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Abstract:

This dissertation explored the potential therapeutic applications of water and
methanol extracts of C. orbiculata and Tulbaghia violacea, indigenous to
Southern Africa, targeting triple-negative breast cancer (TNBC). TNBC, a
significant subset of breast cancer cases, is notably challenging because of the
absence of key hormone receptors, often leading to less favourable patient
outcomes and a high relapse rate within five years. The research approach
was both thorough and meticulous, utilising two cell lines: one representing
normal breast tissue and the other representing TNBC. Extensive cytotoxicity
assays were conducted to determine the ICso values for TNBC cells, which is
critical for understanding how plant extracts affect cellular activities such as
migration, invasion, adhesion, cell cycle regulation, and apoptosis induction.
Additionally, the antioxidant properties of these extracts were examined,
which showed significant effects, especially in the aqueous extract of
Tulbaghia violacea, on TNBC cellular dynamics.

This study employed a comprehensive array of analytical techniques,
including Fourier transform infrared spectroscopy (FTIR), gas
chromatography-mass spectrometry (GC-MS), and nuclear magnetic
resonance (NMR) spectroscopy, to identify the specific molecular
constituents of these extracts. Computational docking studies have focused
on the interactions between these molecules and the anti-apoptotic protein,
COX2. Whole transcriptome sequencing of RNA from both TNBC and
normal breast cells treated with T. violacea extract provided valuable insights
into the affected signaling pathways. An antibody array assay further
elucidated protein changes in the receptor tyrosine kinase (RTK) pathway.
The half-maximal inhibitory concentration (1Cso) values were determined for
the aqueous and methanol extracts of T. violacea at 400 pg/mL and 820
pg/mL, respectively, and for C. orbiculata at 830 pg/mL and 700 pg/mL,
respectively. Exposure to the water-soluble extract of T. violacea resulted in
a marked increase in apoptosis in TNBC cells, with approximately 82%
undergoing programmed cell death, compared to 32% in normal breast cells.

Chemical profiling identified a range of compounds, including 36 distinct




compounds identified through GC-MS and 61 identified through NMR, many
of which bear structural similarities to known anti-cancer agents. Notably,
five compounds demonstrated a high affinity forbinding to COX2, with d-
glycero-d-galacto-heptose achieving an impressive docking score, surpassing
several established COX2 inhibitors.

This study highlights the therapeutic potential of T. violacea compounds and
lays the groundwork for further exploration of their mechanisms of action and
potential applications in cancer treatment. This emphasises the importance of
investigating natural plant extracts as a source for the development of new and

effective treatments for TNBC, which is an area of urgent need in oncology.
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Chapter 1 Introduction

Cancer claimed the lives of 9.6 million people throughout the world in 2018 [5]. Breast
cancer is a major health concern worldwide, with over 2.1 million new cases and 63000 deaths
recorded in 2018 [6]. Breast cancer in women is the most frequent cancer in the world,
accounting for 2.26 million cases in 2020. Breast cancer causes an estimated 458,000
fatalities per year, emphasising the seriousness of this disease worldwide [7]. Breast cancer
burden is affected by numerous variables including population growth, age, high fasting
plasma glucose, high body mass index, and socioeconomic development index (SDI)
quintiles [8]. Breast cancer contributes significantly to the overall mortality in women,
emphasising the need for continued research, prevention, and treatment efforts to mitigate its
burden [9]. Furthermore, protein consumption has been linked to breast cancer incidence and
death, highlighting the possible influence of dietary variables on the breast cancer burden [10].
Understanding the empowering experiences of breast cancer survivors is also critical for
alleviating the burden of breast cancer and improving patient outcomes [6]. These findings
underscore the urgent need for comprehensive strategies to address the global burden of
breast cancer, including public health interventions, early detection, and personalised risk
assessment. The most frequent malignancies in the United States are breast, lung, prostate,
colorectal, and melanoma cancers [11]. Although Asia has the highest number of cancer
cases, the island nations of Oceania, Australia, New Zealand, Polynesia, and Micronesia
have the highest age-standardised rates. Breast cancer is the most commonly diagnosed and
deadly malignancy in women worldwide (Figure 1.2 A). Lung and cervical uterine cancers
are the third and fourth most common cancers, respectively, and kill a proportionately higher
number of patients. Breast cancer accounts for more than 25% of all cancer cases in women
and 15% of all cancer-related deaths in females [6]. While only 5-10% of cancers are
hereditary, 90-95% arise from environmental and lifestyle factors. Inherited breast cancer
often involves mutations in BRCAL1 and BRCAZ2. However, not all individuals with these
mutations develop breast cancer, highlighting the importance of genetic and environmental
interactions [12]. Metastatic breast cancer is often fatal with just a 23 percent five-year
survival rate. Breast cancer often metastasizes to organs such as bones, liver, or lungs [8]
(Figure 1.2B).




Breast cancer is the most frequent cancer among women in South Africa and ranks second in terms
of cancer-related mortality, trailing only in cervical and uterine cancers (Figure 1.3). One out of
Every 29 women in South Africa are expected to be diagnosed with breast cancer. In 2014, the
age-standardised incidence rate was 32 years per 100,000 women [13]. Breast cancer is divided into two
types: hormone-sensitive and hormone-insensitive cancers. The goal of this study was to

investigate hormone-refractory and triple-negative breast cancers.
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Figure 1.1 The estimated global cancer incidence and age-standardised incidence rates by continent in
2020 were based on the GLOBOCAN data. (A) Pie chart showing the estimated percentage of new cancer
cases diagnosed in 2020 for each continent. Asia had the highest percentage at 49.3% of global cancer cases,
followed by Europe at 22.8%, North America at 12.8%, Latin America and the Caribbean at 7.3%, Africa at
6.1%, and Oceania at 1.3%.(B) The bar graph displays the age-standardised cancer incidence rate per 100,000
people for each continent in 2020. Australia and New Zealand (Oceania) had the highest age-standardized
incidence rate at 532.5 cases per 100,000 people. North America had the second highest rate at 368.7 per
100,000 people. Europe ranked third at 319.6 per 100,000 people. Latin America and the Caribbean have
incidence rate of 189.6 per 100,000. Asia and Africa had the lowest age-standardised incidence rates at 152.3
and 129.3 per 100,000, respectively.
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Figure 1.2 Estimated global incidence of new cancer cases in females in 2020. The bar graph presents the
number of new cancer cases diagnosed in females worldwide in 2020 for the top 10 cancer sites based on the
GLOBOCAN 2020 data. Breast cancer had the highest incidence (2.26 million cases, 24.5% of all cancers in
women), followed by colorectal (0.57 million, 9.4%), lung (0.54 million, 8.4%), cervical (0.60 million, 6.5%),
and thyroid (0.43 million, 5.1%) cancers. Corpus uteri, stomach, ovarian, liver, and non-Hodgkin lymphoma
were the 6th to 10th most common sites, with incidences ranging from 0.23 to 0.42 million cases. The data
represent estimates of new primary cancer cases, and not secondary tumours, resulting from metastasis. This
figure highlights the substantial global burden of cancer in women and the key cancer sites for prevention and
control.
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Figure 1.3 It is the most prevalent and deadly cancer in South Africa. The bar graph shows the top 10 most
frequently diagnosed cancers and the top 10 causes of cancer-related deaths in South Africa, based on the 2022
National Cancer Registry data. Prostate, breast, cervical, colorectal, and lung cancers are the most commonly
diagnosed cancers, whereas lung, colorectal, breast, cervical, and prostate cancers are the leading causes of
cancer-related mortality. The data highlight the significant burden of cancers that are common globally and

more frequently in developing countries such as South Africa.
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Figure 1.4 Treatment strategies for breast cancer. The diagram illustrates the main treatment options for
breast cancer, based on the extent of the disease. Surgery (lumpectomy or mastectomy) and radiation therapy
are the primary treatments for localised tumours confined to the breast. Systemic therapies are necessary if
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cancer spreads to other parts of the body (metastasised). These include chemotherapy, hormone therapy,
targeted therapy, and immunotherapy, which can be administered alone or in combination to control tumour
growth and improve survival outcomes in patients with metastatic breast cancer.

1.4 Triple negative breast cancer (TNBC)

Triple-negative breast cancer (TNBC) is a highly aggressive subtype of breast cancer prone
to metastasis. Abnormal cellular mutations that produce TNBC account for a tenth-a
twentieth of all breast cancer cases (Li et al., 2014). In TNBC, mutations lead to
downregulation of hormone receptors in breast cancer cells, such as progesterone, oestrogen,
and HER2 receptors (Carey et al., 2007). Due to the absence of these receptors, there is
currently no effective treatment for this condition. The recent surge in the number of TNBC
patients and their high recurrence rates have resulted in poor survival (Shin et al., 2015). Dent
et al. conducted their research. Research including 1,601 patients with breast cancer was
performed to assess the likelihood of TNBC recurrence three years after therapy.

Of these, 180 (11.2%) were diagnosed with TNBC. These individuals had a greater risk of
distant recurrence during the first three years and a higher death rate within the first five years
after diagnosis [14]. TNBC has an earlier age of onset [15] and is more common in black

populations than in other ethnicities [16].

Advances in understanding the molecular and genetic variety of TNBC have the potential to
help identify cutting-edge biomarkers for detection, classification, and prognosis as well as
new therapeutic targets. These biomarkers may encompass genetic mutations, epigenetic
markers, and distinctive gene expression patterns, covering areas such as proteomics,
transcriptomics, miRNAs, and other noncoding RNAs. TNBC is characterised by a wide
array of irregular gene, miRNA, and IncRNA expression profiles [17].

A matched-control study revealed that breast tumours harbouring p53 mutations
predominantly lack oestrogen receptors (ER) and exhibit reduced distant disease-free
survival (DFS) [18]. Despite having a lower overall risk of breast cancer than Caucasian
women, African-American women die from the disease at a higher rate [19]. These
individuals are often diagnosed at a younger age and frequently have tumours with minimal
oestrogen, progesterone, and HER-2/neu expression [20]. The higher incidence of BRCA-1

mutation-related breast cancer risk factors in African Americans indicates a genetic
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propensity to develop high-risk breast cancer subtypes [21]. Certain BRCA mutations, known
as founder mutations, have been found to occur more frequently in specific ancestry groups,

such as the Ashkenazi Jewish community, than in others [22] (Figure 1.5).

Hormone
therapies

General classes
of targeted
therapy

Figure 1.5 General classes of targeted therapeutics used in the treatment of triple-negative breast cancer
(TNBC). The diagram illustrates the main categories of targeted therapies being developed and utilised for
TNBC. These include inhibitors of signaling pathways commonly activated in TNBC, such as
PI3K/AKT/mTOR and EGFR, antibody-drug conjugates that deliver cytotoxic agents directly to tumour cells,
PARP inhibitors that exploit defective DNA repair in BRCA-mutated cancers, and immunotherapies that
enhance antitumour immune responses. By precisely targeting molecular features or vulnerabilities more
prevalent in TNBC cells compared to normal tissues, these approaches aim to provide more effective and
selective treatment options for this aggressive breast cancer subtype

1.5 Emerging Breast Cancer Subtypes and Genetic Alterations: Implications for Survival

Outcomes and Therapeutic Significance

Gene expression profiling of breast cancer has identified various biological subgroups
associated with survival outcomes. Consequently, contemporary breast cancer categorisation
systems have emerged [23]. TNBCs are classified into many "intrinsic" subgroups based on
their molecular characteristics. Two basal-like subtypes (BL1 and BL2), a mesenchymal
subtype, an immunomodulatory subtype, luminal androgen receptor (LAR) subtype, and

mesenchymal stem-like subtype. Notably, claudin-deficient mesenchymal stem-like subtype




is clinically relevant. Tumours that display HER2-enrichment are also considered to be

therapeutically significant subtypes [24].

Rare claudin-low subtypes are almost always triple-negative breast tumours with little to no
luminal differentiation markers (approximately 80% lower). They also exhibit high levels of
EMT indicators, increased immune response gene expression, and malignant stem cell

characteristics [25].

In triple-negative breast cancer, the most common initial genetic aberration is observed in
TP53, with mutations present in approximately 80-85% of cases [26]. Numerous recurrent
gene alterations have been documented, indicating that TNBCs exhibit molecular
heterogeneity [27]. These hereditary defects included enhanced MY C expression (seen in
40% of patients), MCL1 modulation (seen in 20% of patients), RB1 mutation or failure (seen
in 20% of patients), sporadic mutations in BRCAL or 2 (seen in 15-20% of patients),
mutation or deletion of PTEN (seen in 10% of patients), amplification of CCNEL1 (seen in
9% of patients), mutation of USH2A (seen in 9% of patients), mutation of PIK3CA (seen in
8% of patients), FGFR2 amplification (seen in 4% of patients), and mutation (seen in 2% of

patients) (Figure 1.6).

Claudin-low 30% Basal-like 49%

enriched
9% R
Luminal B 6%

Luminal A 5% Normal-like 1%

Figure 1.6 Frequency of different molecular subtypes of triple-negative breast cancer (TNBC). The pie
chart shows the distribution of TNBC tumours into distinct molecular subtypes based on gene expression
profiling. The majority of TNBC:s fall into basal-like (70-80%) and claudin-low (20-30%) subtypes, which are
characterised by high expression of proliferation-related genes and low expression of luminal differentiation
markers. A small proportion of TNBCs is classified as luminal A, luminal B, HER2-enriched, or normal-like,
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highlighting the molecular heterogeneity within this breast cancer subtype. Identifying the specific molecular
subtypes of TNBC can provide prognostic information and guide the selection of targeted therapies.

1.6 Epidemiology and Risk Factors for TNBC

A survey also indicated that breast cancer has become the most frequently diagnosed cancer
among women in sub-Saharan African nations, with the incidence rates almost doubling over
the preceding two decades [28]. Breast cancer affects more than 60% of the population in
the less developed parts of Eastern Turkey, but only 46% in India and 32% in sub-Saharan
Africa [29]. Given that TNBC subtypes account for 15-20 percent of all breast cancers, the
global case count is approximately 170,000 out of the 1 million cases of breast cancer
identified each year globally [30, 31]. Several risk factors have been linked to an increased
chance of developing this illness, which is discussed in further detail in the following

sections.ge, ethnicity, race.

There are many risk factors for triple-negative breast cancer, such as age, race, and ethnicity
[32-34]. TNBC is more prevalent in younger individuals and treatment often begins at
approximately 39 years of age [35]. Furthermore, women with TNBC have their first child
at a later age than women without TNBC [36]; African-Americans and premenopausal
women are more prone to basal-like TNBC tumours than others. Basal-like breast cancer
affects 26% of African-American individuals compared to 16% of non-African groups [37].

Within South Africa’s ethnically varied population, the probability of developing breast
cancer varies among the ethnic groups. Black women face a lifetime risk of 1 in 53, while
white women have a risk of 1 in 15, coloured women a risk of 1 in 21, and Indian women a
risk of 1 in 20 [38, 39]. Breast cancer is becoming increasingly common in South African
women [40]. Due to increased life expectancy and urbanisation, established risk factors for
breast cancer are becoming more prevalent [41]. Breast cancer patients in South Africa now
have a high death rate due to lack of access to medical centres in remote regions, lack of
information, poor healthcare facilities, and screening limitations [42]. These epidemiological
statistics have been confirmed by various studies. For example, a study in Johannesburg,
South Africa examined the biological features of patients with breast cancer. Black women
diagnosed with breast cancer in Johannesburg were much younger than those of other races.
Premenopausal black women account for 34% of all diagnosed breast cancer cases,
9




compared to 10% in Caucasian women, 23% in women, and 15% in Indian women [43].
These results are comparable to those of a recent study on patients with breast cancer of
different ethnicities in the United States [44].

