement membrane and ECM
results in the release of pro-angiogenic factors such as vascular endothelial growth
factor (VEGF), basic fibroblast growth factor (bFGF), and angiogenin (Deryugina and
Quigley, 2015; Park and Shin, 2020). The expression of these angiogenic factors

results in the formation of structurally and functionally defective angiogenic vessels in
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the TME, which are disorganised, dilated and highly permeable (Viallard and Larrivée,
2017). This enables a sufficient supply of oxygen and nutrients to the tumour cells
while the permeability of the vasculature also allows for active intravasation and

dissemination to distant sites.

2.3.2. Intravasation

Intravasation is a process whereby invasive tumour cells penetrate the endothelial
walls of the blood vessels (haematogenous intravasation) or lymphatic vessels
(lymphatic intravasation) to enter the circulatory system (Sznurkowska and Aceto,
2021; Valastyan and Weinberg, 2011). Circulating tumour cells (CTC) are metastatic
precursors, which can be found as either single-cell, clusters of cells, or bound to
immune or stromal cells (Szczerba et al., 2019). Intravasation is dependent on
angiogenesis through VEGF activity that increases the permeability of vasculature in
the TME and the formation of invadopodia by tumour cells (Marciel and Hoffmann,
2017; Zavyalova et al., 2019). Invadopodia is a specialised invasive F-actin-rich
surface protrusion with a high concentration of MMPs that stimulates tumour cell
invasion and penetration into the vasculature (Meirson and Gil-Henn, 2018; Yadav et
al., 2014).

2.3.3. Survival in circulation

In circulation, the CTC must survive harsh conditions such as increased shear forces,
and the immune system. The CTC express tissue factors on their surfaces which
triggers platelet attachment to the CTC clusters in circulation. CTCs can also bind to
neutrophils resulting in CTC heteroaggregates (Fares et al., 2020; Lambert et al.,
2017), which increases the survival of CTC by inducing immunosuppression through
inhibition of cytotoxic CD8+ T cell response and Natural Killer (NK) recognition
(Lambert et al., 2017; Massagué and Obenauf, 2016). Furthermore, the coating of
CTCs by platelets provides a protective shield that hinders the immune elimination of
CTC through the recognition by NK cells and immune cells. In addition, the shield also
provides structural support for CTC to withstand the physical stress in circulation. As
the CTC migrate in the circulation, they become arrested at the capillary beds of small

vasculature and extravasate into the adjacent tissue parenchyma (Fares et al., 2020).
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2.3.4. Extravasation

The extravasation process involves the arrest or adhesion of the CTC at the capillary
beds of the blood vessels and their escape from the vessels to invade the neighbouring
matrix through transendothelial migration (Chen et al., 2013; Strilic and Offermanns,
2017). Upon entrapment, the CTCs can either proliferate and grow within the lumina
of the vessel forming an embolus that results in microvascular rupture gaining direct
access to adjacent tissue parenchyma or extravasates through transendothelial
migration (Lambert et al., 2017; Massagué and Obenauf, 2016). Tumour cells primarily
use transendothelial migration, a process in which tumour cells transverse between
endothelial walls to extravasate. It requires inter-endothelial cell-cell junctions’
disruption and cellular rearrangements facilitated by the activity of MMPs and VEGF.
Tumour cells secrete TGF-B which upregulates the expression of the protein
angiopoietin-like 4 (ANGPTL4) which promotes tumour cell extravasation through the
inhibition of vascular endothelial tight and adherens junctions (Massagué and
Obenauf, 2016; Strilic and Offermanns, 2017). Following vasculature extravasation,

CTCs must initiate distant metastasis colonisation (Yeung and Yang, 2017).

2.2.5. Colonisation

Colonisation is the process whereby the disseminated tumour cells (DTC) survive and
proliferate at the infiltrated secondary site to form micrometastases and/or
macrometastases (Maeshiro et al., 2021; Su et al., 2015). The DTC undergo a
mesenchymal-to-epithelial  transiton (MET) to reverse the mesenchymal
characteristics and reacquire their epithelial cellular features. This is because the
secondary site lacks stromal cells, ECM constituents, and growth factors that promote
DTC growth, making it less favourable for tumour growth (Lambert et al., 2017).
Furthermore, the DTC must acquire immune evasion to avoid elimination from tissue
parenchyma or enter the dormancy stage as either single cells or as clusters for a
period of months to decades (Lambert et al., 2017; Massagué and Obenauf, 2016).
However, tumour cells tend to secrete TGF-B which recruits stromal cells to the
secondary site, where they will secrete IL-6 and ECM mediators which will then
activate and amplify the growth and survival pathways, rendering DTC at the
secondary site tumour cell initiating abilities (Massagué and Obenauf, 2016). They
then grow and form potentially life-threatening clinically detectable macro-metastasis
(Datta et al., 2021).
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2.3.6. Angiogenesis

Angiogenesis is a process that involves the generation of new blood vessels from pre-
existing blood vessels and is essential for tumour growth and metastasis (Yadav et
al., 2014). The continuous growth of tumours in the secondary site leads to oxygen
and nutrient gradient, which limits the proliferative abilities of tumour cells. The hypoxic
conditions lead to an angiogenic switch through the stabilisation of a pro-angiogenic
transcription factor, hypoxia-inducible factor (HIF) (Muz et al., 2015). The induced
expression of HIF-1a and HIF-2a leads to the upregulation of pro-angiogenic
mediators such as VEGF, bFGF, angiopoietin-1 and angiopoietin-2 (Krock et al., 2011;
Lugano et al., 2020). VEGF the primary mediator of angiogenesis, channels the
formation of blood vessels through stimulation of VEGF-receptor 2 (VEGF-R2) (Wang
et al., 2020). HIF-1a and HIF-2a induce the expression of MMP-2 and MMP-9, whose
basement membrane and ECM degradation leads to more release of VEGF from the
matrix and sprouting of approximate blood vessels (Lugano et al., 2020; Muz et al.,
2015). Permeability is a notable feature of VEGF-induced angiogenic blood vessels;
however, the resulting blood vessels are morphologically and functionally defective
due to overexpression and dysregulation of pro-angiogenic mediators during hypoxia.
Despite this, the blood vessels appear to be functional enough to provide not only
nutrients and oxygen to a growing tumour (both primary and secondary sites), but also
channels for metastatic dissemination of the detached and invasive tumour cells

(Deryugina and Quigley, 2015; Lugano et al., 2020).

Solid tumours are associated with hypoxia, which limits nitric oxide (NO) generation
and consequently leads to persistently lower levels of NO (hyponitroxia). The relatively
low intratumoral levels of NO induced by hypoxia are at optimal concentrations for
tumour progression (Huang et al., 2017; Oronsky et al., 2014). Low levels of NO
promote angiogenesis and metastasis through the induction of SNAIL and VEGF with
the repression of anti-angiogenic Thrombospondin 1 (Khan et al., 2020; Oronsky et
al., 2014). In contrast, either tumour development is inhibited, or apoptotic cell death
is induced upon a slight increase or decrease in NO from the optimal intratumoral NO
concentrations (Huang et al., 2017; Oronsky et al., 2014). Elevated NO reacts with
ROS to generate RNS such as nitrogen trioxide (NO3s) and peroxynitrite (ONOO"),
which exert their cytotoxic effects through signalling pathways that result in
upregulation of p53, the release of cytochrome C from mitochondria, degradation of
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anti-apoptotic molecules. Increased ONOO-levels, inhibit the catalytic activity of MMP-
2 (Jacob-Ferreira et al., 2013). Furthermore, elevated NO attenuates angiogenesis,
invasion, and metastasis via the downregulation of N-cadherin, MMPs, and SNAIL
with the upregulation of E-cadherin (Huang et al., 2017; Khan et al., 2020; Oronsky et
al., 2014). The bimodal behaviour of NO provides a therapeutic opportunity to target
cancer treatment through upregulation or downregulation of intratumoral NO
concentrations to repress the metastatic potential of cancer cells and induce

apoptosis.

2.4. Medicinal plants

Despite the advancement of the current cancer treatment, the demand for natural
medicine is continuously increasing due to the adverse side effects, poor specificity,
and resistance towards synthetic drugs (Semwal et al., 2019). With chemotherapy as
the only viable treatment for TNBC, it has been shown to enhance the formation of
cancer stem cells (CSC) capable of initiating new cancer cells. In addition to causing
therapeutic resistance, breast CSC contributes greatly to the recurrence, progression,
and metastasis of cancer cells (EI-Sahli et al., 2021). Chemotherapy is also associated
with cardiac, renal, and pulmonary toxicity. This toxicity poses a challenge in cancer
treatment; however, plants are reservoirs of natural bioactive compounds that may
have chemoprotective effects against cancer and can contribute greatly to the
development of new cancer treatment drugs/ therapy (Bardia et al., 2019; Desai et al.,
2008). About 90% of the African population depends on traditional medicine and they
use plants to treat various acute and chronic diseases, however, their treatment lacks
scientific backing (Mbele et al., 2017). Currently, natural products account for
approximately 60% of cancer drugs, these include vinca alkaloids (vinblastine and
vincristine) which were isolated from Catharanthus roseus and taxanes (Taxol) from
Taxus brevifolia. Taxol is used in the treatment of breast, lung, and ovarian cancer
(Desai et al., 2008; Mbele et al., 2017; Semwal et al., 2019). Combrestatins are a class
of compounds isolated from the South African plant Combretum caffrum that have
been shown in clinical trials to have anti-cancer properties (Berrington and Lall, 2012;
Cragg and Newman, 2005; Karatoprak et al., 2020).

The anticancer and chemoprotective properties of plants are attributed to their
bioactive phytochemical compounds such as alkaloids, flavonoids, phenols, saponins,
tannins, terpenoids, and steroids. Because they contain anti-cancer phytochemical
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compounds medicinal plants have become the primary source of compounds for
development of cancer treatment (Kooti et al., 2017; Simo Richard et al., 2015). As
such, the search for different medicinal plants that may contain anticancer compounds
that can inhibit cancer initiation and progression continues (Raina et al., 2014).
Although the isolation of phytochemicals used as single compounds for disease
management has been used as an alternative treatment, the reliance on herbal
concoctions prepared from plants, such as Momordica balsamina, suggests that there
may be advantages in using plants’ crude and/or standardised extracts instead of
single compounds as the extracts may have synergistic effects and have multiple
therapeutic effects (Mabasa et al., 2021; Mahomoodally, 2013; Olalere and Gan,
2020). As such, there is an urge to scientifically validate the biological effects that the

extracts may have.