Income and education level were revealed to be substantially related to patients' age at
diagnosis and menopausal status independent of race [45]. Hormone receptor activation is
another factor that influences prognosis and regeneration. Black and coloured women were
more likely to have oestrogenic and progesterone receptor-negative malignancies than white
women were. Furthermore, black women have a higher frequency of tumours with enhanced
HER?2 levels than Caucasian women do [45]. It has been observed that individuals of African
heritage tend to show similar patterns of breast cancer incidence irrespective of geographical
location. The average age at diagnosis was 44.8 years in a study comprising 507 women with

breast cancer from Nigeria and Senegal, with the majority diagnosed with TNBC [46].

1,6.1 Socio-economic Status

As the socioeconomic status of patients with breast cancer improves, the incidence of all
forms of breast cancer decreases noticeably [47]. The US National Cancer Database (NCDB)
has conducted substantial data-driven research on 260,577 breast cancer cases reported in a
community cancer hospital registry. This study aimed to monitor and determine the
prevalence of the TNBC subtypes. The findings highlighted that, among smaller groups,

patients with TNBC exhibited differences linked to their socioeconomic status [48].

In this study, socioeconomic status was determined based on patients' residential areas and
their health insurance coverage. The findings revealed that non-Hispanic black women and
Hispanic women had an 84% and 17% higher likelihood, respectively, of developing TNBC
than their Caucasian counterparts. This was validated by examining the expression of HER2
in the different demographic groups. Asian/Pacific Islanders were 1.45 times more likely than
white women to be diagnosed with a HER2-overexpressing subtype, whereas black women
were 1.84 times more likely to have TNBC tumours that were oestrogen receptor-positive but
HER2-negative. The race-related overall risk of developing TNBC was found to be similar
across all socioeconomic groups [49]. The study also found that within the same racial group,

individuals from lower socioeconomic backgrounds had a higher propensity to develop
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TNBC subtypes. Compared to the general population, they have a 1.14-fold greater chance
of being diagnosed with TNBC [49]. Given that the incidence patterns of TNBC along racial
or ethnic lines persist even after accounting for socioeconomic factors, ethnicity may have a

more significant influence on the occurrence of TNBC than was previously understood.

1,6.2 Mutations in BRCA

Genetic factors account for 5-10% of all new breast cancer diagnoses [50]. In 40- 60% of
women, mutations in the BRCA1 and BRCA2 genes are linked with an elevated lifetime risk
of breast cancer [51]. BRCA1 and BRCA2 mutations are relatively common, occurring in
approximately 1 in 400 to 1 in 800 individuals carrying a harmful mutation in either gene
[52]. Studies have shown that 50-70% of breast cancers linked to BRCA1 mutations are
triple-negative [53]. Approximately 16% of the tumours with BRCA2 mutations are triple-
negative. A meta-analysis of 12 studies including approximately 2533 women showed that
those with TNBC were almost five and a half times more likely to have a BRCA1 mutation
than those with non-TNBC [54]. Patients with TNBC and BRCA1 mutations exhibit
increased tumour frequency and severity [55]. Among individuals aged over 60 years, the
prevalence of cancers attributed to BRCA1 mutations diminishes by an average of 3.5-7.7
percent. Premenopausal women with BRCA1 mutations who develop TNBC have a higher
BMI and are more likely to develop TNBC [56].

A patient's history affects the likelihood of developing breast cancer because of BRCAL and
BRCAZ2 mutations. A study of TNBC cases based on race and ethnicity found significant
mutation rate in BRCA 1 and 2. For example, a BRCA mutation was found in 50% of Jewish
Ashkenazi females [57], but only 22.2 percent of white females, and approximately 20.4
percent of African American females [58]. The three most common mutations in Ashkenazi
Jews were identified as BRCA1185delAG, BRCA15382insC, and BRCA2-6174delT
(Struewing et al., 1997) (Figure 1.7). In Jewish Ashkenazi women diagnosed with breast
cancer, a BRCA1 mutation was found in 10% of cases. In contrast, across all ethnicities, only
2% of breast cancer patients test positive for BRCA2 mutations [59].

In a major clinical investigation involving over 507 African women from Nigeria and
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Senegal, researchers discovered that TNBC, defined by the lack of all three hormone
receptors, was the most common hormone receptor status observed. The most prevalent
subtypes detected were ER-positive, progesterone, and HER2 negative [60]. Although this
may help explain why poorer nations have a worse prognosis, it is unclear why there are such
a wide range of molecular subtypes. A study of 400 patients with breast cancer in Nigeria
found that 7.1 percent had BRCA1 mutations, and 3.9 percent had BRCA2 mutations [61].
In a report of 29 percent of African American patients with TNBC, a significant proportion
had a genetic mutation, including BRCA1 or BRCA2 [62].

BRCAI
RING NLS Coiled coil BRCT
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Figure 1.7 Structural features and protein interaction domains of BRCA1 and BRCAZ2. Schematic
diagrams depicting the key functional domains and regions of BRCA1 and BRCA2 proteins involved in
interactions with other proteins. BRCAL contains an N-terminal RING domain that confers E3 ubiquitin ligase
activity, a central region with multiple protein-binding sites, and two C-terminal BRCT domains that mediate
its interaction with phosphorylated proteins. BRCA2 has an N-terminal region that binds to PALB2, eight
centrally located BRC repeats that interact with RAD51, and a C-terminal region that is involved in DNA
binding and interaction with additional proteins. These structural features and interaction domains are critical
for the tumor suppressor functions of BRCA1 and BRCA2 in DNA repair, cell cycle regulation, and
maintenance of genomic stability [63].

BRCAL has a nuclear localisation sequence and a RING domain at its amino-terminus that
interacts with the BRCA1-associated RING domain protein 1 (BARD1) (NLS).

The BRCAL protein's C-terminal region has a coiled-coil domain that interacts with BRCA2's
partner and localiser (PALB2), which is necessary for the formation of the BRCA1-CtIP
complex. This complex is necessary for ataxia-telangiectasia, Rad3-related (ATR) protein
activation, and acceleration of homologous recombination (HR) [64]. In BRCA1's central
region, the Serine Cluster Domain (SCD) is phosphorylated by ATM kinase, which plays a
pivotal role in activating G2/M and S-phase checkpoints [65]. BRCAZ2 interacts with PALB2
at its N-terminus (amino acids 21-39)[66]. BRCAZ2 contains eight BRC repeats that connect

to the RAD51 [67]. The DNA-binding domain consists of three oligonucleotide-binding
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(OB) folds and a helical domain (H) (T). The BRCA2 C-terminus is defined by a nuclear
localisation signal (NLS) and a phosphorylation site for cyclin-dependent kinase (CDK) at
serine 3291 [68]. These modifications allow BRCAZ2 to bind to both single- and double-
stranded DNA and improve its interaction with RAD51, which is required for DNA repair
[69].

1,6.3 Mutations in other genes are also involved in TNBC pathogenesis.

Many retrospective studies have been conducted to identify the most prevalent genetic variants
in TNBC patients . Pathogenic mutations in BRCA1 and BRCA2 were found in Pathogenic
mutations in BRCA1 and BRCA2 were found in a previous study, where it was reported that
71.93% of the patients had BRCA1 mutations, and 14.03% had BRCA2 mutations [70].
Furthermore, 2.2% of patients with TNBC have mutations in other genes involved in
homologous recombination DNA repair. A study on triple-negative breast cancer (TNBC)
found that a fraction of patients have mutations in genes involved in homologous
recombination DNA repair, such as RAD51D, RAD50, and RAD51C [71].

The incidence of breast cancer increases two-to fourfold when genes with a high penetrance
rate are present [72]. A recent clinical study of 289 Afro-American women with breast cancer
revealed a broad, heterogeneous spread of mutations, with 22% of these patients having
pathogenic germline mutations. This resulted in the identification of 57 distinct mutations in
65 patients. Furthermore, almost 80% of the mutants appear to be BRCA1 or BRCA2, with
the remainder bearing PALB2, CHEK2, BARD1, ATM, PTEN, and TP53 alterations [73].

1,6.4 Additional Risk Factors: Obesity, Parity, and Breast-feeding

TNBC risk factors vary from those associated with other forms of breast cancer. Decreased
lifelong sensitivity to testosterone, long periods of breastfeeding, and young age when giving
birth to their first child generally provide protection against hormone-positive breast cancer.
Conversely, longer breastfeeding duration has been linked to a lower prevalence of TNBC
[74]. Kwan and associates presented the findings of a prospective breast cancer survival
study, indicating that premenopausal women with TNBC are more prone to being overweight
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[75].

1.7 Therapeutic Options

TNBC differs from other breast cancer subtypes owing to its biochemical variability.
Distinctive clinicopathological traits, unique risk factors, aggressive clinical course, different
recurrence patterns, absence of traditional therapy, and poor overall prognosis. It continues
to pose significant clinical challenges with numerous unresolved issues in the treatment of
TNBC patients. Present research endeavours are concentrated on acquiring a more profound
comprehension of the biology driving this

tumour subtypes with the aim of identifying more effective treatment methods for this

particularly challenging patient group.

1,7.1 Chemotherapy

Non-specific cytotoxic chemotherapy is the standard treatment for TNBC in both
neoadjuvant and metastatic stages. Treatment for this patient group is difficult for both the
patient and the oncologist because the tumours are resistant to endocrine therapies and anti-
HER2 medications. The absence of specific prognostic indicators or evidence of a
therapeutic response in TNBC makes it challenging to identify patients with more aggressive
disease who may not respond to existing treatments. This has an impact on tailoring treatment

strategies based on the likelihood of response to specific drugs.

Several clinical studies have shown that multi-agent chemotherapy regimens are successful
for the neoadjuvant treatment of TNBC [76]. Despite their poor prognosis, TNBC tumours
are particularly chemosensitive, albeit for a shorter duration than that of other breast cancers.
In various trials, polychemotherapy, particularly regimens that include taxanes, has been
proven to be effective for TNBC. This technique has shown favourable outcomes in
numerous facets of the disease, including a decreased chance of recurrence and
improvements in disease-free survival (DFS) and overall survival (OS) [77]. An ongoing

argument exists as to whether one regimen is better than another.

14




1,7.2 Salts of Platinum

Platinum-containing drugs have been the focus of extensive research for the treatment of
research. Platinum compounds, which inhibit DNA activity by generating interstrand DNA
cross-links, may be particularly useful in the treatment of some breast cancers. DNA
integrity, genomic stability, homologous recombination, and double-strand DNA repair are
dependent on BRCAL. In preclinical studies, cancer cells lacking this gene were shown to
be more susceptible to DNA-damaging treatments, including alkylators and radiation [78].
TNBC is commonly associated with diminished BRCA function and compromised DNA
damage repair, potentially increasing its sensitivity to DNA damaging agents.

Recent findings have highlighted the antitumour activity of platinum-based treatments in
BRCAIL- related breast cancers. Among women with identified BRCA mutations,
preoperative chemotherapy impacted the rates of pathological complete response (pCR).
Remarkably, treatment with cisplatin alone resulted in a pCR rate of 83%. Among the 18
patients treated with cisplatin, a clinical response, categorised as either partial or complete,
was observed in 8 cases [79]. Although platinum-based drugs have shown potential efficacy,
they are infrequently used in preoperative or adjuvant treatment protocols except in clinical

trials.

1,7.3 Targeted Agents

The FDA has not officially approved any targeted medication for the treatment of triple-
negative breast cancer (TNBC). The development of these drugs in this scenario is
problematic owing to the lack of standards for testing a large variety of potential targets that
vary across institutions. This diversity causes problems in identifying the appropriate

participants for clinical studies [80].

1,7.4 Anti-Angiogenic Agents

The FDA has not officially approved targeted medications for the treatment of patients with
TNBC. This is particularly true for triple-negative populations, which have higher VEGF

expression and higher rates of angiogenesis [81].
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1,7.5 Bevacizumab

Bevacizumab, a VEGF-targeting monoclonal antibody, has been approved for the treatment
of certain forms of colon, lung, kidney, and brain cancer [82]. In November 2011, the FDA
cancelled the accelerated clearance of bevacizumab for the treatment of metastatic HER2-
negative breast cancer. However, a recent study has examined the effectiveness of this
antibody in treating TNBC [83].

1,7.6 Sunitinib and Sorafenib

In experimental breast cancer models, the pharmacological tyrosine kinase inhibitors (TKIs)
sunitinib and sorafenib have demonstrated antiangiogenic properties and have been used as
anticancer agents. For MBC, these drugs have been found to be ineffective when alone
administered [84].

1,7.7 Poly (ADP-ribose) Polymerase (PARP) Inhibitors

Various overlapping repair systems are in place to safeguard the integrity of genomic DNA
when confronted with single- and double-strand damage. The base excision repair
mechanisms of PARP-1 and PARP-2 are required for single-stranded DNA repair. BRCA
performs two functions, homologous recombination and DNA double-strand repair. Cancers
exhibiting a "BRCA1-like" phenotype, characterised by compromised DNA repair
capabilities, may be more vulnerable to therapy with PARP inhibitors. These suppressors
interfere with single-stranded DNA restoration, resulting in less accurate DNA repair
mechanisms [85]. Several studies have investigated the efficacy and safety of PARP
inhibitors, both as independent therapies and in conjunction with chemotherapeutic agents
such as cisplatin, carboplatin, or temozolomide. This study is based on preclinical research
suggesting that tumours with BRCAL1 mutations are more vulnerable to DNA-damaging
drugs and PARP inhibition [86].

1,7.8 EGFR Inhibitors
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EGFR (HERL1) is overexpressed in approximately 60—-70% of patients with basal-like breast
cancer (BLBC) and triple-negative breast cancer (TNBC) [87]. In preclinical models of
breast cancer, erlotinib, a tyrosine kinase inhibitor that suppresses EGFR phosphorylation,
and cetuximab, a monoclonal antibody targeting EGFR, showed minimal effectiveness as
sole therapies [88]. However, EGFR inhibition has been shown to have antitumour efficacy
when combined with chemotherapy [89]. Clinical trials combining EGFR-targeted
medications with chemotherapy have yielded inconsistent results in the management of

advanced-stage breast cancer.

1.7.8.1 Cetuximab

Cetuximab has been tested in conjunction with various chemotherapy protocols for
metastatic cancer. The combination of cetuximab and carboplatin had an 18% response rate
and 27% treatment advantage rate. Despite these results, the majority of participants in this
study died within two months of being diagnosed, demonstrating aggressive TNBC
aggressiveness [90]. As previously documented, cetuximab monotherapy is ineffective
following irinotecan and carboplatin treatments [83]. Progression-free survival (PFS) appears

to improve when cetuximab and cisplatin are used simultaneously [91].

1.7.8.2 Erlotinib/Gefitinib

TKIs targeting EGFR are now being explored for the treatment of TNBC, and they have
shown antitumor activity when combined with chemotherapy [92]. Further studies are
needed to determine the relevance of small-molecule EGFR inhibitors in the treatment,

particularly when coupled with chemotherapy.

1.8 Phytochemicals: Anti-cancer plant compounds

Plants contain non-nutritive bioactive substances known as phytochemicals (Phyto).
Phytochemicals are a diverse group of organic chemicals [93]. Recently, phytochemicals
isolated from green plants that have been used for medicinal purposes have become the focus
of research for new cancer-preventative and cancer-therapeutic compounds [94]. A wide

range of plants have been proven to be valuable sources of phytochemicals with therapeutic
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capabilities. The molecules isolated from these plants have laid the foundation for the
synthesis of chemical compounds. As a result, medicinal flora continues to be a vital source
for the identification of new therapeutic compounds [95, 96]. Phytochemicals found in
vegetables, fruits, and herbs have the potential to treat cancer and infections, and promote
healing. Many plant products contain thousands of phytochemicals, which have been
identified and categorised [97]. Numerous chemicals have been shown to exhibit anticancer
activity, causing little or no damage to healthy cells [98]. Surprisingly, plants are the source
of 47 percent of the FDA-approved cancer treatments [95]. This new source of potential
anticancer agents is important, as the effectiveness of current therapies is jeopardised by drug
resistance. Many of the current therapies already in use are based on compounds isolated
from plants; however, the effectiveness of these and other chemotherapies is limited because
of their substantial toxicity to ordinary, healthy, and non-targeted tissues. It is hoped that
further investigations will identify new cancer therapeutic agents as well as cancer-preventive
agents. Some of the recently synthesised anti-cancer compounds based on compounds
isolated from plants include vinblastine and vincristine. These two anticancer drugs are
derived from medicinal herbs such as comfrey [95]. There is a wide range of phytochemicals
that can help prevent or cure cancer because of the variety of chemicals. Plants have evolved
to play various reproductive, protective, and developmental roles. Given the incidence of
cancer in humans, it is vital to investigate the function of phytochemicals in cancer

prevention and therapy [99] (Figure 1.8).
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Figure 1.8 The roles of phytochemicals in cancer therapy. Phytochemicals contribute to cancer
prevention and treatment by affecting cancer cells through various mechanisms. These include protecting cells
from oxidative damage to prevent DNA harm, inducing cell death via reactive oxygen species (ROS), triggering
apoptosis, necrosis, and autophagy, or modulating gene expression through miRNA regulation.

Phytochemicals contribute to cancer prevention and treatment by affecting cancer cells
through various mechanisms. These include protecting cells from oxidative damage to
prevent DNA damage; inducing cell death via reactive oxygen species (ROS); triggering
apoptosis, necrosis, and autophagy; and modulating gene expression through miRNA

regulation.

Whole or raw plant extracts (more than 120,000 extracts from 6,000 species) have been
widely examined over the last several decades [100]. plants have been demonstrated to have
anti-cancer or anti-tumor properties [101]. Although numerous plant extracts have been
investigated as anticancer agents in clinical trials, only a few have investigated the
biochemical or molecular pathways involved in cancer or tumour development and
regulation.  Plant-derived chemicals have demonstrated activity through various
mechanisms, aligning with established hallmarks of cancer ( Figure 1. 1). These include cell

cycle inhibitors, antagonists of mitogenic signaling (growth and proliferation), inhibitors of
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metastasis, and modulators of immune system receptors (Mans et al., 2000). Anti-cancer
compounds have been isolated from diverse plant families, notably, Fabaceae, Asteraceae,
Zingiberaceae, Euphorbiaceae, Meliaceae, Solanaceae, Moraceae, and Liliaceae.

Evading cell death Sustained proliferative
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Evading growth
supression
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Invasion metastsis

Figure 1.9 Hallmarks of Cancer The diagram illustrates six essential alterations in cell
physiology that collectively dictate malignant growth: sustaining proliferative signaling,
evading growth suppressors, resisting cell death, enabling replicative immortality, inducing
angiogenesis, and activating invasion and metastasis. These hallmarks are promoted by
genome instability and inflammation and are further supported by reprogramming cellular
energetics and evading immune destruction. Cancer cells acquire these capabilities through
various mechanisms such as producing their own growth signals, bypassing the negative
regulation of cell proliferation, evading apoptosis, maintaining telomere length, stimulating
blood vessel formation, and activating invasion and metastasis. Together, these hallmarks
enable cancer cells to survive, proliferate, and spread, leading to the development and

progression of malignant tumours [102].

1,8.1 Cell cycle arrest

Plant-derived chemicals have been found to disrupt various cellular signaling pathways that

cause cell cycle arrest and cell death (Keren et al., 2010). These include the p53 pathway,
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nuclear factor-kappa-controlled B-controlled pathways (Nfk-B), signaling pathways linked
to nuclear factor 2, growth pathway inhibitors, signal transducer and transcription (STAT)
activator pathways, and Wnt/-catenin pathways.

1,8.2 Phytochemicals as antioxidants: cancer prevention.

Oxidative stress occurs when the creation of reactive oxygen species (ROS) exceeds the
body's antioxidative systems' defensive capabilities, interrupting biological processes. This
imbalance can arise from excessive endogenous ROS generation, exposure to external
oxidative stressors, or reduced antioxidant capacity owing to disruptions in antioxidant
production and distribution (Ray et al., 2012). ROS, a group of molecules that originates
from oxygen metabolism, are present in all aerobic organisms. These compounds are
produced by several enzymes including the mitochondrial respiratory chain, cytochrome
P450 system, NAD(P)H oxidoreductases, and xanthine oxidase (Reijnders, 1975).
Additionally, external factors such as inflammatory triggers, consumption of oxidising agents,

and radiation exposure significantly contribute to the development of oxidative stress.

ROS are commonly regarded as detrimental owing to their high reactivity, causing cellular
damage and contributing to the pathophysiology of a variety of diseases, such as neurological
disorders, inflammatory conditions, accelerated aging, and cancer. It is important to
understand the vital functions of ROS in normal cellular processes. They are involved in
maintaining the redox balance of regulatory molecules, aiding signal transmission,
controlling enzyme functions, and supervising cell cycle and proliferation (Park and Park,
2021).

ROS are formed when one or more electrons are missing from the outer orbit of an unpaired
radical molecule (or atom), making them unstable and reactive. It must steal electrons from
neighbouring molecules to maintain their stability. This free radical is generated by
degradation of the original target molecule, which ultimately damages other molecules or
cellular components (Mukherji and Singh, 1984). Excessive free radicals may injure human
cells in a variety of ways, the most serious of which is DNA damage, which can lead to cancer
and other disorders (Dreher and Junod, 1996).
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1,8.3 Redox Regulation of Cell Proliferation and Survival

ROS, which have been revealed to be secondary transmitters in numerous signaling
pathways, particularly those involved in cell growth, are critical for maintaining cellular
homeostasis. A slight increase in ROS levels, such as superoxide and hydrogen peroxide, has
been shown to boost proliferation in various cell types, which may contribute to the initiation
of carcinogenesis (Brown et al., 1999). These effects are likely increased by a shift in redox-
sensitive sites on key transcription factors, protein kinases, and phosphatases, which are
crucial for regulating the cell cycle (Besse-Patin and Estall, 2014). Such alterations may
affect biological activity or interactions with other proteins. Furthermore, activating essential
redox-regulated survival pathways may indirectly boost cell proliferation by increasing

antioxidative stress mechanisms.

1.8.3.1 Transcription Factors

ROS can affect the function of numerous important transcription factors involved in cell
cycle control. This is performed mostly by oxidative alterations of certain amino acids in their
DNA-binding motifs, or by changes in the phosphorylation status produced by redox reactions.
Thiol-rich cysteine residues in the zinc-finger motifs of the DNA-binding domains of
numerous transcription factors are highly vulnerable to oxidative alterations.

The consequences of these redox shifts on transcription factors differ; they may either
amplify or reduce transcriptional activity, depending on the specific transcription factor
(Brigelius-Flohé and Flohé, 2011).

1.8.3.2 Targeting ROS

In response to specific oncogenic signals, cells experience increased ROS production, partly
due to metabolic activities linked to unchecked cell growth and proliferation. This sustained
oxidative stress can deplete cellular antioxidants, leading to a redox imbalance. Increased
intracellular ROS levels can aid the initiation and progression of cancer. The genetic

instability caused by ROS-induced DNA damage can make these cells more susceptible to
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additional oxidative harm from external ROS-generating agents. This susceptibility provides
a possible molecular basis for developing novel treatment techniques focused on selective
eradication of these cancer cells (Bay, 2023). Genetic instability resulting from ROS-
mediated DNA damage could render cells more susceptible to additional oxidative damage
from external ROS sources. This heightened vulnerability offers a biochemical rationale for
developing novel therapeutic approaches that target and preferentially eliminate cancer cells
that are prone to oxidative stress (Bay, 2023; Ellermann et al., 2017).

Specific phytochemicals function as natural antioxidants, effectively neutralising free-radical
damage and lowering the likelihood of cancer initiation in humans (Rohman et al., 2006).
Plant-based antioxidants include a diverse range of compounds including flavonoids,
polyphenols, tocopherols, and terpenoids (Dimitrios, 2006). Many plant-derived
phytochemicals such as terpenoids, phenolic acids, and alkaloids are known to have
anticancer effects. These effects are shown by their impact on ROS signaling pathways
(Chirumbolo et al., 2018). This conclusion is consistent with the antioxidative and ROS-
eliminating characteristics of several phytochemicals, which have been shown to induce
apoptosis via ROS generation. A well-known example is xanthohumol, a well-studied
phytochemical. Xanthohumol, a prenylated flavonoid discovered in the female flowers of
the hops plant (Humulus lupulus L.), is gaining popularity for its potential use in a variety of
applications, particularly as a chemopreventive and antineoplastic agent. Its involvement in
scavenging ROS assists in avoiding DNA damage and destroying carcinogens, partially by
boosting the production of phase Il cytoprotective enzymes (Albensi et al., 2019).
Xanthohumol is also known for its unique anticancer effects, which include blocking DNA
synthesis, boosting apoptosis, and preventing cancer cell invasion. (Albensi and Biology
2019).
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Figure 1.10 Schematic representation of oncogenic signals, ROS generation, and the role of
phytochemicals in cancer. This diagram illustrates how oncogenic signals, such as aberrant activation of
growth factor receptors and oncogenes, can lead to increased generation of reactive oxygen species (ROS) in
cancer cells. Elevated ROS levels contribute to oxidative stress, DNA damage, and genetic instability, which
further promotes cancer progression. However, phytochemicals, including phenols, flavonoids, and terpenoids,
can exert anticancer effects by modulating ROS signaling pathways. These compounds act as antioxidants,
scavenge free radicals, and reduce the oxidative damage. Moreover, phytochemicals can induce apoptosis in
cancer cells by triggering ROS-mediated cell death pathways, such as the activation of caspases and release of
cytochrome ¢ from the mitochondria. By targeting multiple oncogenic pathways and regulating ROS
homeostasis, phytochemicals have demonstrated promising potential as chemopreventive and therapeutic
agents for cancer management.

A common method through which phytochemicals aid in cancer therapy is to induce or
modulate autophagy and apoptosis. The pathways involved in these processes are complex
and require a brief overview before potential targeting can be explored. In mammalian cells,
apoptosis occurs via two distinct molecular routes. The intrinsic or mitochondrial route
originates internally and is based on the release of pro-apoptotic proteins from mitochondria.
This route is primarily activated by cancer treatment and radiation, offering benefits to cancer
cells by bypassing intrinsic apoptotic signals. External protein death ligands bind to pro-
apoptotic death receptors, which activate the extrinsic apoptotic pathway (DRs). Both routes
lead to the activation of caspases, a set of specialised proteases, which then initiate a

sequence of events. These events encompass "blebbing" of the plasma membrane, cellular
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contraction, condensation of chromatin, and fragmentation of internucleosomal DNA, which

are all characteristic signs of apoptosis.

1.8.3.3 The intrinsic apoptosis pathway

The intrinsic apoptotic pathway is initiated when the mitochondrial outer membrane
ruptures, allowing apoptotic components to enter the cell. These include cytochrome C and
Smac/DIABLO, also known as the second mitochondrial activator of caspases and a direct
inhibitor of apoptosis-binding protein (MOMP). MOMP is controlled by internal cellular
stress detectors that alter connections within the Bcl-2 protein family (Birkinshaw and
Czabotar, 2017) (figure 1.10). The Bcl-2 family is divided into three groups, BH1-4,
according to the number and arrangement of Bcl-2 homology domains. In response to diverse
cellular stresses, the BH3-only proapoptotic proteins get activated. They activate MOMP by
boosting the formation of oligomers of pro-apoptotic proteins Bax and Bak on the
mitochondrial outer membrane (mitochondrial outer membrane permeabilisation). Other
multi-BH domain proteins, including Bcl-2, Bcl-XL, and Mcl-1, prevent MOMP formation
by neutralising proapoptotic family members. The production of apoptogenic substances by
the mitochondria produces a cascade of cellular changes that may lead to irreversible cell
death (Deledda et al., 2022). Cytochrome C is necessary for the formation of the cytosolic
apoptosome complex, which includes the adaptor proteins Apaf-1 and caspase 9. When this
complex is formed, caspase-9 is activated, causing further processing and activation of the
effector caspases. Furthermore, the release of Smac/DIABLO improves its interaction with
X-chromosome-linked inhibitor of apoptosis protein (XIAP). XIAP binds to caspase-3,
caspase-7, and caspase-9 via its IAP repeat domain, which acts as a key regulatory point to
prevent premature caspase activation. However, the interaction between Smac/DIABLO and
XIAP inhibits XIAP activity, bypassing this regulatory step and enabling apoptosis (LaCasse
etal. 2009). Cancer-related alterations, such as the loss of proapoptotic proteins p53 and Bax
or increased expression of anti-apoptotic components, such as Bcl-2 and Mcl-1, disrupt

intrinsic apoptosis signaling, making it more difficult to effectively eradicate mutant cells.

1.8.3.4 The extrinsic apoptosis pathway
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Extrinsic apoptosis occurs when signals from external death ligands activate the cellular
apoptotic machinery via proper death receptors (DRs) (Romero, 2017) (Figure 1.10). TNF,
FasL, and TRAIL are TNF family death ligands produced largely by immune cells including
T cells, NK cells, NKT cells, macrophages, and dendritic cells. Although all death ligands
can induce apoptosis under specific circumstances, TRAIL has emerged as one of the most
intriguing therapeutic targets. TRAIL exclusively triggers apoptosis in cancer cells, whereas
normal and non-transformed cells remain untouched. Furthermore, unlike FasL or TNF,
increased activation of TRAIL death receptors does not cause considerable damage in vivo
[103]. Consequently, a significant portion of the research on the therapeutic exploitation of
the extrinsic apoptotic pathway in cancer therapy has focused on TRAIL death receptors,
employing TRAIL or TRAIL agonist antibodies (Figure 1. 2).
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Figure 1.11 Intrinsic and extrinsic apoptotic pathways. The diagram illustrates the two main
pathways that lead to programmed cell death (apoptosis) in mammalian cells. The extrinsic
pathway is initiated by the binding of death ligands such as FasL or TRAIL to their
corresponding cell surface receptors. This interaction triggers the formation of the death-
inducing signaling complex (DISC) and the activation of caspase-8, which in turn cleaves
and activates downstream effector caspases, such as caspase-3 and caspase-7, resulting in
apoptosis. The intrinsic pathway, also known as the mitochondrial pathway, is triggered by
various cellular stresses such as DNA damage or oxidative stress. These stimuli cause
changes in the mitochondrial membrane permeability, leading to the release of cytochrome
c into the cytosol. Cytochrome c binds to Apaf-1 and procaspase-9 to form an apoptosome
complex that activates caspase-9. Active caspase-9 cleaves and activates effector caspases,
which ultimately leads to apoptosis. The intrinsic and extrinsic pathways converge at the
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level of effector caspase activation, and both pathways are tightly regulated by pro- and anti-
apoptotic proteins such as members of the Bcl-2 family. Targeting apoptosis Bcl-2 and Bax
production is important in breast cancer cell death because they enhance cytochrome c release
and activate the caspase cascade. Bcl-2 and Bax production is important in breast cancer cell
death because they enhance cytochrome c release and activate the caspase cascade. This is
particularly evident in response to the phytochemical Pyranocycloartobiloxanthone A [104].
Scutellarin, a phenolic phytochemical, is known for its ability to activate the p53 pathway,
thereby facilitating apoptosis [105]. Scutellarin inhibits Bcl-2, thereby promoting the pro-
apoptotic protein p53. This activation enhances Bax protein synthesis and caspase-3-
dependent cell death in human colon cancer cells. Scutellarin inhibits Bcl-2, thereby
promoting the pro-apoptotic protein p53. Bcl-2 and Bax production is important in breast
cancer cell death because they enhance cytochrome c release and trigger the caspase cascade.
Bcl-2 and Bax production is important in breast cancer cell death because they enhance
cytochrome c release and trigger the caspase cascade [105]. Capsaicin, a well-known
phytochemical, has been shown to cause apoptosis in various cancer cells by activating the
p53 pathway [106]. Many phytochemicals have been shown to aid cancer treatment by
lowering NF-kB activity, which increases cancer cell death [107]. NF-kB expression is
usually high in cancer cells because it regulates both antiapoptotic and apoptotic genes [107,
108]. Alkaloids and flavonoids have been shown to kill cancer cells by blocking the NF-kB
signaling pathway. Xanthohumol is one such phytochemical with a broad variety of uses
[109], Magnolol [108] Morusin [110], urosolic acid [111], Corilagin [112]. Alkaloids and
flavonoids may trigger apoptosis in cancer cells by inhibiting the NF-kB signaling pathway.
These plant compounds trigger apoptosis through a mitochondria-dependent pathway. (
Figure 1.10). Phytochemicals may cause cancer cells to create ROS, which alter the
mitochondrial membrane potential and release a number of damaging substances, including
cytochrome c. Following its release, cytochrome C, in collaboration with Apaf- 1 and caspase
9, forms the apoptosome, which subsequently activates the executor, caspase 3, initiating
apoptosis [113]. Phytochemicals induce extrinsic apoptosis by upregulating the expression
of death ligands such as FasL, TNF-a, and TRAIL. These ligands cause apoptosis by
attaching to death receptors (DRs) such as FAS and TNFR, which activate
caspase-8. Caspase-8 transforms Bid into tBid, which together with the increased amounts

of BAX and BAK proteins in the mitochondria, activates the intrinsic apoptotic pathway,
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leading to caspase activation.