2.4.1. Momordica balsamina Linn.

Figure 2.3: Momordica balsamina plant.
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The plant M. balsamina L., commonly known as African pumpkin or cucumber, or
southern balsam apple or pear, is an important medicinal plant belonging to the
Cucurbitaceae family that exhibits significant nutritional and medicinal properties
(Figure 2.3) (Chinthan et al., 2022; Kadiri Okai Jonathan et al., 2020). It is a perennial
climber with tendrils that grows up to 1.5 — 3.0 m tall and is native to South Africa and
tropical Africa (Chinthan et al., 2022). Momordica balsamina is an edible vegetable
known for its bitter taste that is attributed to the phytochemicals such as cucurbitacin
and alkaloids. In addition to the nutritional value, the plant was also reported to have
a substantial number of phytochemicals such as flavonoids, glycosides, terpenes,
resins, tannins, and saponins which account for the plant’s medicinal value (Ajji et al.,
2017; Mabasa et al., 2021; Souda et al., 2018). Furthermore, studies from our
laboratory, revealed that the leaf extracts of M. balsamina exhibit anti-migratory and
anti-invasive activities against colon cancer cells (HT-29) (Serala et al., 2021), pro-
apoptotic effects against lung cancer cell line (A549) (Mudalahothe, 2018). However,
it is unknown whether the M. balsamina extract has anti-inflammatory and anti-

invasive effects against the MDA-MB-231 breast cancer cell line.

The major compounds isolated from the aqueous leaves extract of M. balsamina
include cucurbitane-type triterpenoids and flavonol glycosides (Ramalhete et al., 2022;
Serala et al., 2021; Venter et al., 2021). Several studies have reported the anticancer,
antidiabetic, antioxidant, antiviral, hepatoprotective, and anti-inflammatory activities of
the major compounds isolated from the plant and the plant’s extracts (Ramalhete et
al., 2022). Akula and Odhav, 2008, reported the anti-inflammatory effects of the
methanolic leaf extract of M. balsamina through inhibition of the activity of 5-
lipoxygenase (5-LOX) of the lipoxygenase pathway. They further attributed the
extract’s anti-inflammatory activity to the presence of free radical scavenging phenolic
compounds (Akula and Odhav, 2008). Additionally, Ndhlala et al., 2011, reported the
anti-inflammatory effects of M. balsamina water extract through inhibition of COX-1
and COX-2 enzymes. In relation to COX-1, the inhibitory effect was more selective
and potent on COX-2 with more than 70% inhibition, thereby limiting the chances of
gastric irritation and ulceration which are associated with COX-1 inhibition (Ndhlala et
al., 2011). Itis worth noting that COX-2 and 5-LOX are key enzymes in the arachidonic
acid cascade involved in the lipoxygenase pathway and their overexpression is
associated with cancer progression and inflammation, thus, inhibiting their activity
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provides an opportunity for anti-cancer and anti-inflammatory activity (Charlier and
Michaux, 2003). Interestingly, the M. balsamina extracts have been reported to target
both enzymes. Despite the few available reports about the anti-inflammatory activities
of M. balsamina, the plant’s anti-inflammatory activity and link to cancer remain

elusive, necessitating further research.
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CHAPTER THREE

3. Methodology

3.1. Plant collection and extraction

Momordica balsamina plant leaves were collected from Mankweng (23°53047.7" S
29°43044.1” E), in the Limpopo province, South Africa. The voucher specimen
(UNIN121046) was deposited at the Larry Leach Herbarium (UNIN) at the university
of Limpopo. The leaves were air-dried and ground into a fine powder using a blender.
The ground leaves were then extracted by maceration at a ratio of 1:10 (w/v) using
methanol for 3 days, in a shaker at 10 xg for frequent agitation at 25°C. Following
extraction, the extract was then filtered with Munktell 3HW 90 MM filter paper
(Ahlstrom, Germany), then the filtrates were air-dried under an industrial fan. The dried
filtrate was then dissolved in dimethyl sulfoxide (DMSO) (>99.9%) to prepare stock

extract of 100 mg/mL of methanol extract, aliquoted, and stored at -20°C until use.

3.2. Cell culture and treatment

The MDA-MB-231 (ATCC® CRM-HTB-26™) breast cancer cells and HEK-293
(ATCC® CRL-1573) kidney cells were purchased from the American Type Culture
Collections (ATCC). MDA-MB-231 and HEK-293 cells were cultured in Dulbecco’s
Modified Eagles Medium (DMEM), supplemented with 10% (v/v) foetal bovine serum
(FBS) and 1% (v/v) antibiotic solution containing Penicillin and Streptomycin. The cells
were maintained in a humidified incubator with 5% CO2z at 37°C. The cells were treated
with various concentrations of filter-sterilised M. balsamina leaf methanol extract
diluted in culture media or 0.15% DMSO (vehicle control) or with curcumin as a positive
control for cell viability and apoptosis assays.

3.3. Cell Count and Viability assay

The effect of the M. balsamina leaf methanol extract on MDA-MB-231 breast cancer
cells and an in vitro toxicology model HEK-293 cell viability was assessed using the
Muse® Count and Viability kit, following the manufacturer’s instructions (Luminex
Corporation, USA). The Muse® Count and Viability reagent is a mixture of two DNA
intercalating fluorescent dyes with one dye being a membrane-permeant that stains
all nucleated cells to distinguish between nucleated cells and debris. The second dye
is not membrane-permeable and only stains cells whose membrane integrity has been

lost. This then gives information on the total cell concentration and viability. Cells
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(2x10* cells/well) were seeded in a 48-well cell culture plate and incubated overnight
for attachment. The cells were then treated with 0-150 pg/mL of M. balsamina leaf
methanol extract or 20 uM of curcumin and incubated for 24 hours. Following
treatment, the supernatant was collected, and the cells were washed with 1x PBS (150
uL), detached with 100 uL trypsin and centrifuged at 10 x g at 25°C for 5 minutes. The
pelleted cells were resuspended in 25 uL of 1x PBS followed by the addition of 225
ML of Muse® cell Count and Viability reagent as well as incubated for 5 minutes in the
dark. The samples were then analysed using Muse™ cell analyser (Merck-Millipore,

Germany).

3.4. Apoptosis Assay

The mode of cell death induced by the M. balsamina leaf methanol extract in the MDA-
MB-231 cells was analysed using the Annexin-V-FLUOS staining kit, following the
manufacturer’s instructions (Roche, Germany). The Annexin-V-FLUOS staining kit
uses Annexin-V and Propidium iodide (Pl) dual staining to quantitatively distinguish
between live and necrotic cells as well as cells undergoing early and late apoptosis.
Phosphatidylserine (PS) is a cell cycle signalling membrane phospholipid that is
normally found on the inner side of the viable cell's membrane that translocates to the
outer membrane during apoptosis. Phosphatidylserine translocation is an early
morphological hallmark of apoptosis that is recognised by its binding to fluorescent-
labelled annexin V. Furthermore, the addition of DNA binding propidium iodide (PI)
allows for the recognition of necrotic and late apoptotic cells as Pl can only permeate
cells that have lost membrane function (Sathiya Kamatchi et al., 2020). This assay
allows for the determination of four different populations represented in four different
quadrants: live cells (lower left quadrant-annexin V(-)/PI (-)), necrotic cells (upper left
quadrant-annexin V(-)/PI(+)), early apoptotic cells (lower right quadrant-annexin
V(+)/PI(-)) and late apoptotic cells (upper right quadrant-annexin V(+)/PI(+)). Cells
(2x10* cells/well) were seeded in a 48-well cell culture plate and incubated overnight
to attach. Cells were then treated with 50 or 100 ug/mL M. balsamina leaf methanol or
20 uM of curcumin and incubated for 24 hours. Following treatment, the media was
harvested, and the cells were washed with 1x PBS, detached with 100 pL trypsin and
centrifuged at 10 x g for 5 minutes. The supernatant was discarded, and the pelleted
cells were washed with 1x PBS and centrifuged at 10 xg for 5 minutes. The pelleted
cells were resuspended in 100 pL of Annexin-V-FLUOS labelling solution and
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incubated for 15 minutes at room temperature. The samples were then analysed using
the Muse™ cell analyser (Merck-Millipore, Germany).

3.5. Nitric oxide assay

The effect of the M. balsamina leaf methanol extract on intracellular nitric oxide
production was assessed using the Muse® nitric oxide kit, following the manufacturer's
instructions (Luminex Corporation, USA). The Muse® nitric oxide kit uses a membrane
permeable nitric oxide reagent DAX-J2 Orange, which emits a highly fluorescent
product upon NO oxidation, as well as a dead cell marker (7-AAD) to detect both nitric
oxide activity and cell death. Cells (2x10* cells/well) were seeded in a 24-well plate
overnight to attach. The cells were then treated with 50 ng/mL of IL-6 or a combination
of 50 ng/mL of IL-6 with methanol extract (75 or 100 pg/mL) for 24 hours. Following
treatment, cells were harvested using trypsin and centrifuged at 10 x g for 5 minutes.
The pelleted cells were resuspended in 10 pyL of 1X assay buffer, 100 yL of Muse®
nitric oxide reagent working solution was added to the cells and they were incubated
for 30 minutes at 37°C with 5% COz2. Following incubation 90 yL of 7-AAD working
solution was added to the cells, thoroughly mixed, and incubated for 5 minutes in the
dark. The samples were then analysed using the Muse™ cell analyser (Merck-

Millipore, Germany).

3.6. Transwell invasion assay

The cell invasion assay was performed using the Boyden chamber assay. The assay
is based on the ability of cells to produce active MMPs that degrade the Matrigel matrix
[Basement Membrane Extract (BME)] and invade the lower chamber in response to a
chemoattractant. Cells (2x10* cells/well) were seeded in a 48-well plate overnight to
attach. The cells were then treated with 50 ng/mL of IL-6 or a combination of 50 ng/mL
of IL-6 with methanol extract (75 or 100 pg/mL) for 24 hours. The BME was thawed at
4°C overnight, then 100 uL was added into the inserts and allowed to solidify at 37°C
for 1 hour. Following treatment, treatment media was harvested, and cells were
trypsinised, centrifuged at 10 x g for 5 minutes, resuspended in 200 yL serum-free
DMEM and placed in the top chamber. Then 600 uL of DMEM supplemented with 10%
FBS (chemoattractant) was added in the bottom chamber. Cells were incubated and
allowed to invade for 3 hours at 37°C. The invaded cells were fixed with 4% (w/v)
paraformaldehyde for 30 minutes, followed by staining with 0.5% (w/v) crystal violet
for 10 minutes. The invaded cells were then photographed under 4X magnification
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using Olympus CKX53 inverted microscope (Olympus, Japan), quantified using
Imaged Version 1.53s Software and the data expressed as fold change of cell invasion

relative to untreated control based on equation shown below (1).

Crystal violet intensity of invaded cells

Cell invasion (Fold change) = (D

Crystal violet intensity of untreated cells

3.7. Cell migration assay

The wound healing cell migration assay was used to assess the potential anti-
migratory activities of the M. balsamina leaf methanol extract in IL-6-induced migration
of MDA-MB-231 cells. This assay measures the two-dimensional collective cell
migration and wound healing, whereby a wound is created by scratching a confluent
cell monolayer, creating a cell-free area which induces cells to migrate into the gap to
heal the wound (Jonkman et al., 2014). To distinguish migrating cells from proliferating
cells the cells were pre-treated with mitomycin C (MMC) prior to the wound-healing
assay. Cells (8x10* cells/well) were seeded in a 24-well plate overnight for attachment,
the spent media was discarded the following day and the cells were pre-treated with
media containing 10 ug/mL MMC for 2 hours at 37°C and 5% CO:2 to inhibit cell
proliferation. Following pre-treatment, the MMC-containing media was removed, and
the cells were washed once with 1x PBS. Then 400 pL of 1x PBS was added, and a
wound was created using a sterile 200 uL pipette tip, PBS containing cell debris was
discarded. The cells were washed twice with 1x PBS, followed by treatment with 50
ng/mL IL-6 or a combination of 50 ng/mL of IL-6 with methanol extract (75 or 100
pug/mL) for 24 hours. The wound area and closure were monitored, and images
captured at 0, 6, and 24 hours of incubation under 10x magnification using Olympus
CKX53 inverted microscope (Olympus, Japan). The wound sizes were measured
using LCmicro software (Version 2.2) and used to quantify the percentage (%) of
wound area and closure using equations (2) and (3), respectively.

Wound (%) = Wound size (In) , 100 2
ouna ared i) = Wound size (T,)

Wound size (T,) — Wound size (T,)
X
Wound size (T

Wound closure (%) = 100 3)
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3.8. Gelatin-Zymography Assay

The gelatin-zymography assay was used to assess the effect of M. balsamina leaf
methanol extract on the enzymatic activity of matrix metalloproteinases (MMPs). This
assay separates proteins based on their molecular weight using SDS-PAGE and
quantifies the proteolytic activity of gelatinase A (MMP-2) and gelatinase B (MMP-9)
based on their ability to degrade gelatin incorporated in the polyacrylamide gel (Raykin
et al., 2017). MDA-MB-231 cells were seeded in a 25 cm? cell culture flask overnight
to attach (80% confluency), then treated with 50 ng/mL of IL-6 or a combination of 50
ng/mL of IL-6 with 75 or 100 ug/mL M. balsamina leaf methanol extract in a serum-
free DMEM for 24 hours. Following treatment, the conditioned media was collected,
and the total protein content was quantified using the BCA protein assay kit (Thermo
Fisher Scientific, USA). The protein was mixed with non-reducing sample buffer [62.5
mM Tris-HCI (pH 6.8), 10% (v/v) glycerol, 1% (v/v) SDS, and 0.01% (w/v)
Bromophenol blue]. The samples (10 ug/uL) were electrophoresed using the Novex™
10% Zymogram Plus (Gelatin) gel (Thermo Fisher Scientific, USA) at 100 V for 60
minutes at 4°C. Following electrophoresis, the gels were washed for 40 minutes at
room temperature on a rocking shaker with 2.5% (v/v) Triton X-100 to remove the SDS
and renature the gelatinases (MMP-2 and -9). The gels were then incubated overnight
at 37°C in a developing buffer [50 mM Tris-HCI (pH 8.0), 150 mM NaCl, 10 mM CaClz],
to allow for the gelatinolytic activity to occur. Following incubation, the gels were
stained for an hour on a rocking shaker with Coomassie Blue R-250 stain, then
destained for 40 minutes with destaining solution [50% (v/v) methanol, 10% (v/v)
glacial acetic acid], and then imaged. The densitometric analysis of the bands was
done using ImagedJ Version 1.53s Software, the relative change in MMPs activity was

determined using equation (4).

Mean intergrated density of band of treated cells

MMP activity = x 100 (4)

Mean intergrated density of band of untreated cells
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3.9. Real-time quantitative Reverse Transcriptase Polymerase Chain Reaction
assay

Real-time quantitative RT-PCR (qRT-PCR) was performed to assess the effect of M.
balsamina leaf methanol extract on the relative mRNA expression of the target genes
in IL-6-activated MDA-MB-231 breast cancer cells. The total RNA was extracted using
RNeasy® Mini Kit (Qiagen, Germany), following the manufacturer’s protocol. Briefly,
MDA-MB-231 cells were seeded in a 75 cm? cell culture flask overnight to reach 80%
confluency, then treated with 50 ng/mL of IL-6 or a combination of 50 ng/mL of IL-6
with 75 or 100 pg/mL M. balsamina leaf methanol extract for 24 hours. The cells were
harvested and pelleted. The cells were lysed by adding buffer RTL (600 pL) and
vortexed for 1 minute, then 70% ethanol (600 pL) was added to the tube and mixed
by gentle pipetting. About 700 uL of the sample mixture was transferred into a RNeasy
Mini spin column placed in a 2 mL collection tube and centrifuged at 8000 x g for 15
seconds. This step was repeated until all the sample mixture was finished. Buffer RW1
(700 pL) was added to the RNeasy spin column and centrifuged at 8000 x g for 15
seconds. Buffer RPE (500 pL) was added to the RNeasy spin column and centrifuged
at 8000 x g for 15 seconds. Buffer RPE (500 pL) was added again to the RNeasy spin
column and centrifuged at 8000 x g for 2 minutes. The RNeasy spin column was
placed in a new 1.5 mL collection tube, and 30 uL of RNase free water was added
directly to the spin column membrane and centrifuged at 8000 x g for 1 minute to elute
the RNA. The column was removed and discarded. A nanodrop was used to assess
the quality and quantity of the eluted RNA. The complementary DNA (cDNA) was
synthesised using the Accuris™ gMax First strand cDNA synthesis Flex Kit was used
to generate first strand cDNA (Accuris, USA). Ten microlitres of RNA (410 ng) was
mixed with 2 yL oligo-dT primers (10 uM), vortexed, centrifuged, and then heated at
70°C for 2 minutes, and then cooled on ice. In a separate tube, RTase mix consisting
of 4 yL 5X RT buffer, 1 uL of High-capacity RT and 3 yL PCR grade water was
prepared. Then the 8 yL RTase mix was added to the 12 yL RNA/primer mix tube,
gently mixed, incubated at 42°C for 1 hour and denatured at 70°C for 10 minutes. The
cDNA was quantified using a nanodrop and stored at -20°C till further use. The
synthesised cDNA was subjected to real-time PCR with primers listed in Table 3.1
using Corbett Rotor-gene 6000 PCR machine (Qiagen, Germany). The reaction
mixture of 25 pyL contained 4 pL of cDNA (50 ng/pL), 2 pL of forward and reverse
primer mix (10 yM), 12.5 pL of 2x SensiMix™ SYBR No-ROX master mix (), and 6.5
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uL water. The amplification was carried out with the initial polymerase activation step
for 10 minutes at 95°C, followed by 40 thermal cycles. The expression levels of each
target gene were normalised using GAPDH, as a housekeeping gene, and the relative

levels of genes were quantified by using the 2™ 22Ct method.

3.10. SDS-PAGE and Western blotting

The effect of M. balsamina leaf methanol extract on the protein expression of MMP-2
and MMP-9 was assessed using western blotting. MDA-MB-231 cells were seeded in
a 75 cm? cell culture flask overnight to attach (80% confluency), then treated with 50
ng/mL IL-6 and a combination of 50 ng/mL IL-6 with 75 or 100 pyg/mL of M. balsamina
leaf methanol extract for 24 hours. Following treatment, the cells were harvested by
scrapping the attached cells and then centrifuged at 120 x g for 10 minutes. The
pelleted cells were resuspended in 1x PBS and centrifuged at 100 x g for 10 minutes
twice. Then the pelleted cells were resuspended in RIPA lysis buffer [10mM Tris-HCI
(pH 8.0), 150 mM NaCl, 0.1% SDS, 1% Triton X-100, and 1% sodium deoxycholate]
supplemented with protease inhibitor cocktail, vortexed and incubated for 30 minutes
on ice. Then the cells were centrifuged at 20 590 x g for 10 minutes at 4°C. The total
protein content was quantified using the bicinchoninic acid (BCA) protein assay kit.
Proteins were separated on 10% sodium dodecyl sulphate-polyacrylamide gels (SDS-
PAGE) at 100 V for 120 minutes. The proteins were then transferred to a
polyvinylidene difluoride (PVDF) membrane at 200 mA for 90 minutes. To prevent non-
specific bindings, the membranes were blocked with 3% bovine serum albumin (BSA)
in 0.1% Tris-buffered saline-Tween-20 (TBST) for an hour at room temperature and
then incubated with primary antibodies in 0.1% TBST-BSA overnight at 4°C. The used
primary antibodies were rabbit anti-MMP-2 (1:500), rabbit anti-MMP-9 (1:500), rabbit
anti-vimentin (1:1000), mouse anti-B-actin (1:1 000) and mouse anti-TIMP3 (1:1000).
The membranes were washed with 0.1% TBST three times at 5-minute intervals and
once with 1xTBS for 5 minutes before being incubated in peroxidase labelled
secondary antibodies, goat-(anti-mouse and anti-rabbit) (1:20 000) for an hour on a
rocking platform at room temperature. Following incubation, the membranes were
washed with 0.1% TBST three times at 5 minutes intervals and once with 1xTBST for
5 minutes. The membranes were visualised using the Chemi Reagent Mix: ECL
detection system (v/v) and captured using C-Digit Blot Scanner (LI-COR Biosciences,
USA). The densitometric analysis of the bands was done using Imaged Version 1.53s
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Software and quantified by normalising protein expression to (-actin. Data was shown
as fold change relative to untreated control.