1,8.4 Phytocides as regulators of miRNAs

MicroRNAs (miRNAs) are noncoding RNA molecules with unique nucleotide sequences.
They influence post-translational gene expression [114]. This is accomplished by targeting
specific messenger RNA (mRNA) molecules through this sequence. Mature
miRNAs typically attach to the 3' untranslated region (UTR) of their corresponding
messenger RNA (mRNA) genes, resulting in RNA disintegration or translation inhibition
[115]. Furthermore, miRNAs can adhere to the 5' untranslated segment (5'UTR) and coding
region of their target genes [116]. In conclusion, miRNAs modulate mMRNA transcription
and processes, such as growth, differentiation, apoptosis, cell cycle control, metabolism, viral
replication, aging, immune responses, and carcinogenesis. Through these mechanisms,
miRNAs are estimated to regulate approximately one-third of the human genes [117]. To
date, over 1500 human miRNAs have been identified using sequencing and microarray
technologies in conjunction with bioinformatics analyses of multiple miRNA databases
[118]. In summary, miRNAs function mechanically by silencing or activating genes and can
act as tumour suppressors or oncogenes in various types of cancers [119]. Partial
complementarity increases the translation barrier, whereas complete complementarity
promotes MRNA breakdown [120].

The production of miRNAs is affected by several factors, including impairments in the
transcription machinery, changes in epigenetic mechanisms and miRNA biosynthesis, and
mutations or alterations in DNA copy number. Given that gene expression profiles in cancer
cells differ significantly from those in normal tissues, it stands to reason that mRNA
transcription levels are similarly altered in cancer. Furthermore, it is well known that miRNA
transcription is altered in cancer cells [121]. Numerous studies have shown that
phytochemicals can control miRNA expression via methods other than transcriptional
regulation. Resveratrol is a phytoalexin derived from grapes, which has been used for the
treatment of cancer and other ailments for many years. Notably, resveratrol has been shown
to dysregulate two miRNAs in oestrogen-responsive breast cancer cells, specifically miR-
542-3p (whose levels decreased following resveratrol treatment) and miR-122-5p (whose

levels increased following resveratrol treatment), both of which cause cell death by
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apoptosis. In contrast, treatment with resveratrol has been proven to enhances miR-122-5p in
triple-negative breast cancer cells [122]. Although numerous phytochemicals have undergone
clinical trials for cancer treatment, scientists still encounter significant challenges associated
with the limited bioavailability and effectiveness of dietary plant components [123, 124].
Phytochemicals hold potential as cancer-regulatory agents, and the understanding of miRNA
activity, along with their gene-targeting mechanisms, presents a promising avenue for

developing future therapies to treat this disease.

1,8.5 Phytochemical targeting angiogenesis

Similar to normal tissues, tumour tissues cannot grow or spread locally or systemically
without angiogenic support. Blood vessels are crucial because they supply the necessary
oxygen and nutrients for tumour growth [125]. During angiogenesis, endothelial cells
proliferate and migrate in response to external cues to form the vessel walls. This process
involves several phases, including initiating activity in the endothelial cell layer of a pre-
existing capillary, releasing metalloproteinases to break down the protein-dense extracellular
matrix (ECM), penetrating the matrix, and dividing. Endothelial cells undergo these phases
to develop new vascular networks, supporting the expansion of nearby tissues, including
tumours [126].

Normal cells maintain homeostasis by balancing the stimulation and inhibition of chemical
signals and blood vessels develop only when necessary. The development and spread of
cancers require angiogenic assistance. Cancer cells produce proangiogenic substances that
stimulate the formation of new blood vessels. Furthermore, normal cells near tumour cells
may contribute to angiogenesis by producing signaling molecules [125]. Compounds that
hinder the development of new blood vessels include angiostatin, endostatin, interferons,
interleukin 1 and 12, tissue inhibitors of metalloproteinases, and retinoic acid [127]. Natural
angiogenesis inhibitors include angiogenin, epidermal growth factor (EGF), oestrogen,
and fibroblast growth factor. Compounds that prevent the formation of new blood vessels
include angiostatin, endostatin, interferons, interleukins 1 and 12, tissue inhibitors of

metalloproteinases, and retinoic acid.
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Vascular Endothelial Growth Factor (VEGF) and basic fibroblast growth factor (bFGF, often
called FGF2) are essential regulators of tumour angiogenesis [128]. Unique microRNA
(miRNA) expression profiles specific to angiogenesis have been discovered [129]. These

miRNAs can potentially function as pro- or anti-angiogenic agents [130].

Anatomically, blood arteries consist of an inner endothelial cell lining and an exterior layer
of basement membrane, followed by mural support cells such as pericytes and vascular
smooth muscle cells (SMCs). Vasculogenesis is the process of developing new blood vessels
from progenitor cells, whereas sprouting angiogenesis involves the generation of new
vascular entities from preexisting arteries. Vascular co-option, intussusception, and
vasculogenic mimicry are other methods for producing new blood vessels. Endothelial
progenitor cells (EPCs) in bone marrow play an important role in the initiation and
progression of postnatal neovascularization during vasculogenesis [131]. Endothelial
progenitor cells (EPCs) express CD34, CD31, VEGFR-2, and Tie-2 during vasculogenesis.
In contrast, tumour cells generate proangiogenic chemicals, including VEGF and cytokines,
such as stromal-derived factor-1, which promote the proliferation and differentiation of bone
marrow-derived dendritic cells. Proangiogenic signals from tumours activate matrix
metalloprotease 9. (MMP9). MMP enzymes are crucial in angiogenesis and metastasis
because they break down the extracellular matrix (ECM), enabling cellular mobility and
tissue penetration while boosting tumour development and dispersion [132].

Once activated, MMP9 facilitates proteolytic transformation of the membrane-tethered KIT
ligand into a soluble functional form. This activated form of Kit ligand then increases
hematopoietic cell and endothelial progenitor cell motility (EPCs) Once activated, MMP9
promotes the proteolytic transformation of the membrane-tethered Kit ligand to its soluble,
functional form. This activated Kit ligand increases haematopoietic and endothelial
progenitor cell motility (EPCs) [133]. Endothelial progenitor cells (EPCs) may attach to
angiogenic sprouts and integrate into the endothelial layer of the blood vessels. In this
context, adhesion molecules such as P-Selectin, E-selectin, and integrins play an essential
role in boosting EPC attachment to vessel walls. Endothelial progenitor cells (EPCs) may
connect to angiogenic sprouts and form the endothelial layer of the blood vessels. In this

context, adhesion molecules such as P-selectin, E-selectin, and integrins play crucial roles in
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boosting the attachment of EPCs to vessel walls [134]. VEGF predominantly stimulates
endothelial cell differentiation [135].

The process of sprouting angiogenesis begins with the instability of endothelial cells, which
leads to an endothelial-to-mesenchymal shift. These changes improve the migratory,
invasive, and proliferative properties. The surrounding extracellular matrix (ECM) and
basement membrane are then disintegrated by activated proteases such as matrix
metalloproteinases (MMPS). This breakdown enables guided cell migration and proliferation.
Polarisation of these moving endothelial cells eventually results in the creation of a vascular
lumen [136]. Following these events, there is a reversal in the process, with cells
transitioning from a proliferative phase to a quiescent state [137]. The key signaling pathways
involved in activating angiogenesis morphogenetic processes are VEGF (Vascular
Endothelial Growth Factor) and Notch [138].

Proangiogenic signals cause a variety of alterations in sprouting endothelial cells, including
enhanced invasive and motile activity, protease activation, changes in cell-cell contacts, and
apical-basal polarity inversion. The endothelial cells responsible for sprouting, which are
located near the tip of the angiogenic sprout, are referred to as "tip cells.” When stimulated by
VEGF, these tip cells actively project extended filopodia, detecting and directing the
development of the growing artery towards

locations with increased VEGF concentrations in the arterial bed (Figure 1.12).
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Figure 1.12 Mechanisms involved in blood vessel development. This diagram illustrates the various
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processes through which new blood vessels can form in both normal tissues and tumours. In normal tissues,
angiogenesis occurs through the recruitment and differentiation of bone marrow-derived endothelial progenitor
cells (EPCs) into mature endothelial cells, which subsequently form capillaries. Angiogenesis involves the
migration and proliferation of endothelial cells from parent vessels to form new capillary sprouts.
Intussusceptive microvascular growth is a process in which existing blood vessels split and remodel to form
new capillary networks. In tumours, an additional mechanism called vasculogenic mimicry can occur, in which
tumour cells form vessel-like structures to provide blood supply for the growing tumour s. Understanding the
diverse mechanisms of blood vessel formation is crucial for developing targeted therapies that can inhibit
tumour angiogenesis and limit cancer progression.

Angiogenesis inhibitors may either prevent the creation of new blood vessels or assist in the
removal of existing vessels once an inflammatory reaction subsides. Pharmaceutical
angiogenesis inhibitors include anti-VEGF antibodies and anti-cancer tyrosine kinase
inhibitors (TKIs), which suppress angiogenesis growth factor receptor activity and function.
Nonetheless, cancer cells may use various angiogenic pathways, which seem redundant, to
acquire resistance to specific therapies by progressively relying on signaling pathways
unaffected by intervention. Suppression or lack ofangiogenesis may lead to treatment
resistance. For example, hypoxic tumour cells in the middle of in situ spheroid carcinoma
cannot be differentiated. This situation may serve as a survival strategy when such cells are
exposed to therapeutic treatments, such as radiation or chemotherapeutic drugs, which only

damage DNA during the division phase.

ytochemicals targeting the Gonadotrophin releasing hormone pathway
Gonadotropin-releasing hormone (GnRH) is the main regulator of the reproductive system.
This neurohormone is produced and released by a dedicated collection of neurones found in
the septal-preoptic-hypothalamic region of the brain [139]. Capillaries may arise in normal
tissues through several mechanisms including (a) recruitment and differentiation of bone
marrow-derived endothelial progenitor cells (EPCs) into endothelial cells, (b) sprouting

angiogenesis, and (c) intussusceptive microvascular growth (Figure 1. 4) [140].
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Figure 1.13 GnRH signaling pathway regulates LH and FSH production The diagram illustrates the
complex signaling cascade initiated by gonadotropin-releasing hormone (GnRH) in the anterior pituitary gland,
leading to the production of luteinizing hormone (LH) and follicle-stimulating hormone (FSH). GnRH binds
to its G protein-coupled receptor (GnRH-R) on gonadotrope cells, triggering the dissociation of G proteins and
activation of multiple downstream signaling pathways. These include mobilisation of intracellular calcium,
calcium influx, and activation of protein kinase C (PKC). This signaling cascade ultimately results in the
synthesis and release of the common alpha subunit and distinct beta subunits of LH and FSH. This intricate
GnRH signaling pathway plays a crucial role in regulating the production and secretion of these gonadotropins,
which are essential for reproductive function and control of gonadal activity.

The human gonadotropin-releasing hormone (GnRH) gene has a single gene copy on
chromosome 8p11.2-p21, and is composed of four exons separated by three introns [141, 142].
The gonadotropin-releasing hormone (GnRH) gene encodes a pre-prohormone with a 23-
amino acid signal peptide. The signal peptide varied from a GnRH decapeptide to two serine
residues. Following the decapeptide, a GKR sequence is required for signaling amidation at
the carboxy terminus as well as for enzymatic precursor cleavage. This area is followed by a
56-amino acid peptide called the GnRH-associated peptide (GAP) [141, 143].

GnRH activity in extra-pituitary cells can exert a suppressive effect on cell proliferation,
indicating that its signaling pathways may diverge from those associated with mitogenic or
stress-inducing G protein-coupled receptors (GPCRs). When stimulated by gonadotropin-
releasing hormone (GnRH), T3-1 cells activate all four subfamilies of mitogen-activated
protein kinases (MAPK), including ERK, JNK, p38MAPK, and BMK [144]. Among these

subfamilies, Jun N-terminal kinases (JNKs) demonstrate the most significant activation,
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showing a twenty-fold enhancement [145]. GnRH receptor (GnRHR) stimulation
significantly increases ERK1 and ERK2 activity in GhnRHR-expressing cell lines [146, 147].

GnRH (Gonadotropin-releasing hormone) is produced in the hypophysial portal circulation
and eventually reaches the anterior pituitary gland. It boosts the production and release of two
gonadotropins that control gonadal sex hormone development [148]. Gonadotropin-releasing
hormone (GnRH) binds to the GnRH receptor (GnRH-R), a member of the seven-
transmembrane G protein-coupled receptor (GPCR) family, with high affinity [149]. GnRHs
(gonadotropin- releasing hormones) interact with their corresponding heptahelical receptors,
a distinctive aspect of their engagement [150]. When GnRHSs bind to their heptahelical
receptors, the Gq or GI11 proteins are activated. This activation then increases
phosphoinositide turnover, resulting in the successive activation of enzymes, including PLC
(phospholipase C), PLD (phospholipase D), and PLA2 (phospholipase A2). This activation
also causes the mobilisation and influx of calcium ions (Ca2 +), as well as the translocation
and activation of protein kinase C (PKC) [151, 152]. This sequence of events culminates in
the production of arachidonic acid and generation of bioactive lipoxygenase products.
Ultimately, these biochemical processes lead to the synthesis and release of gonadotropin
[153]. GnRH receptors (GNRH-R) in the pituitary gland function as molecular targets for
GnRH agonists and antagonists. These compounds represent the most widely utilised
pharmacological therapies for hormone-dependent malignancies, including prostate, breast,
and ovarian cancer. GnRH receptors (GnRH-Rs) are expressed in various cancerous tissues.
Stimulating these receptors with GnRH agonists has been consistently linked to anticancer
effects, including antiproliferative and antimetastatic actions [143, 154]. Activation of the
GnRH receptor (GnRH-R) results in diverse biological outcomes, likely because of the
different intracellular signaling pathways associated with this receptor in various tissues. In
gonadotropes, activation engages the Gg/phospholipase C pathway. In contrast, the

predominant pathway in cancer cells is the Gi/cCAMP pathway [155, 156].

GnRH receptor (GnRH-R) has emerged as a viable target for new molecular-targeted
therapies for cancers that exhibit these receptors. This category includes diverse treatments,
such as GnRH agonists and antagonists, conjugates of GnRH agonists with cytotoxic agents

(such as doxorubicin) or nutraceuticals (such as curcumin), and nanoparticles engineered to
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target GnRH-R for the delivery of anticancer agents.

1,8.6 Phytochemicals targeting the Wnt signaling pathway.