3.11. Cell adhesion assay

The effect of M. balsamina leaf methanol extract on the adhesiveness of |L-6-activated
MDA-MB-231 cells was assessed using cell attachment assay as previously described
Yahayo et al., 2013, with minor modifications. This assay assesses the ability of the
cells to adhere to the other cells and specific surface such as cell culture plates. Briefly,
MDA-MB-231 cells (2x10* cells/well) were seeded in a 24-well plate overnight to
attach. The cells were then treated with 50 ng/mL of IL-6 or a combination of 50 ng/mL
of IL-6 with methanol extract (75 or 100 pg/mL) for 24 hours. Following treatment, the
cells were washed with 1x PBS, and detached using 1X trypsin. The detached cells
were reconstituted in 1000 uL of DMEM and replated onto a new corning 24-well plate,
incubated at 37°C in a humidified environment with 5% CO2 and allowed to adhere to
the surface of the plate for 3 hours. After incubation, the media was aspirated, and the
non-adherent cells were washed three times with 1x PBS. The adherent cells were
fixed with 200 pL of fixation solution (Abcam, USA) for 30 minutes at room
temperature. Following fixation, the cells were stained with cell stain (EMD Millipore,
USA) for 5 minutes at room temperature. The cell stain was discarded, the cells were
washed 5 times with 1x PBS and allowed to airdry before being photographed. The
images were photographed under a 4x objective lens of Olympus CKX53 inverted light
microscope (Olympus, Japan). Then, the cell-bound stain was solubilised by adding
250 uL of extraction buffer (EMD Millipore, USA) for 15 minutes on a rocking platform.
The absorbance was measured at 560 nm using Multiskan Sky microplate
spectrophotometer (Thermo Scientific, USA). The fold change of attached cells

relative to untreated control was calculated using equation 5.

Absorbance of treated cells

Cell adhesion (Fold change) = (5)

Absorbance of untreated cells
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3.12. Extracellular matrix protein attachment assay

The effect of M. balsamina leaf methanol extract on the attachment of IL-6-activated
MDA-MB-231 to extracellular matrix proteins was assessed using the CHEMICON®
ECM cell adhesion array kit (Merck, USA). This colorimetric assay evaluates the
binding of cells to the specific ECM proteins coated on well strips. Briefly, MDA-MB-
231 cells (2x10°) treated with 50 ng/mL of IL-6 or a combination of 50 ng/mL of IL-6
with 75 or 100 yg/mL M. balsamina leaf methanol leaf extract for 24 hours were
resuspended in assay buffer. Then 100 uL of the cell suspension was added in the
wells of the ECM array plate and incubated for 1 hour at 37°C and 5% COz2. Following
incubation, the assay buffer was discarded from the wells, and the wells were washed
3 times with 200 pL of assay buffer. After washing the cells were stained with 100 L
of cell stain solution for 5 minutes at room temperature on a rocking platform. The stain
was discarded, and the wells were washed 5 times with distilled water and allowed to
airdry for 3 minutes. Then, the cell-bound stain was solubilised by adding 100 uL of
extraction buffer for 10 minutes on a rocking platform. The absorbance was measured
at 560 nm using Multiskan Sky microplate spectrophotometer (Thermo Scientific,
USA). Percentage of attached cells was calculated using equation 6.

Absorbance of treated cells

cell attachment (%) = 100 (6)

X
Absorbance of untreated control

3.13. Statistical analysis

The results were expressed as the mean + SEM of three independent experiments
performed in duplicates. Graphical data were analysed using GraphPad Prism Version
8.4.2 Statistical Software, by one-way analysis of variance (ANOVA), followed by
Tukey’s Multiple Comparisons test. Statistical differences between treatments and the
controls were calculated using GraphPad Prism Version 8.4.2 Statistical Software, by
one-way analysis of variance (ANOVA) followed by Tukey’s Multiple Comparisons
test. Data was considered significant where p < 0.05.
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CHAPTER FOUR

4. Results

4.1. The effect of Momordica balsamina leaf methanol extract on the viability of
HEK-293 kidney and MDA-MB-231 breast cancer cells.

An important characteristic of an ideal anticancer agent is its ability to selectively
interfere with and reduce the viability and/or proliferation of cancer cells while not
affecting highly proliferative normal cells (Senggunprai et al., 2016; Singh et al., 2016).
Hence, the effect of M. balsamina leaf methanol extract (MBME) on the viability of
MDA-MB-231 breast cancer and an in vitro toxicology model HEK-293 kidney cells
was investigated using Muse® Count and Viability assay. As depicted in Figure 4.1A,
the MBME at concentrations below 125 pg/mL did not have a notable effect on the
viability of MDA-MB-231 cells; however, a non-significant and significant (p < 0.05)
reduction in cell viability was observed in MDA-MB-231 exposed to 125 ug/mL and
150 pg/mL, respectively, of MBME compared to the untreated control. On the other
hand, MBME was seen to reduce HEK-293 cell viability in a concentration-depended
manner with a significant (p < 0.001) reduction in cell viability at concentrations of 125
pug/mL and above (Figure 4.1B). Curcumin was seen to have no effect on the viability
of both the cell lines. Based on these findings, the concentrations of MBME (75 and
100 pg/mL) were chosen for further assays as they exhibited no significant toxicity
towards the HEK-293 cells.
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Figure 4.1: The effect of Momordica balsamina leaf methanol extract (MBME) on the
viability of MDA-MB-231 (A) and HEK-293 cells (B). Cells were treated with varying
concentrations of MBME or 20 uM curcumin for 24 hours. The effect of the extract on cell
viability was assessed using Muse® Count and viability assay. Each data point is a
representative of mean + SEM of three independent experiments, performed in duplicates. *p
< 0.05, **p < 0.001, indicates significant statistical difference to the untreated control.
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4.2. Determination of the mode of cell death induced by treatment of Momordica
balsamina leaf methanol extract on the MDA-MB-231 cells.

To further confirm the lack of significant cytotoxicity of the MBME on the MDA-MB-231
cells, the potential mode of cell death induced by the MBME in MDA-MB-231 cells was
assessed using the Annexin-V-FLUOS kit. As demonstrated in Figure 4.2 treatment
with MBME (50 or 100 pyg/mL) resulted in a non-significant concentration-dependent
increase in the percentage of MDA-MB-231 cells undergoing apoptosis as compared
to the untreated control. Treatment with 20 yM curcumin, however, resulted in a
significant (p < 0.001) increase in the percentage of MDA-MB-231 cells undergoing
apoptosis compared to untreated control.
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Figure 4.2: The effect of Momordica balsamina leaf methanol extract on the induction
of apoptosis on the MDA-MB-231 cells. Cells were treated with 50 or 100 ug/mL of MBME,
0.1% DMSO or 20 yM curcumin for 24 hours. The Annexin-V-FLUOS kit was used to

determine the percentage of cells undergoing apoptosis. Figure A is a represents the Muse®

apoptotic profiles from one of three independent experiments, while Figure B represents the

percentage of cells undergoing apoptosis. Each data point is a representative of mean + SEM

of three independent experiments, performed in duplicates. ***p < 0.001, indicates significant

statistical difference.
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4.3. The effect of Momordica balsamina leaf methanol extract on the production
of intracellular nitric oxide in IL-6-activated MDA-MB-231.

Nitric oxide is a free radical that has been linked to tumour progression and metastatic
cascade (Huang et al.,, 2017). The effect of Momordica balsamina leaf methanol
extract on the intracellular nitric oxide production of IL-6-activated MDA-MB-231 cells
was investigated using a Muse® Nitric oxide kit. Figure 4.3. shows that activating
MDA-MB-231 breast cancer cells with IL-6 (50 ng/mL) resulted in a non-significant
increase in intracellular nitric oxide production. At 24-hours of treatment with 75 and
100 ug/mL of MBME, there was a concentration-dependent induction of intracellular
nitric oxide production in IL-6-activated MDA-MB-231 cells, with 100 pg/mL of MBME
significantly inducing nitric oxide production in comparison to IL-6-activated cells (p <
0.05) and untreated cells (p < 0.01).
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Figure 4.3: The Momordica balsamina leaf methanol extract induces intracellular nitric
oxide production in IL-6-activated MDA-MB-231 cells. Cells were activated with IL-6 (50
ng/mL), then treated with 75 or 100 ug/mL of MBME for 24 hours. The effect of the MBME on
the intracellular production of nitric oxide was assessed using Muse® Nitric oxide kit. Each
data point is a representative of mean £ SEM of two independent experiments, performed in
duplicates. #p < 0.01, indicates statistical difference to the untreated control and *p < 0.05,

indicates statistical difference to the |L-6-activated cells.
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44. The effect of Momordica balsamina leaf methanol extract on the
invasiveness abilities of IL-6-activated MDA-MB-231 cells.