The Wnt protein family is essential for regulating cell fate and maintaining homeostasis
during various developmental phases [157]. In humans, the Wnt gene family is comprised of
19 glycoproteins, each with a high degree of cysteine richness and preservation [158]. The
word 'Wnt' is obtained from the combination of two genes: 'Wingless (Wg),' which was the
first Wnt gene discovered in Drosophila via genetic screening aimed at uncovering genes that
modify embryonic patterning; and 'Wnt,' which is derived from the combination
of two genes [159] and 'Int-1’, a mouse proto-oncogene discovered for its role in triggering
breast tumour formation. Subsequently, int-1 was identified as a member of the Wnt protein
family [160].

Whnt proteins are classified by the physiological response they cause when they connect with
the Frizzled (Fzd) membrane receptor. Wnt proteins that generate a -catenin-dependent
transcriptional response are referred to as "canonical," whereas those that cause alternative
responses are known as "non-canonical." In contrast to the canonical Wnt pathway, the non-
canonical Wnt pathway incorporates a greater spectrum of cytoplasmic signaling

components, making it more complicated and poorly understood [161].

The Whnt/-catenin signaling pathway is triggered when particular Wnt isoforms bind to their
respective Frizzled receptors in conjunction with an LDL receptor protein family co-
receptor, either LRP5 or LRP6 [162]. When Wnt binds to Fzd, it draws a key cytoplasmic
regulatory complex to the membrane, which is stabilized by the tumour suppressor proteins
Axin and APC. GSK-3, a serine/threonine kinase, aggressively phosphorylates B-catenin in
the absence of Wnt signaling, indicating its destruction by the proteasome. Wnt signaling, on
the other hand, inactivates GSK-3, enabling -catenin to accumulate and interact with the T-
cell factor/lymphoid enhancer factor (Tcf/Lef) family of DNA-binding proteins. As Axin
proteins are essential for the anchoring of both GSK3 and -§3-catenin, they play a dual role in

regulating the activation and repression of the Wnt/B-catenin pathway [163].
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Transcriptional regulatory mechanisms play a vital role in modifying Wnt pathway
responses. TLE/Gro, ICAT, Chibby, Sox9, and the CtBP/APC factor are proteins that control
the interaction of

Catenin and Tcf/Lef Interactions such as those between TCF and TLE/Gro, provide
TCF/LEF molecules with repressive function [164]. The occurrence of multiple isoforms of
each protein, resulting from alternative splicing processes, adds to the functional
heterogeneity of Tcf/Lef proteins [165]. Direct interactions between B-catenin and cyclic
AMP-responsive element-binding protein (CREB)-binding protein (CBP)/p300 have been
identified in vertebrates [166].In vertebrate systems, interactions between catenin and the
CREB-binding protein (CBP)/p300 are required for transcriptional target activation[167].
The Whnt/-catenin signaling system is dual in nature, tightly controlling both cellular
proliferation and differentiation [168]. The change from- catenin/CBP to -catenin/p300
interaction may signal a crucial cellular transition point. CBP and B-catenin interact to drive

transcriptional pathways essential for stem/progenitor cell survival and proliferation [169].

Recently, the Wnt/Tcf signaling pathway and its target genes HOXB9 and Lefl were
identified as essential mediators of chemotactic invasion and colony formation in a lung
cancer model [170]. Wnt signaling promotes epithelial-to-mesenchymal transition by
decreasing the activity of the GSK3-mediated degradation complex, Wnt signaling promotes
epithelial-to-mesenchymal transitions (EMTSs). This suppression leads to elevated nuclear
concentrations of B-catenin, thereby activating the transcription factors associated with EMT
[171]. Wnt-mediated responses are likely to function in conjunction with other cell fate
determination systems to promote epithelial-to-mesenchymal transition (EMT) in cancer
[172].

1,8.7 Phytochemical targeting of the RTK signaling pathway

Growth factors bind to tyrosine kinase receptors on the cell surface. When a growth factor
binds to a receptor, it activates the kinase domain, resulting in tyrosine phosphorylation and
subsequent intracellular signaling cascades [173]. The most extensively studied receptor
growth (RTK) family is the EGF receptor tyrosine kinase family, often known as the ErbB

receptor family. These receptors interact with a wide range of growth factors including EGF,
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and their functions in development, physiology, and cancer have been thoroughly
investigated. ErbB receptors engage in various signal transduction pathways including the
RAS/ERK, PI3K/AKT, and JAK/STAT pathways [174]. Additionally, ErbB receptors can
translocate to the nucleus and initiate transcriptional processes [175].

ErbB receptors are typically activated by autocrine or paracrine ligand production. This
activation triggers the dimerisation and activation of tyrosine kinase domains, which are
accomplished by the trans-tyrosine phosphorylation of both the kinase domains and C-
terminal tails. For example, co-receptors phosphorylate six tyrosine residues at ErbB3's C-
terminus. This characteristic allows ErbB3 to signal in the absence of a functional kinase
domain. Phosphorylated tyrosine residues act as docking sites for SH2 domain-containing
signaling molecules. Adaptor proteins with an SH2 domain, including Grb2, Nck, and Shc,
bind to the phosphorylated ErbB receptors. Furthermore, these adaptor proteins connect with
other proteins via tyrosine phosphorylation of their own residues, which is regulated by ErbB
receptors, or via domains, such as the Src homology 3 (SH3) domain, which binds to the
proline-rich regions of other proteins. These linkages activate transcription factors and
initiate a kinase cascade, causing biological consequences including cell proliferation and
survival. ErbB receptors activate three main kinase cascades: RAS/ERK, PI3K/AKT, and
JAK/STAT [176].

The EGF receptor family includes four different receptors: ErbB1 (also known as EGFR or
HER1), ErbB2 (HER2/neu), ErbB3 (HER3), and ErbB4 (HER4) (HER4). These receptors
exhibit evolutionary conservation and functional redundancy, both of which are necessary
for effective signaling pathways [177]. Except for ErbB2, all members of the EGF receptor
family have both ligand-binding and intracellular tyrosine kinase domains. ErbB3 is
remarkable for its nonfunctional tyrosine kinase domain, which lacks catalytic activity. This
indicates that ErbB3 primarily functions as a co-receptor in collaboration with other ErbB
receptors [178] (Figure 1. 5).
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Figure 1.14 Signal transduction pathway of the ErbB receptor. The diagram illustrates the core components
of the ErbB receptor-signaling pathway. Binding of a ligand to the extracellular domain of the ErbB receptor
triggers activation of an adapter protein. The activated adapter protein then initiates a kinase cascade that
involves the sequential phosphorylation and activation of multiple kinases. This kinase cascade ultimately
regulates various cellular functions, including proliferation, survival, and differentiation. This pathway
highlights the critical role of the ErbB receptor in transmitting extracellular signals to the cell interior and
modulating the key cellular processes implicated in cancer development and progression.

ErbB receptors bind to a ligand, and upon binding, ErbB receptors undergo dimerisation and
autophosphorylation of tyrosine residues on their C-terminal tails. This activates adaptor
proteins that connect to receptors, triggering the phosphorylation and activation of kinases.
Cascading events triggered by activation of the EGF receptor family lead to vital cellular
processes, including proliferation, survival, and differentiation. Within this framework,
phosphatases, enzymes that dephosphorylate proteins can exert a negative influence on these
signaling pathways, whereas transforming growth factor-beta (TGF-B) exemplifies the
complexities inherent in any strategy aimed at modifying cancer signaling pathways. This
complexity underscores the challenges of targeting these pathways for therapeutic purposes
[179]. TGF- exists in three isoforms, each of which binds to the TGF- receptor, a tetrameric
complex comprising two type-l and two type-1l transmembrane serine-threonine kinases.
The Smad transcription factor family, including Smad4 (DPC4), a tumour suppressor
typically missing in pancreatic and colorectal malignancies (CRC) as well as familial
juvenile polyposis, regulates both positive and negative TGF-f signaling. TGF is involved
in a range of biological processes, including proliferation, differentiation, development,

wound healing, and formation of the extracellular matrix (ECM). Epithelial-to-mesenchymal
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transition (EMT) and metastasis are essential for cancer treatment. TGF- typically inhibits
the proliferation of normal epithelial and haematopoietic cells, as well as early stage
carcinomas, but this inhibitory effect is often reduced in mid-stage malignancies. TGF-
promotes the invasion and metastasis of advanced-stage tumours. TGF- is involved in arange
of biological processes, including proliferation, differentiation, development, wound healing,
and the formation of the extracellular matrix (ECM). Epithelial-to-mesenchymal transition
(EMT) and metastasis are essential for cancer treatment. TGF- generally controls the
proliferation of normal epithelial and haematopoietic cells, as well as early stage carcinomas,
but this suppressive effect often decreases in mid-stage malignancies. TGF- may accelerate
invasion and metastasis in advanced-stage tumours [180, 181]. TGF-p, which is released by
certain aggressive tumours, stimulates tumour cell proliferation after epithelial-to-
mesenchymal transition (EMT) and inhibits immune effector cells. In the field of signaling
molecules, substantial studies have been conducted on reactive oxygen species (ROS) as
promoters of cell growth and survival, specifically their effects on certain transcription
factors. However, it is critical to remember that many proteins involved in essential signal
transduction pathways play important roles in these processes. Upstream signaling pathways
mediated by these non-transcriptionally active proteins typically lead to the activation of
transcription factors. This highlights the importance of a variety of essential signaling
molecules in redox regulation [182].

PI3K, a lipid kinase, is required for several cellular signaling pathways, including those
involved in cell proliferation, motility, and survival. When activated, PI3K produces PIP3,
which draws Akt to the cell membrane. Akt is activated in the membrane by 3-
phosphoinositide-dependent kinase-1 phosphorylation (PDK-1). PTEN functions as a
negative regulator of this pathway by dephosphorylating PIP3, which in turn inhibits Akt
activation. Furthermore, ROS (reactive oxygen species) are known to affect the control of

Akt activity, bringing a new dimension to the management of this pathway [183].

MAPKSs (Mitogen-Activated Protein Kinases), a class of highly conserved serine/threonine
kinases, are critical regulators of many physiological activities. These functions include cell
growth, energy metabolism, gene expression regulation, and programmed cell death. The
MAPK signaling cascade is differentiated by the successive activation of several kinases via

phosphorylation. The various kinases involved in each step of the cascade define the precise
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targets that are affected, thereby controlling cellular responses [184]. The complexities of
MAPK signaling pathways make it challenging to correctly predict the impact of certain
stimuli. ROS (reactive oxygen species)-induced MAPK pathway activation is well known,
notably, the phosphorylation and subsequent activation of p38 and ERK1/2 MAPKS in
response to oxidative stress. These phosphorylation processes appear to be dependent on
redox reactions, as demonstrated by their suppression by antioxidants. Furthermore,
differences in MAPK activity caused by different redox states have been linked to alterations
in the cellular proliferation rates. This suggests that ROS may play a role in promoting cell
proliferation via MAPK activation, highlighting the complex link between redox conditions

and cellular signaling mechanisms [185].

Initially recognised as oncogenes in cancer cells, the Ras family of membrane-associated
GTPases comprises three primary variants that exhibit substantial sequence similarity: H-
Ras, N-Ras, and K-Ras. Although a significant portion of research is centred on their
involvement in oncogenesis, Ras proteins are also crucial in normal cellular operations. They
are crucial for directing the cell cycle during the transition from G1 to S phase. This dual
functionality highlights the intricacy and significance of Ras proteins in standard cellular
processes and cancer development [186]. Oxidative agents typically increase Ras activity
leading to increased cell proliferation. In contrast, antioxidants usually reduce both of these
interconnected phenomena. This dynamic underscore the significant role of oxidative states
in controlling cellular functions through the modulation of pivotal signaling molecules
such as Ras [187]. Given the role of the MAPK pathway as a crucial downstream effector
of Ras, it is reasonable to infer that both processes are mechanistically linked. Ras-induced
variations in proliferation indices may be due to the concomitant changes in MAPK activity.
Further investigation of this theory is critical, particularly given the prevalence of mutations
that result in persistent Ras activation in human cancer. Understanding this relationship may

provide significant insights into tumourigenesis and prospective treatment targets.

1.9 Cotyledon orbiculata (Crassulaceae)

Cotyledon orbiculata, a small shrub characterised by succulent leaves, is a member of the

Crassulaceae family [188-190]. This plant is traditionally used for medicinal purposes in
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Southern Africa, where it is indigenous. Leaves are commonly used in local remedies for the
treatment of corns and warts [190] to ease dental and ear pain, diminish inflammation, and
assist in the control of epilepsy. Commonly, sap drawn from leaves is heated to prepare it
for therapeutic applications [191, 192]. Research has shown that extracts from Cotyledon
orbiculata possess antimicrobial, anti-inflammatory, and antioxidant properties, making it a
valuable resource for medicinal applications [190]. Given the role of the MAPK pathway as
a downstream effector of Ras, it is reasonable to hypothesise that both processes are
mechanistically linked. Ras-induced changes in proliferation indices might be a consequence
of simultaneous changes in MAPK activity. Further investigation of this concept is critical,
particularly considering the prevalence of mutations that cause Ras to remain activated in
human cancers. Understanding this relationship may provide valuable insights into
tumourigenesis and prospective treatment targets [189]. Phytochemical studies have shown
that C. orbiculata leaves possess bufadienolide glycosides, namely orbicusides A, B, and C.
These compounds are recognised for their toxicity to sheep and goats, causing a disease
known as krimpsiekte poisoning [193]. The toxic compound present in C. orbiculata is
recognised for its ability to suppress the central nervous system and possesses characteristics
similar to those of a local anaesthetic [191]. C. orbiculata is abundant in phytochemicals,
such as saponins, tannins, reducing sugars, and triterpene steroids [188].

Studies of extracts from Cotyledon orbiculata have demonstrated their anticancer splicing
effects on VEGF165, a growth factor crucial for angiogenesis. These extracts also influenced
alternative splicing of Axl and BclX genes. ELISA using antibodies targeting VEGF165
splice variants revealed that the extract from C. orbiculata prompted a splicing shift from

angiogenesis-promoting VEGF165 to its anti-angiogenic variant, VEGF165b [194].

1.10 Tulbaghia violacea

Tulbaghia comprises approximately 63 species, most of which are characterised by rhizomes
(Govaerts and Simpson, 2015). C. orbiculata is used in traditional medicinal practices to treat
various conditions, such as oesophageal cancer, asthma, tuberculosis, coughs, digestive
problems, and colds [188, 190]. T. violacea is known as Isihaga by Zulus [195] as well as a
snake repellent [196]. Moreover, studies have indicated that excessive consumption of T.

violacea can lead to adverse effects, such as gastroenteritis, gastrointestinal pain, and
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inflammation [191, 192]. A common secondary metabolite discovered in T. violacea
phytochemicals is steroid saponin [197]. These saponins have been shown to aid in the
inhibition of platelet aggregation and blood coagulation. T. violacea has been reported to be
responsible for its in vitro fibrinolytic activity [198]. The garlic-like scent of T. violacea is
attributed to sulfur compounds, which are released when its tissues or organs, such as leaves
and rhizomes, are damaged or wounded. This results in an alliaceous odour [199]. This is a
distinctive characteristic of this species. 1,4-tetrathiazol-2,7-dioxide and 2,4,5,7-tetrathiazo-
2-dioxide are examples of such compounds [200]. The aqueous extract of T. violacea
contains a variety of free sugars including glucose, fructose, sucrose, arabinose, rhamnose,
xylose, and glycosides [200]. Kaempferol and quercetin are two flavonoids present in T.
violacea [200]. CHO, MCF7, and HeLa cells undergo apoptosis after exposure to a 50:50
aqueous:methanol extract of T. violacea; however, H157 and MG63 cells do not undergo
apoptosis [201]. Caspase-3 activation and DNA fragmentation are associated with apoptosis.
Following purification of this pro-apoptotic extract, a novel component was identified. In
vitro studies have shown that methyl-D-glucopyranoside can induce apoptosis in cervical
cancer cells [202, 203].