Tumour cells’ invasive abilities is attributed to the proteolytic degradation of the ECM
and BM by MMPs to provide a passage for migratory cells to disseminate to distant
sites (Odenthal et al., 2016). The transwell cell invasion assay was used to assess the
anti-invasiveness effects of Momordica balsamina leaf methanol extract on the IL-6-
activated MDA-MB-231 cells. Activation of MDA-MB-231 cells with 50 ng/mL of IL-6
enhanced the invasive abilities of the MDA-MB-231 cells, which can be seen by the
intensity of invaded crystal violet-stained cells in Figure 4.4A, the treatment with 75 or
100 pg/mL of MBME, however; showed a concentration-dependent inhibition in cell
invasiveness. Furthermore, quantitative analysis of invaded cells revealed that there
was a significant induction in MDA-MB-231 cell invasiveness after IL-6 activation (p <
0.01), followed by a significant concentration-dependent inhibition in IL-6-induced
MDA-MB-231 cell invasiveness when treated with 75 pg/mL (p < 0.01) or 100 pg/mL
(p < 0.001) of MBME after 24 hours (Figure 4.4B).
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Figure 4.4: The Momordica balsamina leaf methanol extract inhibits IL-6-induced MDA-
MB-231 cell invasiveness. Cells were activated with 50 ng/mL of IL-6 and treated with 75 or
100 pg/mL of MBME for 24 hours. A BME coated transwell plate was used to assess the
invasiveness of |L-6-activated MDA-MB-231 cells after 24 hours of treatment. The invaded
MDA-MB-231 cells were stained and photographed under a 4x objective using inverted
microscope (A) and Imaged was used to quantify the number of invaded cells. Data was
expressed as Fold of cell invasion (B). Each data point is a representative of mean + SEM of
three independent experiments, performed in duplicates. #p < 0.01, indicates statistical
difference to the untreated control and **p < 0.01, ***p < 0.001, indicates statistical difference
to the IL-6-activated cells.
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4.5. The Momordica balsamina leaf methanol extract exhibits anti-migratory
effects in IL-6-activated MDA-MB-231 cells.

Cancer cell migration is an essential process in the metastatic cascade that leads to
the development of metastatic lesions (Wu et al., 2021). The wound healing assay
was used to evaluate the effect of M. balsamina leaf methanol extract on the migratory
abilities of IL-6-activated MDA-MB-231 cells. As depicted in Figures 4.5A treatment
with 50 ng/mL IL-6 resulted in increased migration of MDA-MB-231 cells as shown by
a complete closure of the wound area compared to the untreated control, which was
still open at 24 hours. Treatment of IL-6-activated MDA-MB-231 cells with 75 or 100
ug/mL of MBME showed a concentration-dependent inhibition of cell migration
(Figures 4.5A and B) at 6 and 24 hours. Furthermore, wound closure analysis (Figure
4.5C) revealed that the observed inhibition of IL-6-activated MDA-MB-231 cell
migration was significant (p < 0.0001) at 6 and 24 hours of treatment. Moreover, 20
MM of curcumin inhibited the migration of |IL-6-activated MDA-MB-231 cells in a time-
dependent manner (p < 0.001).
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Figure 4.5: The Momordica balsamina leaf methanol extract exerts anti-migratory
effects on IL-6-activated MDA-MB-231 cells. The confluent monolayer of MDA-MB-231 cells
was wounded and then activated with 50 ng/mL of IL-6 and treated with 75 or 150 pg/mL of
MBME or 20 uM curcumin for 24 hours. After 6 and 24 hours of incubation, cells were observed
and photographed under a 10x objective using inverted microscope. Figure A represents cell
migration pictures from one of three independent experiments photographed under a 10x
objective using inverted microscope and LCmicro was used to measure the wound sizes. Data
is expressed as percentage of wound area (B) and wound closure (C). Each data point is a
representative of mean + SEM of three independent experiments, performed in duplicates. #p
< 0.01, ##p < 0.0001, indicates statistical difference to the untreated control and ****p <

0.0001, indicates statistical difference to the IL-6-activated cells.
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4.6. The effect of Momordica balsamina leaf methanol extract on the mRNA and
protein expression of MMP-2 and MMP-9 in IL-6-activated MDA-MB-231 cells.
The matrix metalloproteinase-2 and matrix metalloproteinase-9 promote the
invasiveness of tumour cells by facilitating the degradation of the basement membrane
and extracellular matrix (Dongre and Weinberg, 2019). The Momordica balsamina leaf
methanol extract exhibited inhibitory effects on the invasiveness of IL-6-activated
MDA-MB-231 cells. As such, to elucidate the mechanism behind the anti-invasiveness
effects, the effect of MBME on the mRNA and protein expression levels of MMP-2 and
MMP-9 was investigated using quantitative RT-PCR and western blotting,
respectively. As observed in Figure 4.6 and 4.7A, the activation with 50 ng/mL of IL-
6 significantly upregulated the mRNA and protein expression levels of both MMP-2
and MMP-9 in MDA-MB-231 cells. The quantification revealed that treatment with 75
or 100 pg/mL of MBME led to a significant downregulation of the IL-6-induced MMP-2
and MMP-9 expression at the mRNA and protein level in a concentration-dependent
manner (Figure 4.6 and 4.7B).
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Figure 4.6: The Momordica balsamina leaf methanol extract downregulates the mRNA
expression of MMP-2 and MMP-9 in IL-6-activated MDA-MB-231 cells. Cells were
activated with 50 ng/mL of IL-6 and treated with 75 or 100 ug/mL of MBME for 24 hours. MMP-
2 and MMP-9 expression was assessed using quantitative RT-PCR. Each data point is a
representative of mean + SEM of two independent experiments, performed in duplicates. #p
< 0.01, indicates statistical difference to the untreated control and **p < 0.01, ****p < 0.0001

indicates statistical difference to the |IL-6-activated cells.
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Figure 4.7: The Momordica balsamina leaf methanol extract downregulates MMP-2 and
MMP-9 protein expression in IL-6-activated MDA-MB-231 cells. Cells were activated with
50 ng/mL of IL-6 and treated with 75 or 100 pg/mL of MBME for 24 hours. MMP-2 and MMP-
9 expression was assessed using western blotting. ImagedJ software was used to analyse the
mean integrated density of bands, which were then quantified by normalizing to f-actin. Each
data point represents the mean + SEM of two independent experiments. #p < 0.05 indicates
statistical difference to the untreated control. *p < 0.05, **p < 0.01, ***p < 0.001 indicates

statistical difference to the |IL-6-activated cells.
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4.7. The effect of Momordica balsamina leaf methanol extract on the gelatinolytic
activity of MMP-2 and MMP-9 in IL-6-activated MDA-MB-231 cells.

The proteolytic activity of matrix metalloproteinases against ECM components
promotes cancer cell invasiveness and migration (Das et al., 2017). MMP-2 and MMP-
9 are the important MMPs that facilitate the degradation of the ECM and BM (Deb et
al., 2015). Therefore, the effect of MBME on the gelatinolytic activity of MMP-2 and
MMP-9 in IL-6-activated MDA-MB-231 cells was determined using Gelatin-
zymography assay. As depicted in Figure 4.8A, treatment of IL-6-activated MDA-MB-
231 cells with 75 or 100 pg/mL of MBME reduced the gelatinolytic activity of MMP-2
and MMP-9 as compared to the untreated control. The densitometric analysis of the
bands showed a significant concentration-dependant inhibition of the gelatinolytic
activity of both MMP-2 (p < 0.01; p < 0.001) and MMP-9 (p < 0.001) (Figure 4.8B)
after treatment with 75 or 100 uyg/mL of MBME. Furthermore, as shown in Figure 4.8,
there was no significant induction or reduction of the gelatinolytic activity of either

MMP-2 and MMP-9 in cells activated with IL-6 as compared to the untreated control.
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Figure 4.8: The Momordica balsamina leaf methanol extract inhibits the gelatinolytic
activity of MMP-2 and MMP-9 in MDA-MB-231 cells. Cells were activated with IL-6 (50
ng/mL), then treated with 75 or 100 pg/mL of MBME for 24 hours, and the MMP-2 and MMP9
activity was assessed using gelatin-zymography. The mean integrated density of bands was
analysed using ImagedJ software. Each data point is a representative of mean + SEM of two
independent experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001 indicates statistical
difference to the IL-6-activated MDA-MB-231 cells.
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4.8. The effect of Momordica balsamina leaf methanol extract on TIMP-3
expression in IL-6-activated MDA-MB-231 cells.

The progression cancer is determined by the balance between active MMPs and
TIMPs, which regulates the total activity of MMPs (Deb et al., 2015). Tissue inhibitor
of matrix metalloproteinases-3 negatively regulates the proteolytic activity of MMP-2
and MMP-9, to suppress cell invasion and metastasis (Groblewska et al., 2012; Loffek
et al., 2011). Given the significance of TIMP-3 expression levels in regulating MMP
activity and tumour invasiveness, western blotting was used to assess the effect of
MBME on TIMP-3 protein expression levels in IL-6-activated MDA-MB-231 cells. As
shown in Figure 4.9A, treatment with 75 or 100 pg/mL of MBME upregulated the
protein expression of TIMP-3 in IL-6-activated MDA-MB-231 cells. The increased
TIMP-3 protein expression levels were in a concentration-dependent manner Figure
4.9B.
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Figure 4.9: The Momordica balsamina leaf methanol extract upregulated TIMP-3 protein
expression levels in IL-6-activated MDA-MB-231 cells. Cells were activated with 50 ng/mL
of IL-6 and treated with 75 or 100 ug/mL of MBME for 24 hours. TIMP-3 expression was
assessed using western blotting. ImagedJ software was used to analyse the mean integrated
density of bands, which were then quantified by normalizing to 3-actin. This data shows results

from single experiment.
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4.9. The effect of Momordica balsamina leaf methanol extract on vimentin in IL-
6-activated MDA-MB-231 cells.

Vimentin is a mesenchymal marker that promotes EMT, and its overexpression has
been linked to enhanced metastatic abilities in solid cancers (Usman et al., 2021; Wu
et al., 2018). The effect of the M. balsamina leaf methanol extract on vimentin protein
expression levels in IL-6-activated MDA-MB-231 cells was investigated using western
blotting. As depicted in Figure 4.10A, activation with 50 ng/mL of IL-6 upregulated
vimentin protein expression levels in MDA-MB-231 cells. However, treatment with 75
or 100 uyg/mL of MBME downregulated the IL-6-induced vimentin protein expression
in MDA-MB-231 cells in a concentration-dependant manner Figure 4.10A and B.
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Figure 4.10: The Momordica balsamina leaf methanol extract downregulated the
expression of vimentin in IL-6-activated MDA-MB-231 cells. Cells were activated with 50
ng/mL of IL-6 and treated with 75 or 100 pg/mL of MBME for 24 hours. Vimentin expression
was assessed using western blotting. ImagedJ software was used to analyse the mean
integrated density of bands, which were then quantified by normalising to -actin. This data

shows results from single experiment.
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4.10. The effect of Momordica balsamina leaf methanol extract on the mRNA
expression of Bax and Bcl-2 in IL-6-activated MDA-MB-231 cells.

The expression of Bcl-2 and Bax not only mediates apoptosis but also cell
invasiveness and metastatic progression (Denisenko et al., 2019). The effect of
Momordica balsamina leaf methanol extract on Bax and Bcl-2 mRNA expression
levels in IL-6-activated MDA-MB-231 cells was assessed using quantitative RT-PCR.
As shown in Figure 4.11, treatment with IL-6 significantly (p < 0.01) downregulated
the mRNA expression of Bax, whereas treatment with MBME counteracted the IL-6
effect and significantly upregulated Bax mRNA expression in a concentration-
dependent manner (p < 0.01). In contrast, MBME significantly (p < 0.01, p < 0.001)
downregulated the IL-6-induced Bcl-2 mRNA expression in IL-6-activated MDA-MB-

231 cells in a concentration-dependent manner (Figure 4.12).

50
©University of Limpopo



%k %k

%k %k %k

Fold change relative to untreated control
()
]

0.0-
IL-6 (50 ng/ml) + +
MBME (ng/ml) = - 75 100

Figure 4.11. The Momordica balsamina leaf methanol extract upregulates Bax mRNA
expression in IL-6-activated MDA-MB-231 cells. Cells were activated with IL-6 (50 ng/mL),
then treated with 75 or 100 pg/mL of MBME for 24 hours. The effect of the MBME on the Bax
MmRNA expression was assessed using quantitative RT-PCR. Each data point is a
representative of mean + SEM of two independent experiments, performed in duplicates. #p <
0.05, indicates statistical difference to the untreated control and ***p < 0.001, indicates

statistical difference to the IL-6-activated cells.
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Figure 4.12. The Momordica balsamina leaf methanol extract downregulates Bcl-2
mRNA expression in IL-6-activated MDA-MB-231 cells. Cells were activated with IL-6 (50
ng/mL), then treated with 75 or 100 ug/mL of MBME for 24 hours. The effect of the MBME on
Bcl-2 mRNA expression was assessed using quantitative RT-PCR. Each data point is a
representative of mean + SEM of two independent experiments, performed in duplicates. *p <

0.05, ***p < 0.001, indicates statistical difference to the IL-6-activated cells.
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4.11. The effect of Momordica balsamina leaf methanol extract on the mRNA
expression of JAK2 and STAT3 in IL-6-activated MDA-MB-231 cells.

The majority of IL-6-dependent metastatic effects are as a result of gene expression
changes modulated by the transcriptional regulatory activity of STAT3 from the IL-
6/JAK2/STAT3 pathway (Manore et al., 2022; Razidlo et al., 2018). The effect of
Momordica balsamina leaf methanol extract on the transcription of JAK2 and STAT3
in IL-6-activated MDA-MB-231 cells was assessed using gRT-PCR. An increase in
JAK2 (p < 0.01) and STAT3 mRNA expression levels was observed following
activation of MDA-MB-231 with IL-6 (Figures 4.13 and 4.14). However, treatment with
75 or 100 pg/mL of MBME resulted in a significant concentration-dependent decrease
in JAK2 (p <0.05, p<0.01)and STAT3 (p < 0.01) mRNA expression in |IL-6-activated

MDA-MB-231 cells in a concentration-dependent manner.
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Figure 4.13: The Momordica balsamina leaf methanol extract downregulates the IL-6-
induced JAK2 mRNA expression in IL-6-activated MDA-MB-231 cells. Cells were
activated with IL-6 (50 ng/mL), then treated with 75 or 100 ug/mL of MBME for 24 hours. The
effect of the MBME on the mRNA expression of JAK2 was assessed using real-time PCR.
Each data point is a representative of mean + SEM of two independent experiments,
performed in duplicates. #p < 0.01, indicates statistical difference to the untreated control and

*p < 0.01, ***p < 0.001, indicates statistical difference to the IL-6-activated cells.
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Figure 4.14. The Momordica balsamina leaf methanol extract downregulates the STAT3
mRNA expression in IL-6-activated MDA-MB-231 cells. Cells were activated with IL-6 (50
ng/mL), then treated with 75 or 100 ug/mL of MBME for 24 hours. The effect of the MBME on
the mRNA expression of STAT3 was assessed using qRT-PCR. Each data point is a
representative of mean + SEM of two independent experiments, performed in duplicates. **p

< 0.01, indicates statistical difference to the |IL-6-activated cells.
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4.12. The effect of Momordica balsamina leaf methanol extract on MDA-MB-231
cell adhesiveness.

The ability of cancer cells to adhere to the ECM is critical for the development of the
secondary lesions (Holle et al., 2016). The anti-adhesiveness effects of M. balsamina
leaf methanol extract on the IL-6-activated MDA-MB-231 cells was assessed using the
cell adhesion assay. The enhanced MDA-MB-231 cell adhesiveness was observed
following activation with IL-6, as demonstrated by the enhanced number of stained-
adherent cells after activation with IL-6 in Figure 4.15A as compared to the untreated
control. Treatment with 75 or 100 pg/mL of MBME resulted in a reduced cell
adhesiveness of IL-6-activated MDA-MB-231 cells as indicated by the reduced
number of stained-adherent cells in Figure 3.15A when compared to IL-6-activated
MDA-MB-231 cells. The quantification indicated that IL-6 activation resulted in a
significant increase (p < 0.05) in MDA-MB-231 cell adhesiveness (Figure 3.15B).
However, treatment with 75 or 100 pg/mL of MBME resulted in a significant
concentration-dependent reduction (p < 0.05, p < 0.01) in the IL-6-induced MDA-MB-
231 cell adhesiveness (Figure 3.15B).
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Figure 4.15: The Momordica balsamina leaf methanol extract inhibits IL-6-induced MDA-
MB-231 cell adhesiveness. Cells were activated with 50 ng/mL of IL-6 and treated with 75 or
100 pg/mL of MBME for 24 hours. Cell attachment assay was used to assess the
adhesiveness of MBME-treated IL-6-activated MDA-MB-231 cells. The attached cells were
stained and photographed under a 4X objective using inverted light microscope (A) and
quantified using equation (5) (B). Each data point is a representative of mean + SEM of three
independent experiments, performed in duplicates. #p < 0.05, indicates statistical difference to
the untreated control and *p < 0.05, **p < 0.01, indicates statistical difference to the IL-6-

activated cells.
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413. The effect of Momordica balsamina leaf methanol extract on the
attachment of IL-6-activated MDA-MB-231 to extracellular matrix proteins.

The attachment of cells to the extracellular matrix proteins promotes signalling
pathways that supports tumour cell survival and development of successful secondary
metastases (He et al., 2022). The effect of MBME on the attachment of IL-6-activated
MDA-MB-231 to the ECM proteins was assessed using CHEMICON® ECM protein
array kit. Activation of MDA-MB-231 cells with IL-6 significantly (p < 0.05) promoted
the attachment of MDA-MB-231 to ECM proteins collagen |, II, and IV, fibronectin,
tenascin, vitronectin (p < 0.01) and, laminin (p < 0.001) (Figure 4.16). Treatment with
75 or 100 pg/mL of MBME reduced the IL-6-induced MDA-MB-231 cell attachment to
collagen | and IV, fibronectin, laminin, tenascin, and vitronectin in a concentration-
dependent manner. Attachment to collagen | was significantly (p < 0.05) reduced
following treatment with 100 pyg/mL of MBME. Moreover, treatment with 75 or 100
pug/mL of MBME significantly reduced the attachment of |IL-6-activated MDA-MB-231
cells to laminin (p < 0.001; p < 0.0001) and vitronectin (p < 0.01) in a concentration-
dependent manner. On the contrary, treatment with 75 ug/mL of MBME promoted the
attachment of IL-6-activated MDA-MB-231 cells to collagen Il, however; the
attachment of |L-6-activated MDA-MB-231 cells to collagen Il were reduced following
treatment with 100 uyg/mL of MBME (Figure 4.16).
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Figure 4.16: The Momordica balsamina leaf methanol extract reduced the attachment of IL-6-activated MDA-MB-231 cells to the ECM
proteins. Cells were activated with IL-6 (50 ng/mL), then treated with 75 or 100 ug/mL of MBME for 24 hours, and then allowed to attach on the
CHEMICON® ECM protein coated wells for 1Thour. Each data point is a representative of mean + SEM of two independent experiments, performed
in triplicates. #p < 0.05, #p < 0.01,##p < 0.0001, indicates statistical difference to the untreated control and *p < 0.05, ***p < 0.001, ****p < 0.0001

indicates statistical difference to the |IL-6-activated cells.
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CHAPTER FIVE

5. Discussion

Metastasis is the key cause of cancer mortality and attributed to about 90% of cancer
deaths from solid tumours (Entschladen et al., 2004; Kramer et al., 2013). Although
solid tumours are associated with invasiveness and metastasis, the evaluation of
potential drugs for solid tumours is predominantly based on the induction of a rarely
sustainable tumour shrinkage via apoptosis which is not indicative of anti-metastatic
effects rather than the potential to inhibit local invasion and colonisation at the
secondary site (Gandalovicova et al., 2017). As such, the emphasis in the
development of cancer therapeutics should be on drugs that target the most lethal
attribute of malignant cancer (migrastatics); the spreading of cancer cells from their
primary site and their ability to colonise at distant sites (Gandalovi¢ova et al., 2017,
Kramer et al., 2013; Solomon et al.,, 2021). Migrastatics are expected to be
administered continuously to inhibit cell invasiveness, as such they must exhibit
minimal toxicity as compared to cytotoxic drugs (GandaloviCova et al., 2017). The
regular consumption of medicinal plants has been demonstrated to mitigate a variety
of ailments, making them a safer alternative for development of novel migrastatics and
anti-cancer agents as natural plants are more tolerable than synthetic drugs (Olalere
and Gan, 2020). Although 60% of currently used anticancer drugs are plant-derived,
only a few exhibits anti-metastatic effects, thus the urge to continuously investigate
plant extracts and/or plant-derived compounds for the development of novel
migrastatics for cancer therapy persists. In this regard, this study investigated the
potential anti-invasiveness effects of Momordica balsamina leaf methanol extract on

IL-6-activated triple-negative MDA-MB-231 breast cancer cell line.