T. violacea leaves and bulbs have been shown to suppress the growth of various cancer cell
lines including MCF-7, WHCO3, HT29, and HelLa [204, 205].

According to the phytochemistry of T. violacea, its bioactivity may be linked to substances
such as allylsulfur, phenolic glycosides, or free glycosides. Tulbaghia species emit a garlic-
like odour when their leaves or rhizomes are injured. Tulbaghia's characteristic scent is
produced by S-(methylthiomethyl) cysteine-4-oxide, a cysteine-derived amino acid found in
the cytoplasm. When Tulbaghia tissue is disrupted, a C-S lyase enzyme present in the cell
vacuoles interacts with marasmin. This interaction causes marasmin to break down into the
thiosulfinate marasmicin (2,4,5,7-tetrathiaoctan-4-oxide, 2), a process similar to the

conversion of alliin to allicin in garlic [196, 206].

1.5 Rationale for Targeting COX-2 in Molecular Docking Studies

Targeting Cyclooxygenase-2 (COX-2) in molecular docking research is a strategic strategy

because of its crucial involvement in inflammation and cancer progression. COX-2 is
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commonly elevated in many types of malignancies, such as triple-negative breast cancer
(TNBC), and its increased levels are linked to worse prognosis and a higher likelihood of
metastasis [207]. COX-2 selective inhibitors can trigger apoptosis and decrease
inflammation in cancer cells, indicating their potential as targets for developing anticancer
drugs [208].

Compounds derived from medicinal plants such as Tulbaghia violacea have been shown to
inhibit COX-2 and have anticancer properties, providing more evidence for investigating
COX-2 in molecular docking research [209]. Research indicates that T. violacea extracts
may have anticancer properties by influencing COX-2 activity [210]. Compounds from
natural sources have been studied for their ability to inhibit COX-2, using molecular docking.
Research has shown promising results in terms of affinity and selectivity for the COX-2
active site [211-213].

To investigate the interaction between bioactive compounds from T. violacea and the COX-
2 enzyme, molecular docking methods can be used to analyse the binding modalities and
possible inhibitory effects of these compounds [214]. Previous studies have used molecular
docking to identify chemicals that strongly bind to the COX-2 active site, thereby providing
an understanding of the structural characteristics required for COX-2 inhibition [215-217].

The choice of COX-2 as a target for molecular docking investigations is justified because of
its known involvement in cancer progression, its increased presence in TNBC, the blocking
actions of natural substances, and the possible connection between T. violacea extract and
COX-2 suppression. Molecular docking studies are useful for examining how bioactive
molecules interact with COX-2, and can help in developing new therapeutic treatments for

inflammation and cancer.
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Chapter 2 Methods and Materials

Table 2.1 List of materials used in this study

Cell culture media

CF-10A media Leibovits's MEDIUM 171 HYCLONE® #SV30160.03
10 foetal calf serum Bio Whirtaker® Lonzy #17-
602E
1% Penicillin/Streptomycin
MDA-MB-231 Leibovitz's L-15 Medium HYCLONE® #SV30160.03

1074 foetal calf serum Biowhittaker® Lonza #17-602E

1% Penicillin/Streptomycin

Cell viability assay

Trypan Blue stain 121 mixture with 1xPBS Sigma

Counting slides dual room Bio-Rad # 145-001
Protem exiraction

Lysis bufler

SDS

Protein inhibitor Each Tablet contains Sigma #P4417-100TAB

cockuail AEBSF+HCI, Aprotinin, Leupeptin, Pepsttin
Sodium Fluonide, Sodinm Orthovanadate,
Sodium Pyrophosphate
SDS-PAGE
Acrylamide/bis- Acrylamide 292 g
acrylamade solution < / )
Bis-acrylamide 0.8 g
Gel casting buffers 1.5 M Tris-HC, pH 8 X (10 prepare resolving
gel)
18.15 g of Tris base
Adjust pH to 8.8 using 6N HCL
Make up the final volume to 100 mL
Gel casting buffers 0.5 M Tris-HC, pH 6.8 (1o prepare stacking
gely
6 g of Tris base,
Adjust pH to 6.8 using 6N HCL
Make up the final volume to 100 mL
Loading bufTer Bromophenol blue 0.004%
2-mercaptoethanol 1024
Glycerol 20% SDS 4%
Tris-HCI0.125 M
Tris-HCI 25 mM
Glycine 200 mM
SDS 0.1% (wiv)
1SDS
10% Ammoniwm
persulpliate
TEMED

For more detailed information about the cell lines, please refer to Appendix A. Additionally, the ethics
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waiver for the use of these cell lines is included in Appendix E.

Table 2.2 Cell lines details and origins

MCF-10A MDA-MB-231

Ethnicity Caucasian

Morphology Basal epithelium Basal

Age 36 43

Hormone sensitivity Normal TNBC

Tissue Breast: mammary gland: Mammary gland, breast: metastatic site
derived: pleural effusion

Culture media Mammary Epithelial Cell Basal Leibovitz's L-15 medium

Media supplemented with MEGM
media kit and 100 ng/ml cholera
toxin

waiver for the use of these cell lines is included in Appendix E.
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2.1 Methods
2.1.1 Preparation of plant extracts
Plant extracts of T. violacea and C. orbiculata were produced using aqueous extraction of water-
soluble components and methanol-based extraction of nonwater-soluble components. Both plants
were sourced from a local nursery (Tulip Garden Center, Johannesburg, South Korea). The plant
species was confirmed by the staff at the C. E. Moss herbarium at the University of the Witwatersrand.
The leaves of both plant species were collected, rinsed with water, and, to ensure successful
extraction, cut into smaller sections and dried for 120 hours in a well-ventilated oven at 40 °C. Once
dried, the plant material was finely ground and passed through an 850-micron sieve. This process aids
the penetration of the solvent into the cellular structure of the plant to dissolve secondary metabolites.
To extract water-soluble compounds, the dry powder was dissolved in one liter of boiling water and
allowed to cool for 24 h. Subsequently, the solution was filtered to obtain an aqueous extract. The
filtrate was freeze-dried to yield the dried aqueous plant extract, which was stored for 72
h.Compounds that were insoluble in water were extracted by dissolving the dried powder in 250 mL
pure methanol. This mixture was then filtered to remove particles that were not soluble in methanol.
The filtrate was placed in a Soxhlet extractor for 72 h, after which the crude methanol extract was
evaporated completely. The resulting powder was freeze-dried to ensure its formation of a dry

powder.

New solutions were prepared daily throughout the experiment using both the aqueous and methanolic
raw extracts. For the aqueous extract, the required volume of dried extract was dispersed in an
adequate amount of physiological saline, deionised water, or a cell culture medium. A designated
quantity of the methanol extract was mixed with a minimal volume of dimethyl sulfoxide (DMSQO)
in physiological saline, deionised water, or culture medium. In each case, the final DMSO

concentration did not exceed 0.5 percent.

2,1.1 Cell culture

MCF-10A and MDA-MB-231 cell lines were used in this study, as shown in Table 2. These cell lines
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were propagated in tissue culture flasks with medium supplemented with penicillin/streptomycin
(10000 IU/ml) and 10% foetal calf serum (FCS), and incubated at 37 °C in a ThermoForm Series 11
incubator devoid of CO2. Cell passaging was performed every three days or when the cells reached
70% confluence. The medium was aspirated, and the cells were washed with PBS at this stage of
confluence. One millilitre of trypsin-EDTA was used to remove the adherent cells, followed by a 5-
minute incubation. The action of trypsin was stopped by adding 1 ml of FBS-containing medium. The
supernatant was removed after 5 min of centrifugation at 1300 rpm, and the cell sediment was
reconstituted in fresh medium. Reconstructed cells were transferred to new tissue culture flasks for

further incubation.

2,1.2 Thawing of cells

Cells maintained at cryogenic temperatures were removed from a -80 °C freezer and thawed gradually
on ice. After defrosting, the cells were transferred to a 15-ml centrifuge tube and spun for 5 min at
800 rpm. The supernatant was removed after centrifugation and the cell sediment was resuspended in
5 ml of medium containing 1% penicillin/streptomycin and 10% foetal calf serum (FCS). This
resuspended mixture was then transferred to a cell culture flask and incubated in a CO2-free
atmosphere at 37 °C. Following good cell adhesion, the medium was replaced with a solution

containing 10% foetal FCS. Cell growth was evaluated over a 5-hour period.

2,1.3 Cell cryopreservation

Adhering cells were trypsinised and the resulting cell suspension was centrifuged at 800 rpm for 5 min.
The collected cell sediment was reconstituted under appropriate conditions, containing 1%
penicillin/streptomycin, 20% foetal calf serum (FCS), and 10% dimethyl sulfoxide (DMSO). One
millilitre of this mixture was portioned into a labelled cryovial and stored overnight at -20 °C. It was

then moved to a -80 °C freezer for further preservation.
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2,1.4 Cell count determination

A Countess™-2 Automated Cell Counter was used for cell counting. The device is a fully automated
cell counter and assay platform that uses cutting-edge optics and image analysis algorithms to analyse
trypan blue-stained samples in suspension. It has a simple user interface and the ability to save data
and generate reports that can be transferred to a PC using a USB drive. The cells were mixed 1:1 with
trypan blue solution (Sigma #T8154) and loaded into a quartz haemocytometer, which was then
inserted into the instrument. Both sites of the haemocytometer were loaded and counts were

performed in duplicate for each sample.

2,1.5 Determination of changes in the cell morphology caused by treatment with various

extracts

The analysis of cell morphology can be used to determine the physiological state of cells; therefore,
morphology can be used as a qualitative and quantitative measure in various biological assays.
Various parameters can be automatically determined from microscopic images using analysis
software. These include the shape, area, perimeter, circularity, roundness, and solidity. The shape
analysis was dependent on the shape factor (S). It is a dimensionless quantity obtained by measuring
the diameter, perimeter, area, and other parameters of a selected cell [218]. The shape factor (S) is
given by

4TA
S=T o
o]

Where,

A = the area of the cell P = the cell perimeter

MDA-MB231 and MCF-10A cells were exposed to all four extracts, and microscopic images were
captured at 0, 24, 48, and 72 h. As a positive control within the experiment, the cells were administered
5-fluorouracil (5FU). The captured images were then annotated using the public-domain Java image-

processing program, ImageJ. The perimeter measurements were plotted against the area of the cell.
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These plots were used to assess the cell shrinkage and membrane blebbing. The cell circularity,

roundness, and solidity were measured.

The roundness of a cell is a measure of its area-to-perimeter ratio. Simply put, if two concentric circles
are placed over an object with different diameters, a round object falls between the two circles. The
difference between the diameters of the circles was dependent on the tolerance level. This was

calculated using the following equation:

(4m) area

Roundness=  (convex perimeter)?

Round objects have a result of 1; the lower the value, the less round the object [118, 219]. Generally,
cells undergoing apoptosis become less round and more irregular in shape [220, 221]. The circularity
of a cell measures the proximity of its mass centre to the centre of a theoretical circle encompassing

the cell. This measurement is calculated by

Circularity = Radius_circumscribing / Radius_inscribing

In three dimensions, this can also be used to describe sphericity; once again, the closer it is to 1, the
more circular [222].

The density of a cell is measured by its solidity, which is the ratio of the area of an item to the area of
the convex hull of an object. The convex hull of an object is defined as the smallest convex form that

contains an item (Figure 2.1).
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Round and circular Round not circular

C

Solidity

Figure 2.1 Depiction of the calculation of morphological features The figure illustrates the key morphological features
used in the quantitative analysis, including the roundness, circularity, convex hull, and solidity. Panel A shows examples
of shapes that are round, circular, and round, but not circular, highlighting the distinction between these two geometric
properties. Panel B depicts the concept of a convex hull, which is the smallest convex polygon enclosing a given shape.
Panel C shows varying degrees of solidity, which is a measure of the compactness or density of an object relative to its
convex hull area. These morphological features are essential for characterising and quantifying the shape, size, and texture
of objects or regions of interest in image analysis applications across various domains including biology, materials
science, and computer vision.

2,1.6 Determination of the I1Cso value for the crude extracts

2,1.7 Treatment of cells with purified fractions: Bioassays and cytotoxicity assays.
Under normal conditions, the cells were grown in 24-well plates and allowed to multiply overnight.
Subsequently, the original medium was replaced with serum-free medium for 24 h to induce serum
deprivation. This step was designed to reduce cell division and synchronise the cell cycle during the
GO phase. Following fasting, the cells were exposed to varying amounts of crude plant extract. The
plant extract stock solution was made by combining the crude extract with 10% Foetal Bovine Serum
in sterile tissue culture medium (FBS). Extracts that were soluble in methanol were diluted in tissue

culture medium with dimethyl sulfoxide (DMSQO) to produce a final concentration of 2%. Under
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serum-free culture conditions, the stock solution was diluted to the desired concentration. Finally, the
cells were exposed to the diluted extract for 24 h in fresh culture medium supplemented with 10%
FBS. Cell viability was determined using Alamar Blue (AB).

Alamar Blue, also known as resazurin, is a water-soluble dye used to assess cell viability. Its solubility
in the culture medium, non-toxicity to cells, and its ability to permeate cell membranes make it a
suitable indicator. Alamar Blue has been demonstrated to act as an intermediary electron acceptor in
the electron transport chain without interfering with the normal electron flow [223]. Alamar Blue can
be reduced by NADPH, FADH, FMNH, NADH, and cytochrome. When electrons are added to AB,
its colour changes from oxidised nonfluorescent blue (resazurin) to diluted fluorescent pink
(resorufin). Oxidised state transition can be used to determine cell viability. This is accomplished
through quantitative measurements, such as calorimetric or fluorometric tests with detectable colour
changes, indicating the presence or absence of viable cells because only viable cells oxidise AB. For

spectrophotometric absorbance measurements, wavelengths of 570, 600, 540, and 630 nm were used.

Alamar Blue tests were used to determine the IC50 values of plant extracts and their activity against
the Triple-Negative Breast Cancer (TNBC) cell line. The cells were grown in 96-well plates using a
previously described method. Cell counting was performed to determine the number of cells seeded
in a multiwell plate. The cells were serum-starved for 24 h after overnight growth to synchronise the

cell cycle.

Cultured cells were treated with different concentrations of the plant extracts (100, 200, 300, 400,
500, and 600 ug/ml). Each concentration was tested in triplicate for each of the four extracts, with a
0.2% DMSO control acting as a control for the methanol extracts dissolved in DMSO (Figure 2.2).
The concentration of DMSO was the same as that of the most concentrated methanol extract.
Untreated control cells were grown in regular tissue culture media. Cells incubated with 5-
fluorouracil (5FU) functioned as a positive control. Cells were allowed to multiply for 48 h after
treatment. The medium was then replaced with fresh media infused with a 10%

concentration of Alamar Blue and the cells were cultured for another 4 h. After 4 h, the cells in the
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96-well plate were treated with a solution containing 10% Alamar Blue and incubated again.
Absorbance of the plates was measured using a Spectromax ABS+ plate reader ( Molecular Devices).
The percentage of live cells was determined based on the decrease in AB, which was proportional to
the dye intensity, using the formula A590nm - (A600nm - A690nm).

500 200 400

100 300 600

100 400

T. vioacea methanol extract

(. orbiculata water soluble extract

Media DMSO +cells
Media + cells 5 F:ourouracil
DMSO T. vioacea Water extract C. orbiculata methanol extract

Figure 2.2 The layout of the 96-well plate was used to determine IC50 in the alamar blue assay The figure depicts
the arrangement of different treatments and controls within a 96-well plate for the alamar blue assay to evaluate the half-
maximal inhibitory concentrations (IC50) of various compounds. The plate was divided into quadrants, with each well
containing a numerical value that represented the concentration or amount of treatment. The treatments included media
control, DMSO vehicle control, DMSO with cells, T. violacea methanol and water extracts, C. orbiculata methanol and
water-soluble extracts, and the chemotherapeutic drug 5-Fluorouracil as a positive control. The layout allows for testing
multiple concentrations of each treatment in replicates, enabling the determination of dose-response curves and 1C50
values for cytotoxicity or growth inhibition in cell-based assays.