An enhanced cellular proliferation is a notable feature of cancerous cells; hence the
anticancer agents are engineered to exert their cytotoxic and cytostatic effects by
decreasing the viability and/or proliferation of highly proliferative cells (GandaloviCova
et al., 2017; Singh et al., 2016). However, the effects of these anticancer agents are
also toxic to highly proliferative non-cancerous cells (Singh et al., 2016). Thus, the
search for an ideal anticancer agent that selectively targets cancerous cells while

remaining non-toxic to highly proliferating cells persists. As such, the Momordica
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balsamina leaf methanol extract was evaluated for its potential selective toxicity using
the in vitro toxicology model Human embryonic kidney (HEK-293) and metastatic
breast MDA-MB-231 cancer cells. Our findings revealed that the extract did not
selectively affect MDA-MB-231 cells. The HEK-293 cells were found to be more
sensitive to the M. balsamina leaf methanol extract (MBME) as compared to the MDA-
MB-231 cells, as a significant decrease in the viability of HEK-293 cells was observed
in concentrations above 100 pg/mL, whereas a significant decrease in the viability of
MDA-MB-231 cells was observed at 150 pyg/mL (Figure 4.1). However, concentrations
<100 pg/mL of MBME exhibited minimal toxicity to both MDA-MB-231 and HEK-293
cells. A decrease in the viability of cells is associated with the inhibition of metabolism
or definite cell death (Sazonova et al., 2022). In this regard, the mode of cell death
induced by the extract was investigated. The externalisation of the inward facing
phosphatidylserine to the outer surface of the cell membrane, while the cell membrane
remains intact is an early indicator of cells undergoing apoptosis (Chen et al., 2018;
Wong, 2011). The staining of treated cells by annexin V suggest that there was
externalisation of PS, indicative of apoptotic cell death (Figure 4.2). Thus, these
findings suggest that the observed decrease in viability (Figure 4.1) was associated
with non-significant induction of the apoptotic cell death. Based on these findings, the
sub-lethal concentrations of MBME (75 and 100 pg/mL) were chosen to assess the

anti-metastatic effects of M. balsamina leaf methanol extract.

The epithelial-to-mesenchymal transition is an essential first step in the development
of metastatic cancer (Pearson, 2019), that leads to the loss of apical-basal cell polarity
and acquisition of mesenchymal features which enhances cancer cell invasiveness
and metastatic abilities (Scheau et al., 2019). Vimentin is a well-known key biomarker
and mediator of EMT whose overexpression is associated with enhanced TNBC
invasiveness, migration, and metastasis (Winter et al., 2021). Overexpression of
vimentin further promotes a successful metastasis by shielding cancer cells from
mechanical stresses during invasion and migration (Usman et al., 2021). In the present
study, vimentin expression was enhanced following activation with IL-6 in MDA-MB-
231 cells (Figure 4.10). However, treatment with 75 or 100 ug/mL of MBME reduced
the IL-6-induced vimentin expression in MDA-MB-231 cells, suggesting the potential
of MBME to inhibit EMT.
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Cell invasion is another fundamental process in the development of metastases that
provides a passageway for the dissemination of detached cells through the
restructuring of the ECM and BM (Thakur and Venkateswara, 2016). Matrix
metalloproteinases-2 and -9, whose expression and activity are enhanced in breast
cancer, facilitate the proteolysis of ECM and BM and thereby enhancing the
invasiveness of tumour cells and their migration to distant organs. (Jiang and Li, 2021;
Laronha and Caldeira, 2020). Thus, inhibiting MMP-2, MMP-9 and subsequently cell
invasiveness serves as a potentially effective approach of inhibiting cancer metastasis
(Hong et al., 2022). In the present study, the treatment of IL-6-activated MDA-MB-231
cells with MBME reduced the IL-6-induced MMP-2 and MMP-9 expression at the
mRNA and protein levels (Figure 4.6 and 4.7), as well as inhibited MMP-2 and -9
protein activity (Figure 4.8). These findings suggests that the observed significant
inhibition in cell invasiveness (Figure 4.4) may be attributed to the downregulation of
MMP-2 and -9 expression as well as the inhibition of MMP-2 and -9 activity.

The proteolytic activity of MMPs is tightly regulated by their specific endogenous
inhibitors called TIMPs (Groblewska et al., 2012). Tissue inhibitors of matrix
metalloproteinases prevent the activation of latent MMPs by binding to the active site
of the protein with high affinity and specificity (Wang and Khalil, 2018). Research
shows the prevalence of TIMP-3 gene silencing in breast cancer. The repression of
the ECM-bound TIMP-3 is associated with enhanced MMP-2 and MMP-9 activity,
tumour invasiveness, and metastasis (Cabral-Pacheco et al., 2020; Deb et al., 2015).
On the contrary, the increased expression of TIMP-3 is linked to suppressed tumour
growth, angiogenesis, invasiveness, and consequently reduced metastasis (Deb et
al., 2015; Han et al., 2018) by negatively regulating the proteolytic activity of MMP-2
and MMP-9 (Groblewska et al., 2012; Loffek et al., 2011). Interestingly, Han et al.,
2018 reported that the activation of STAT3 by IL-6 leads to the inhibition of TIMP-3
expressions. Consistent with the reported findings, there was relatively low protein
expression of TIMP-3 in both non-activated and IL-6-activated MDA-MB-231 cells as
shown in Figure 4.9A. However, treatment with MBME upregulated TIMP-3 protein
expression levels in IL-6-activated MDA-MB-231 cells (Figure 4.9A and B). Therefore,
the suppressed proteolytic activity of MMP-2 and MMP-9 (Figure 4.8) may be
attributed to the upregulation of TIMP-3 protein expression levels induced by treatment

with the extract (Figure 4.9).
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Despite the complexity of the metastatic cascade, a common feature in all stages of
metastasis is cancer cell migration, which strongly orchestrates cancer progression in
patients (Liew et al., 2017; Stoletov et al., 2020). It is therefore of utmost relevance to
target cell migration in search for anti-metastatic agents. In this study, the results
demonstrated that IL-6 enhanced the MDA-MB-231 cell migratory abilities, but MBME
treatment significantly inhibited the IL-6-induced MDA-MB-231 cell migration in a
concentration and time-dependent manner (Figure 4.5). The reduced migratory
abilities can be attributed to the suppression of vimentin (EMT marker), MMP-2, MMP-
9 expression, and activity as well as cell invasiveness by MBME.

The pro-survival and pro-apoptotic members of the Bcl-2 family have also been
reported to regulate cell invasiveness and migration (Um, 2016). The expression of
Bcl-2 and Bax therefore not only regulates apoptosis but also metastatic progression.
Upregulation of Bcl-2 and downregulation of Bax protein expression levels enhances
the expression and activity of uPA, MMP-2 and MMP-9 thereby resulting in increased
cell invasiveness (Denisenko et al., 2019; Lee et al., 2010; Um, 2016). However, co-
expression of Bcl-2 proteins with Twist, c-Myc, and exposure to hypoxic conditions is
required to sufficiently induce cell invasiveness (Denisenko et al., 2019). Enhanced
tumour proliferation causes hypoxia in the TME, resulting in persistently low levels of
nitric oxide, which further accelerates tumour progression (Huang et al., 2017).
However, elevated levels of nitric oxide have been reported to attenuate the
expression and activity of MMP-2 (Chen and Wang, 2004; Jacob-Ferreira et al., 2013)
and MMP-9 expression (Cheng et al., 2014). Elevated NO levels reacts with ROS and
produce Peroxynitrite, and high levels of Peroxynitrite are reported by Jacob-Ferreira
et al. (2013) to inhibit MMP-2 activity. Nonetheless, the effects of Bcl-2 and NO on cell
invasiveness differ based on cell lines. As a result, the effects of MBME on the mRNA
expression of Bcl-2 and Bax as well as the production of NO in IL-6-activated MDA-
MB-231 cells were investigated. In the current study, MBME treatment led to a
concentration-dependent induction in intratumoral nitric oxide production in IL-6-
activated MDA-MB-231 cells (Figure 4.3). Furthermore, IL-6 activation downregulated
the mRNA expression of Bax while upregulating mRNA expression of Bcl-2 in MDA-
MB-231 cells. On the contrary, the MBME then upregulated Bax mRNA expression
while downregulating Bcl-2 mRNA expression in IL-6-activated MDA-MB-231 cells
(Figure 4.11 and 4.12). These findings imply that the observed anti-migratory and
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anti-invasive effects of MBME in IL-6-activated MDA-MB-231 cells could therefore be
associated with increased nitric oxide and Bax levels, as well as downregulated Bcl-2
levels. Additionally, our findings suggest that MBME contain phytochemicals that are
capable of reversing the apoptosis evasion promoted by IL-6 as a survival mode by
upregulating Bax (Figure 4.11) and downregulating Bcl-2 (Figure 4.12) in MDA-MB-
231 cells.

The constitutive overexpression and activation of the IL-6/JAK2/STAT3 signalling axis
is associated with enhanced cell migration, invasion, metastasis, and evasion of
apoptosis in approximately 80% of all TNBC cells (Qin et al., 2019; Xie et al., 2019).
This is because it culminates in STAT3 protein translocating to the nucleus and
facilitating the transcriptional expression of target genes, such as Bcl-2, MMP-2, MMP-
9, and VIM (vimentin), promoting cancer cell survival and metastasis (Johnson et al.,
2018; Manore et al., 2022; Xu et al., 2021). Consistent with the reported findings,
following IL-6 activation the mRNA expression levels of JAK2 and STAT3 were
upregulated in MDA-MB-231 cells. Our results further revealed a significant
downregulation in JAK-2 and STAT3 mRNA expression in |L-6-activated MDA-MB-
231 cells following treatment with MBME (Figure 4.13 and 4.14). These findings
suggest that the observed inhibition of MDA-MB-231 cell invasiveness, migration and
decrease in viability could be associated with the downregulation of the IL-
6/JAK2/STAT3 pathway which in turn downregulate downstream target genes such as
Bcl-2, MMP-2, MMP-9, and VIM.

The ECM is the most significant component of the TME that greatly influences cancer
progression, and it is rich in proteins such as type |, I, IV collagen, laminin, fibronectin,
tenascin, and vitronectin (Xiong and Xu, 2016). The binding of tumour cells to the ECM
proteins initiates an intracellular signalling which promotes tumour survival,
progression, invasion, and development of metastatic outgrowth at the secondary site
(Laubli and Borsig, 2019). The ECM proteins play a role in ECM remodelling, which
is critical for determining the pre-metastatic niche and survival of disseminated cells.
Tenascin has been linked to the homing of disseminated tumour cells as well as the
development of lung metastatic lesions (Laubli and Borsig, 2019; Winkler et al., 2020).
Collagen has been shown to activate signalling in breast cancer, promoting
colonisation and proliferation of disseminated tumour cells and awakening dormant
tumour cells in the lungs (Parker and Cox, 2020). The binding of tumour cells to laminin
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and collagen IV which make up the BM, establishes and maintains their epithelial cell
polarity (Kai et al., 2019; Xiong and Xu, 2016). In our study, IL-6 activation enhanced
the binding of MDA-MB-231 cells to type I, Il, IV collagen, fibronectin, laminin,
vitronectin, and tenascin, while treatment with MBME reduced the binding of the IL-6-
activated MDA-MB-231 cells to type I, Il and IV collagen, fibronectin, laminin, tenascin,
and vitronectin (Figure 4.16). Thus, the observed significant inhibition in IL-6-induced
MDA-MB-231 cell adhesiveness (Figure 4.15) may be associated with the reduced
ability of extract-treated IL-6-activated MDA-MB-231 cells to attach to the ECM
proteins. These results suggest the potential of MBME to hinder MET process through
inhibition of binding to the BM, colonisation, and development of metastatic outgrowth

of the disseminated cells at the secondary site.

In summary, the findings have demonstrated that IL-6 promotes metastatic behaviour
in MDA-MB-231 breast cancer cell line. Momordica balsamina leaf methanol extract
inhibited the IL-6 mediated metastatic abilities in MDA-MB-231 by downregulating the
transcription of JAK2 and STAT3 of the IL-6/JAK2/STAT3 signalling pathway and
down-stream processes associated with the activation of the IL-6/JAK2/STAT3

signalling pathway (Figure 5.1).
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Figure 5.1: A schematic diagram of the proposed mechanism Momordica balsamina
leaf methanol extract (MBME) in IL-6-activated MDA-MB-231 cells. The findings of the
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current study suggested that (1) MBME inhibited the transcription of JAK2 and STATS3,
potentially reducing JAK2 and STAT3 protein expression levels. (2) The reduced expression
of JAK2 and STAT3 could potentially result in the reduced activation of JAK2 and STAT3
following IL-6 signalling, (3) which would then result in suppressed transcription of STAT3
target genes (Bcl-2, MMP-2, MMP-9, VIM). The expression of TIMP-3 and Bax is upregulated
when the transcriptional activity of STAT3 is suppressed. MBME further reduced MMP-2,
MMP-9, and vimentin protein expression levels with TIMP-3 upregulation, and reduced MMP-
2 and MMP-9 proteolytic activity. When combined, these events could contribute to reduced
EMT, invasiveness, migration, and enhanced sensitivity to apoptotic cell death. The diagram

was created using BioRender.com.

In conclusion, the findings suggest that in vitro methanol extract may contain candidate
compounds with potential for development into candidates for treatment of metastasis

exacerbated by an inflammatory tumour microenvironment.
Recommendations

Further studies may be conducted with the following objectives: Firstly, investigating
the effect of the Momordica balsamina leaf methanol extract on the protein expression
of phosphorylated-JAK2 and -STAT3, to further validate the effect of the extract on the
IL-6/JAK2/STAT3 pathway. Secondly, the antimetastatic effects of Momordica
balsamina leaf methanol extract may further be confirmed using the in vivo animal
models. Lastly, the in vitro analysis of the effect of the water extract of Momordica
balsamina in IL-6-activated MDA-MB-231, to confirm the potential antimetastatic
effects of the herbal concoction and/or water extract in treating triple-negative breast

cancer.
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APPENDIX: SUPPLEMENTARY DATA

7.1. Main reagents and consumables

Table 7.1: The list of main reagents and consumables used in the study.

Reagents/consumables and Kits

Company and Country of Origin

Accuris™ gMax First strand cDNA
Synthesis Kit

Accuris, USA

Annexin-V-FLUOS staining kit

Roche, Germany

Antibodies (MMP-2, MMP-9, Vimentin,
B-actin)

Santa Cruz Biotechnology, RSA

Anti-h-TIMP-3 antibody

R&D systems, USA

Bicinchoninic Acid Kit

Sigma-Aldrich, USA

Bovine Serum Albumin (BSA)

Sigma-Aldrich, USA

Cell culture flasks and plates

Nest Biotechnology, USA

Chemicon® Cell adhesion array kit

Merck, USA

Cultrex® BME

R&D systems, USA

Curcumin

Sigma-Aldrich, Germany

Dimethyl sulfoxide (DMSO)

EMD Millipore, Japan

Dulbecco’s Modified Eagle Medium Lonza, USA
Fixation solution Abcam, UK

Foetal bovine serum (FBS) Biowest, USA
Interleukin-6 Sigma-Aldrich, USA
Mitomycin C Tocris, UK

Multiskan Sky microplate

spectrophotometer

Thermo Scientific, USA

Muse® Count and Viability Kit

Luminex Corporations, USA

Muse® Nitric oxide Kit

Luminex Corporations, USA

Novex™ 10% Zymogram Plus (Gelatin)

gel

Thermo Fisher Scientific, USA

Penicillin and Streptomycin solution

Biowest, USA

Phosphate Buffered Saline (PBS)

Lonza, USA

Primers

Ingaba biotec, RSA

78

©University of Limpopo



Protease inhibitor cocktail tablets

Roche, Germany

PVDF Transfer membrane

Thermo Scientific, USA

RNeasy® Mini Kit

Qiagen, Germany

SensiMix™ SYBR No-ROX Kit

Bioline, UK

Transwell® permeable supports

Corning Incorporated, USA

Triton X-100

E. Merck, Germany

Trypan Blue stain

Thermo Fisher Scientific, USA

Trypsin

Lonza, USA

Tween 20

Roche, Germany

7.2. Main equipment

Benchtop centrifuge HERMLE Z 326 K (HERMLE Laboetechnik GmbH, Germany).
Biological safety cabinet, class Il type A2, (Heal Force Bio-meditech, Shanghai,
China).

C-Digit® Blot Scanner for chemilumiscent western blot (LI-COR Biosciences,
USA).

Corbett Real-Time PCR Rotor-gene 6000 (Qiagen, Germany).

Countess Il FL automated cell counter (Life Technologies, USA).

Heracell 150i Carbon dioxide incubator (Thermo Fisher Scientific, USA).

MUSE™ Cell Analyser (Merck-Millipore, Germany).

Nanodrop One spectrophotometer (Thermo Fisher Scientific, USA).

Olympus CKX53 inverted microscope (Olympus, Japan).

Zeiss Primo Vert inverted microscope (Carl Zeiss Microscopy GmbH, Germany).
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7.3. PCR Primer sequences

Table 7.2: Primer sequences used in real-time quantitative PCR.

Annealing
Gene Primer sequence (5’-3’)
temperature (°C)
5 F: GGGTGGTTGGGTGAGACTC =
ax
R: AGACACGTAAGGAAAACGCATTA
Bel.2 F: GCACCGGGCATCTTCTCCTC 57
Cl-
R: CCGAGATGTCCAGCCAGCTG
F: AGGATGCCCAGATGAGATTTATG
JAK2 56
R: CAGCTATACTGTCCCGGATTTG
F: GTTCAACGGTCGGGAATACA
MMP-2 51.8
R: GCCATACTTGCCATCCTTCT
F: CTGGAACTCACACGACATCTT
MMP-9 51.8
R: TCCACCTTGTTCACCTCATTT
F: TGCCTGCGGCATCCTTCTGC
STAT3 58
R: ACAGGCGTGAGCCACCATGC
F: AGCTGAACGGGAAGCTCACT
GAPDH 60
R: TGCTGTAGCCAAATTCGTTG

7.4. Buffer preparations
1. RIPA lysis buffer:
10 mM Tris-HCI pH 8, 150 mM NaCl, 1% Triton X-100, 1% Sodium deoxycholate,
0.1% SDS, and 1 tablet of protease inhibitor cocktail (1 tablet in 50 mL).
2. Tris-glycine running buffer (10X)-500 mL:

15 g Tris-base, 72 g Glycine, and 5 g SDS in sterile distilled-water, pH 8.4.
1X running buffer (1 L)

100 mL of 10X Tris-glycine transfer buffer, 200 mL methanol, and 700 mL dH20.

3. Tris-glycine transfer buffer (10X)-500 mL:
15 g Tris-base and 72 g Glycine in sterile distilled-H20, pH 8.4.

1X transfer buffer (1L)

100 mL of 10X Tris-glycine transfer buffer, 200 mL methanol, and 700 mL dH20.
4. Tris buffered saline (10X TBS)
24 g Tris and 88 g NaCl
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0.1% TBS-Tween 20

100 mL 10X TBS, 900 mL dH20, and 1 mL Tween-20

. 2X SDS-sample buffer (Western blot)

126 mM Tris-HCI pH 6.8, 10% glycerol, 1% SDS, 5% 2-mecarptoethanol, and
0.01% bromophenol blue.

. 2X SDS sample buffer (Gelatin zymography)

62.5 mM Tris-HCI, 1% SDS, 10% glycerol, and 0.01% bromophenol blue.
. Wash buffer (Gelatin zymography)

2.5% Triton X-100

. Developing buffer

50 mM Tris-HCI pH 8, 150 mM NaCl, and 10 mM CaCl..

. Destaining solution

50% methanol, 10% glacial acetic acid, and 40% dH20.
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