2,1.8 Real-Time Cell Analysis (RTCA) by XCelligence

The XCelligence system is a real-time cell analyser that monitors cell attachments by measuring

electrical impedance in real time. As cells proliferate and expand across the surface of the plate, their

impedance is represented by cell index (CI) values. CI counts the number of live cells that interact with

the electrodes on the E-plate over time. The Cl value was zero if no cells were present on the electrode.
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As the number of cell attachments increases, so do the CI values, and variations in cell adhesion and
viability produce changes in the Cl. Cl values accurately depict the number of cells and their biological
conditions. The normalised cell index (NCIti) was calculated by dividing the cell index (CIti) at each
time point by the normalised time index (ClIti) (Clti = CIti/ClIti).

The xCelligence RTCA system was employed to measure the impact of various concentrations of
plant extracts on the two cell lines in real-time. In addition, the I1Cso was established using the
XCelligence system by plotting the CI against the concentration of the extracts. The concentrations
of the plant extracts were varied, and the cells and controls were seeded in E16 x Celligence plates.
Initial titration curves were obtained to determine the appropriate number of cells to be added to each
well of an E16 plate. This involved adding various numbers of cells to the e-16 plate, running the
RTCA plate for 24 h, and monitoring CI. The selected cell number was based on the speed of cell
growth and the time taken for cells to start dying off due to overcrowding. The recommended number
of MDA-MB-231 cells to seed per well of the XCelligence e-plate for the RTCA experiments was
4000 cells/well, which corresponds to a cell density of 20,000 cells/mL

Media and cells ,:“ pg/ml
® @ @ @
5-FU _ 150 pg/ml
® o0 @ @
50 pg/ml 350 pg/ml
® O ®@ @
150 ;1gfml 30 pg/m
e (0
350 pg/ml 150 pg/ml
L I @ @
50 pg/ml 350 pg/ml
® 0 @ @
150 pg/ml (6% DNW
350 pg/ml Media and cells
® @ @ @

. T. violacea water extract
Q C. orbiculata water soluble extract
C) T. violacea methanol soluble extract

.
£ a s
‘\_) C.orbiculata methanol soluble extract

Figure 2.3 Layout of the excelligence e plate for the determination of the IC50. The appropriate number of cells
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was subsequently dispensed into all wells of the electronic plate (e-plate). Varying concentrations of the four plant
extracts (0, 50, 150, and 350 ug/ml) were used to treat cells. In addition, a vehicle control for the methanol extract
was added to both wells. This involved the addition of media at a concentration of 0.2% DMSO. In this study, 5-
fluorouracil (5FU) was used as a positive control at concentrations of 25 and 100 uM. For untreated cells, the control
setup consisted of the addition of only full medium to these cells. The cells were grown on an e-16 plate and
monitored by the RTCA device for 24 h before treatment. The extracts, DMSO, or the drug were added to each well
at a final volume of 200 puL of medium per well (Figure 2.3). After treating the cells with varied doses of plant
extract, a kinetic record of the cells was established, which offers important information about the cell's biological
status, including cell viability. Cell impedance data were used to generate a plot of cell viability versus the
logarithmic value of compound concentration. Using this plot, the 1Csp value for each crude extract was calculated
using the RTCA software.

Figure 2.3 depicts the layout of the E16 x CELLigence plate used to determine the half-maximal
inhibitory concentration (IC50) of the four plant extracts in MDA-MB-231 triple-negative breast
cancer cells. The plates were divided into sections, with different concentrations of each extract
applied to the wells. Specifically, concentrations of 0, 50, 150, and 350 pg/mL were tested for the T.
violacea water extract, T. violacea methanol extract, C. orbiculata water extract, and C. orbiculata
methanol extract. Additionally, two wells contained 0.2% DMSO as a vehicle control of 0.2% DMSO
to account for the solvent used in the methanol extracts. The chemotherapeutic drug 5-fluorouracil
(5-FU) was used as a positive control at concentrations of 25 and 100 uM. Finally, two wells with
untreated cells served as negative controls. This layout allowed for simultaneous evaluation of the
cytotoxic effects of various extract concentrations on MDA-MB-231 cells using the real-time
monitoring capabilities of the xCELLigence system.
2.2 Determining the effects of Active plant extracts on TNBC cells

2,2.1 Analysis of the effect of active plant extracts on cellular apoptosis

Flow cytometry was used to assess the apoptotic effects of the active plant extracts, which commonly
exhibit anticancer effects by inducing cell death in targeted cells. The Muse™ Annexin V and Dead
Cell Kit (Merck, MCH100105) was used for the study, which assesses cells in several states: alive,
in early or late apoptosis, and dead. Cells were stained with annexin V or 7-aminoactinomycin D (7-
AAD) using this kit.

During apoptosis, phosphatidylserine (PS) is externalised on the cell surface. Annexin V, a calcium-
dependent phospholipid-binding protein, binds to PS and functions as a fluorescent marker to detect

apoptotic cells. 7-AAD is a fluorescent compound that binds DNA with high affinity, but cannot
55




penetrate live or healthy cells. It stains dead cells or those in late-stage apoptosis, where the membrane

integrity is compromised, allowing the dye to enter.

Using these strains, four distinct cell populations were identified and quantified using a Guava Muse

flow cytometer, providing a detailed analysis of the apoptotic effects of the plant extracts. These are:

1) AnnexinV (-) and 7-Aminoactinomycin D (-) — Healthy live cells
2) Annexin V (+) and 7-Aminoactinomycin D (-)- Early-stage apoptosis
3) Annexin V (+) and 7-Aminoactinomycin D (+) — Late-stage apoptosis

4) Annexin V (-) and 7-Aminoactinomycin D (+) — Dead cells

Five unique cell populations were individually propagated in distinct flasks. One flask was designated
as the untreated control, whereas the other served as a positive control for cellular death. The
remaining three flasks were exposed to varying concentrations of T. violacea water extract: one at
the 1Cso concentration, another at a concentration marginally below the 1Cso, and the final one at a
concentration exceeding the 1Cso.

The cultured cells were serum-starved for 24 h, followed by treatment with the respective compounds
for 48 h. The plant extracts were dissolved in normal culture medium. Both the untreated control
and the positive control were left untreated. The positive control cells were separated after 48 h, spun
down, and the cell pellet was placed in hot water to kill cells. All pellets were resuspended in 1 percent
FBS in 1X Assay Buffer HSC after the other cell samples were detached (CatLog No. 4700-1325). In
a 1:1 ratio, the cell suspension, annexin V, and dead cell reagent were combined (100 pL each). This
cell mixture was incubated for 20 min before analysing the Annexin V and dead cell programs on the
Muse instrument. The analysis was calibrated using a positive control, consisting of heat-killed cells.
The percentages of live, early apoptotic, and combined late apoptotic and dead cells in each cell
population were documented. These data are represented in a bar graph illustrating the percentage of
cells in each category for each cell population. This experiment was repeated three times for three

technical replicates, and the experiment was repeated three times for three biological replicates.
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2.2.1.1 Analysis of the effects of active plant extracts on cell cycle progression

The effect of active plant extracts on the cell cycle progression of treated cells was evaluated using
flow cytometry and propidium iodide (PI) labelling. PI is a DNA-binding stain that attaches to DNA
in a manner that is directly proportional to its concentration. Consequently, the fluorescence intensity
emitted by the stained cells corresponded to the DNA quantity, thereby indicating the cell cycle stage.
When cells divide, they undergo four stages as described below. The first phase, also known as the
resting phase, consists of gap 0 (GO) or the senescent stage, in which the cell has stopped dividing.
This is followed by the Gap 1 (G1) stage, during which the cells grow in size. The second phase, also
known as the synthesis (S) phase, is where the DNA replication occurs. Gap2 (G2) is the third phase,
which occurs during DNA synthesis and mitosis. At this stage, the cells continue to develop. The
concluding phase, known as mitosis (M), is characterised by the termination of cellular growth and
subdivision into two daughter cells. The cell cycle is directed by cyclins and cyclin-dependent kinases
(CDKs) that regulate cell progression at each stage. Consequently, the DNA content of the cells was
indicative of cell cycle stage. Cells in the S-phase had more DNA than those in the G1 phase, and G2
cells appeared twice as bright as G1 cells.

The cells were exposed to three different concentrations of Tulbaghia violacea water-soluble extract:
a concentration below the ICso, an I1Cso concentration, and one above the 1Cso. Comparing the cell cycle
profiles across these three concentrations enabled me to gain a more comprehensive understanding of how T.
violacea extract influences cell cycle progression and whether these effects are dose dependent. This approach
provided more detailed information than simply testing a single concentration, even if it was the IC50. The cells
were collected and preserved in ice-cold 100% ethanol after a 48-hour treatment period. To remove
the RNA, the fixed cells were rehydrated and treated with RNase at 37°C. This step is vital because
propidium iodide (PI) can attach to RNA, similar to DNA, which could influence the precision of
fluorescence measurements. After RNase treatment, the cells were stained with 1 mg/ml propidium
iodide (PI) and incubated at 4°C overnight in the dark to ensure precise DNA content measurement.
This staining process is critical for an accurate assessment. Finally, the stained cells were analysed

using the cell cycle analysis program on a Muse flow cytometer. This step was essential to determine
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the effect of the extract on cell cycle progression.

2.2.1.2 Measuring the effect, the active plant extract had on cell invasion and migration

Cell invasion and migration tests were performed to evaluate the effect of the active plant extract on
cancer cell migration and invasion, particularly its capacity to enter the extracellular matrix (ECM).
This assay utilised the RTCA xCELLigence system, which employs a CIM €16 plate. The assay was
complemented by a synthetic ECM, specifically Geltrex™ (Invitrogen), to closely mimic the natural
environment and assess the ability of cells to migrate through and invade the ECM under the influence

of the plant extract.

The E16 CIM plate was divided into two, with 8 wells being used for the migration assay and 8 wells
being used for the invasion assay (4). For the invasion assay using the xCELLigence system, an upper
section of the CIM plate was prepared by adding 50 pL of undiluted Geltrex to each well designated
for invasion. In the lower chamber, 100 pL of medium with FBS was added to all but four wells,
which received medium without serum. Consistent with previous methodologies, 5000 cells at a

density of 25000 cells/ml, were seeded into each well of the upper chamber.

The water-soluble T. violacea extract was injected into the migration and invasion portions of the
plate to obtain a final concentration of 200 pg/ml in three wells in each area. Once the CIM plate was
assembled, it was placed in the xCELLigence system. Cell index (Cl) readings were subsequently
taken every 15 min over a 72-hour period. This ongoing surveillance facilitated real-time
observations of cell migration and invasion, providing essential insights into the effects of T.

violacea extracts on these cellular activities.
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Figure 2.4 Cell invasion and migration plate setup. This diagram illustrates the experimental setup for cell invasion
and migration assays using the xCELLigence system and a CIM e16 plate. The plate was divided into two sections: the "
top and " bottom chambers " bottom chambers. The Top Chamber contained 12 circular wells arranged in three rows,
with differently coloured circles representing various experimental conditions or treatments tested for cell invasion and
migration. The Bottom Chamber also shows 12 circular wells arranged in three rows, with different coloured circles
indicating additional experimental conditions. The legend at the bottom provides details on the specific components and
conditions being tested, including "Invasion assay", "Migration assay", "Media with 10% serum", "Media without 10%
serum”, " 200 pg/ml extract”, and "Cells only". Additionally, the diagram includes schematic representations of the
"Upper well insert" and "Lower well" for both the invasion and migration assays, with the "Geltrex" label indicating the
use of a basement membrane extract in the invasion assay.
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2.2.1.3 Scratch assay for migration analysis

Cells were grown on a plate to form a confluent monolayer. A cell-free zone was established by
inscribing a line through the monolayer using a pipette tip (Figure 2.5). The cells were then treated
with two different doses of the water-soluble T. violacea extract: one slightly below the 1Cso (200
pg/ml) and another above the 1Cso (300 pg/ml). 5-Fluorouracil (5FU) was used as a positive control,
and a set of cells was left untreated for comparison.

Cell migration and proliferation were monitored under a microscope for 48 hours. Measurements of
the gap width were taken every 2 h during the initial 6 h, and then at 24 and 48 h. Gap closure,
indicative of cell migration and proliferation, was quantified by measuring changes in gap width. The
gathered data were charted over time to examine the effects of the extracts on cells. The mean width
of the gap was computed and the pace of gap closure was meticulously recorded. This information
was then used to calculate the migration rate after treatment with the plant extracts compared with
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Figure 2.5 Scratch Assay. This figure illustrates the key steps involved in the scratch assay, a common experimental
technique used to study cell migration in vitro. A confluent cell monolayer is shown in panel (1). A "wound" or cell-free
area is then created in the monolayer by dragging a pipette tip across the cell surface, as depicted in panel (2). The initial
boundary of this cleared area is shown in panel (3) to mark the starting point of cell migration. Panel (4) shows the cells
migrating inward over time to occupy and close the void space created by the scratch, representing the migratory process
being studied. This assay allows for the quantitative analysis of cell migration by measuring the rate of gap closure caused
by cell motility.

the control group.

=

2.2.1.4 Measuring the effect of active plant extracts on Cell Adhesion.
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A test was performed using Geltrex™ (Invitrogen), a synthetic ECM analogue, to investigate the
influence of the water-soluble extract on the adhesion characteristics of MDA-MB231 and MCF-10A
cells to the extracellular matrix (ECM). The procedure involved applying 250 | of undiluted Geltrex™
solution to the surface of 12-well plates, followed by 30 min of solidification at 37 °C. After
solidification, the wells were washed for 30 min with blocking solution containing 0.5 percent bovine
serum albumin (BSA) in DMEM F12.

Cells were treated with the water-soluble extract at a concentration of 500 pg/mL, as previously
described. After a 24-hour treatment period, the cells were washed, reconstituted in serum-free
medium, and added to the wells at a uniform concentration of 1 x 10° cells/ml. The cells were treated
for 2 h to promote cell adhesion. Following incubation, the adherent cells were washed and fixed for 10

min at room temperature. After another wash, cells were stained with crystal violet for 10 min.

The dye was then extracted from the stained cells using an SDS solution. The absorbance readings were
recorded at 550 nm. Control wells devoid of cells were used to establish the reference points. The
absorbance levels served as an indicator of the number of cells that adhered to the ECM analogue,

thus quantifying the adhesive effect of the water-soluble extract on these cell lines.

2,2.2 Antioxidant assay

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) test was used to evaluate the antioxidant activity of the
plant extracts. The colour of this compound changes depending on its oxidation state. DDPH is purple
in the stable radical form, whereas the yellow form occurs following electron scavenging. This colour
change can be monitored spectrophotometrically and can be used as an indication of the antioxidant
activity of a compound that can react with DDPH. The assay was performed according to Blios'
method [224]. A standard DPPH solution was prepared by dissolving the DPPH powder in methanol
to a final concentration of 500 uM/mL. The extract concentrations were determined based on the ICso
values. These concentrations are presented in Table 2.3. A 96-well plate was prepared with a

methanol-only blank, a negative control of DDPH
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solution, and then various concentrations of extracts in triplicate with the DPPH solution were added

to the extracts. The solution was incubated for 30 min in the dark.

The absorbance of the wells was measured at 515 nm using a plate reader to determine the degree of
radical neutralisation. The following activity was calculated using the percentage of DPPH

scavenging activity:

A515 of tested compound - blank
100% - A515 initial DPPH methanol solution — blank X 100

The concentration required to neutralise 50% of DPPH (EC50) was determined by plotting a graph of
the natural logarithm of the percentage of DPPH remaining against the concentration of the sample. If
the sample failed to neutralise 50% of the DPPH at a concentration of 500 pg/mL, it was eliminated as

a poor antioxidant.

Table 2.3 Concentrations of extract used in the antioxidant \assay\[ZDl]\[ZDz]

Concentration of test compound

(ng/mL)
EZ violacea water soluble extract 33133 200 266 333 |
T. violacea methanol soluble extract 66 266 400 533 633
' C. orbiculate water soluble extract 40| 7125 200 250 300 |
' C. orbiculate methanol soluble extract 33 133] 200 266 333 |
" Quercitin 100 200 300| 400 il

2,2.3 Detection of the molecular components present in the crude extracts

2.1.1.1 Fourier transform infrared (FTR) spectroscopy was used to examine the biological materials.
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FTIR spectroscopy for non-destructive biological material investigation is a rapidly growing field of
study. FTIR relies on molecular bonds with changing electrical dipole moments caused by atomic
displacement and natural vibrations. By scanning at multiple wavelengths and combining and
analysing the composite spectra, FTIR spectroscopy can identify the types of molecules present in a
mixture of compounds. The fingerprint region (600—1,450 cm-1), along with the amide | and amide
Il (amide 1/11) regions (1,500-1,700 cm™), are often the most critical spectral areas for the
characterisation of biological materials. Stretching vibrations associated with S-H, C-H, N-H, and O-
H belongs to the higher-wave region (2,550-3,500 cm1), whereas the bending and carbon skeleton
fingerprint vibrations belong to the lower-wave region. The powdered solid samples were ground
with IR-transparent potassium bromide (KBr) and compressed to form pellets. The pellet was
subsequently placed in an FTIR spectrophotometre (Thermo Scientific Nicolet iS20 FTIR

spectrometer) for analysis.

2,2.4 Gas chromatography (GC) in conjunction with mass spectroscopy (MS) analysis

GC analysis was performed on the aqueous extract of T. violacea to identify the chemical constituents
of the crude extract. GC coupled with mass spectroscopy is the method of choice for identifying
compounds in complex plant extracts. The retention durations of the peaks identified in the
chromatogram were compared to those of the reference compounds under identical conditions to
identify the peaks. Quantitative analyses were performed during this procedure. Positive peak
identification was accomplished by determining the molar mass of the substance and obtaining

information about its molecular structure using mass spectroscopy [225].

GC-MS analysis of bioactive chemicals from Tulbaghia leaf water extracts was carried out on an
Agilent Technologies GC system outfitted with the GC-7890A/MS-5975C model (Agilent
Technologies, Santa Clara, CA, USA) and stationary phase columns (30 m length, 250 um diameter,
0.25 um film thickness) for analysis. An electron ionisation system with high-energy electrons (70
eV) was used for GC-MS spectroscopy detection. Helium gas with a purity of 99.995% was used as
the carrier gas at a rate of 1 mL/min. The temperature protocol began with a 3 °C/min increase from
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50 to 150 °C, which was maintained for approximately 10 min. Subsequently, the temperature was
increased to 300 °C at the rate of 10 °C/min. One microlitre of the prepared 1% extract, diluted in
suitable solvents, was injected for analysis. The relative quantity of chemical components in each T.

violacea extract was quantified as a percentage based on the peak area observed in the chromatogram.

2,2.5 NMR Spectroscopy

In addition to providing information on the structure of a molecule, NMR spectroscopy can be used
to detect the content and purity of a sample. NMR is a non-destructive technology compared to Heat
analysis and mass spectrometry (MS). Proton NMR (1H NMR) is one of the most frequently used
NMR methods. The structure of a molecule can be deduced by observing how the protons in the
molecule interact with their surroundings. As a result, NMR spectra can be used to monitor the course

of chemical reactions such as those involving synthesis.

Because of the spin property of nuclei with odd masses or atomic numbers, NMR can be used to
identify elements such as hydrogen (1H), carbon, and 13C. A magnetic field may be applied to the
nuclei, which align themselves in one of two ways: with or against the applied magnetic field. The
low- and high-energy states exhibit distinct energy levels. Electromagnetic radiation can trigger a
transition from a low-energy to a high-energy state. Free inductive decay (FID) occurs when radiation
is stopped and the nuclei relax. Peaks in the NMR spectra were obtained by transforming the FID into
a Fourier transform. Different elements have different frequencies, which result in different chemical
shifts. NMR spectra can reveal the number of protons represented by a peak, the coupling constant
(J-coupling), and the splitting pattern of a peak (often referred to as "neighbours™). Because 1H NMR
analyses 1H nuclei, it is imperative to use deuterated solvents. Otherwise, the solvent signal obscured

the signal of interest.

The NMR tube was cleaned and approximately 10 mg of the starting material was added. A
nonmagnetic nucleus, deuterium, does not give rise to NMR signals when dissolved in a nonmagnetic

solvent such as deuterium oxide (D20). The ideal solvent height for a good spectrum is between 4.5
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and 5 centimeters. All substances were dissolved before the samples were shaken gently. NMR tubes
were carefully inserted into the spinner. To ensure that all samples were exposed to a uniform
magnetic field, the spinner was turned after it was placed in the magnet. To eliminate fingerprints and
grimes, 2-propanol and laboratory tissues were used to wipe the exterior of the NMR tube. If the
NMR tube is not inserted sufficiently far, the rotor might harm the instrument; hence, it is
accompanied by a sample depth gauge. The samples were placed in a different manner on the NMR
spectrometer. An autosampler-equipped Varian 600 MHz spectrometer was used. After the NMR test

was completed, the spectra were analysed and peaks were assigned.

The NMR spectrum was interpreted using an appropriate application to analyze the spectrum
(MestReNova). NMR shifts may be correlated with distinct peaks. To get a sense of the environment
in which the protons are present, and examine the chemical changes. The total number of protons was
calculated by adding all the peaks. The number of neighbours is represented by the splitting of the

proton peaks. The J-coupling method was used to determine the strength of the proton interactions.

2.3 Computational modelling of the interaction between COX -2 and the components of the T.

violacea water-soluble extract.

Molecular docking is used to determine the optimal alignment of a ligand in relation to a protein.
Bioactive constituents of T. violacea, identified via GC-MS and NMR analyses, were selected for
docking experiments with cyclooxygenase 2 protein (COX-2), which is known for its role in
modulating apoptosis and inflammation. Figure 2.5 depicts the three-dimensional X-ray
crystallographic structure of COX-2 acquired from the Protein Data Bank (PDB ID: 1PXX).

For the molecular docking assessment (depicted in Figure 2.6), Schrodinger software suite 2020 and
PyMol molecular graphics system 2.4. The target protein COX-2 and selected bioactive compounds
from T. violacea were prepared in accordance with the established protein and ligand preparation
guidelines. Throughout the docking procedure, various configurations of the ligand were generated

and a final refinement of the ligand position was performed. The docking score for each tested
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bioactive molecule, indicative of the effectiveness of its interaction with the target protein, was

computed for the most favourable pose.

Figure 2.6 The target cyclooxygenase-2 (COX-2) enzyme. This figure depicts the three-dimensional structure of the
COX-2 enzyme obtained from the Protein Data Bank (www.rcsh.org, PDB ID: 1PXX). COX-2 is a key enzyme involved
in the inflammatory response and a common target for anti-inflammatory drugs. The ribbon diagram shows the overall
tertiary structure of the enzyme, with a-helices represented in purple and p-sheets in yellow. This molecular model of
COX-2 was used for computational docking studies to analyse the binding interactions between the enzyme and bioactive
compounds identified in T. violacea extracts. Understanding these interactions is crucial to evaluate the potential anti-
inflammatory and anticancer effects of plant extracts.
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Figure 2.7 The structure of the anticancer bioactive compounds identified from T. violacea The structure of the
anticancer bioactive compounds identified from T. violacea was used for molecular docking analysis, which depicts the
chemical structures of various bioactive compounds identified from T. violacea through analytical techniques such as gas
chromatography-mass spectrometry (GC-MS) and nuclear magnetic resonance (NMR) spectroscopy. These compounds
were subsequently utilised for in silico molecular docking studies to evaluate their potential interactions and binding
affinities with target proteins implicated in cancer pathways, such as cyclooxygenase-2 (COX-2). The specific compounds
included D-Glycero-d-galacto-heptose, 4H-Pyran-4-one,2,3-dihydro-3,5-dihydroxy-6-methyl-, benzaldehyde,4-(1-
methylethyl)-, Vanillin, Thioridine, Pyridoline, 1,2,4-Triazine-3,5(2H)-dione, Alpha-Pinene, and Oxime-, and methoxy-
phenyl-. Chemical structures were obtained from the PubChem database (www.pubchem.ncbi.nlm.nih.gov), a public
repository of chemical information maintained by the National Institutes of Health (NIH).

2.4 Effects of the extracts on protein expression.

2,4.1 Protein Extraction Protocol.

MCF-10A and MDA-MB-231 cells were grown in culture dishes containing standard media. One
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flask was subjected to the ICso concentration of the water-soluble extract (200 pg/ml), whereas the
other was left untreated as a control. The medium was removed after treatment and the cells were
rinsed with ice-cold PBS. A cold plastic cell scraper was used to gently separate the cells. The medium
was removed after treatment and the cells were rinsed with ice-cold PBS. A cool plastic cell scraper

was used to gently separate the cells.

The scraped material was centrifuged at 2000 g for 5-7 minutes at 4 °C and the supernatant was
discarded. The cell pellet was rinsed with ice-cold PBS before lysis using ice-cold lysis buffer
containing protease inhibitors. The material was sonicated using 10 pulses from an MSE ultrasonic

disintegrator for efficient cell lysis (Soniprep 150 analogue).

The material was sonicated and incubated in microfuge tubes for 30 min to achieve complete cell lysis.
This was followed by 20-minute centrifugation at 16000 g at 4 °C. The supernatant, which included
the cell lysate, was carefully transferred to a separate tube and placed on ice for further analysis, and
the pellet was discarded. The material was sonicated and incubated in microfuge tubes for 30 min to
achieve complete lysis. This was followed by 20-minute centrifugation at 16000 g at 4 °C. The
supernatant, which included the cell lysate, was carefully transferred to a separate tube and placed on

ice for further analysis, while the pellet was discarded.

2,4.2 Quantification methods

Because all downstream analyses are dependent on accurate and repeatable quantification of crude
protein extracts, quantification of crude protein isolates is an important step in the proteomics
workflow. In this study, multiple protein quantification methods were used. Two standard solutions
of bovine serum albumin at concentrations of 1 mg/mL and 2 mg/mL were prepared and assessed
over a three-day period using the techniques described below.

2,4.3 Bradford assay

The Bradford assay, developed in 1976, is based on the interaction between the Coomassie Brilliant
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Blue G250 dye and proteins. Under acidic conditions, binding of this dye to proteins causes a colour
change from brown to red. A spectrophotometre was used to quantify the change to blue light at a
wavelength of 595 nm. There is a direct correlation between the intensity of the blue colour and the
amount of protein present, allowing for the quantification of the protein concentration in a sample.
The assay is also moderately resistant to salts and chaotropic agents but is affected by many common
sample buffer detergents, such as CHAPS and SDS.

To prepare the standards for the assay, a standard Bovine Serum Albumin (BSA) solution (Bio-Rad)
with an initial concentration of 2 mg/mL was used. This stock solution (2 mg/mL) was further diluted
1:1 to obtain a 1 mg/mL stock solution. Six standards with known concentrations were prepared using
1 mg/mL stock solution, encompassing the anticipated concentration range of the samples. The

standards used in this study ranged from 100 to 1 mg/ml, as outlined in Table 2.4.

Table 2.4 Standards for the Bradford assay

BSA stock PBS buffer
Oug/ul (reference/blank) Oul 100ul
100ug/ml 10ul 90ul
200ug/ml 20ul 80ul
500ug/ml 50ul 50ul
750ug/ml 75ul 25ul
Img/ml 100ul Oul

Equal amounts of Bradford reagent, protein samples, and buffers (mixed at a 1:1 ratio) were combined
and allowed to rest for 10 min at room temperature. Absorbance was measured at 595 nm for both the
reference standards and test samples using a Nanodrop spectrophotometre. The spectrophotometer's
software generated a standard curve,

which was used to calculate the protein concentrations in the samples by comparing their absorbance

values with the curve.

69




2,4.4 Qubit assay

The Fluorescent Qubit® Protein Assay Kit (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
was used as an alternative technique for protein quantification. This procedure was performed
according to the manufacturer's instructions. To prepare the Qubit® working solution, the Qubit®
protein reagent was mixed with Qubit® protein buffer at a 1:200 ratio. To construct the standard
curve, 10 pL of the Qubit® standards included in the kit was mixed with 190 pL of the working
solution. The tubes were vortexed for 3 seconds and incubated at room temperature for 15 minutes.
The samples were then placed into 500-pl tubes, and their fluorescence was measured using a Qubit®
2.0 Fluorometer (ThermoFisher Scientific, Waltham, Massachusetts, USA) employing the standard
protein program. A standard curve was obtained from the Qubit® fluorimeter readings. The samples
were processed similarly, with 10 pL of the sample combined with 190 pL of the working solution and
incubated for 15 min before fluorescence measurement on the Qubit® fluorimeter. A standard curve
was used to calculate the sample concentration, which was then modified to account for a 20-fold

dilution factor.

2,4.5 SDS-PAGE Analysis

The integrity of the extracted proteins was confirmed by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE). The internal surfaces of the gel plates were cleaned with ethanol and, in
some cases, nitric acid, to ensure that there was no grease or dirt on the plates. The plates were
assembled using a gel-casting cassette. The separation and stacking gels were prepared as shown in
table below. (Table 2.5).
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Table 2.5 Stacking and separating gel solutions

12 percent separating gel 6% separating gel
Tris-cl buffer at pH 6.8 2.52
pHS8.8 tris-HC1 1.875M
Water 6.7ml 5.32ml
30% Acrylamide (stock) 8ml 2ml
10%SDS 0.2 ml 0.1ml
Persulfate of ammonium (10 | 0.1ml 50ul
percent)
TEMED 10ul Sul
Total volume 20 ml 10ml

The separating gel was dispensed between the glass plates inside the casting cassette. This cassette
was then positioned on a flat surface and deionised water was gently added to the gel to ensure
evenness. Once the gel solidified, water on top of the separating gel was drained. Following the
protocol outlined in Table 2.4, the stacking gel was concocted and applied to the cured resolving gel.
A 10-well comb was used to allow the gel to solidify. After gelation, the comb was extracted, the gel
was retrieved from the cassette, and a gel apparatus was set up. The electrophoresis buffer, which

included Tris-glycine SDS, was added to both the upper and lower reservoirs.

2.5 ug of protein was combined with 5 pl of 5x loading buffer and heated at 95-100 °C for 5 min to
unfold the proteins before being immediately frozen on ice. These preparations were carefully loaded
onto an SDS-PAGE gel and electrophoresis was performed at 180 volts for approximately 40 min. A
protein ladder for the molecular weight reference was placed in the first well. After electrophoresis,
the gel was carefully removed and the stacking portion was detached from the resolving section. The
corners of the gel were trimmed for orientation. The gel was fixed in a solution of methanol and acetic
acid on a soft rocking platform for 4-8 h. It was then immersed in Coomassie blue stain and gently

shaken for at least 2 h at ambient temperature. destaining, the gels were captured using a gel
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documentation system and preserved in 20% glycerol water solution.

2,4.6 Proteome Profiler Arrays

To investigate cellular responses to environmental changes, it is crucial to analyse the phosphorylation
patterns of kinases and proteins. The Human Phospho-RTK Array offers a rapid, sensitive, and cost-
effective approach for detecting the relative phosphorylation levels of 43 kinase phosphorylation sites

and two total proteins.

Proteome profiler array analysis was performed using three biological replicates for each condition
(treated MCF-10A, untreated MCF-10A, treated MDA-MB-231, and untreated MDA-MB-231). The
signal intensity for each protein was quantified using the Bio-Rad analysis software, and the mean
signal intensity across the three replicates was calculated for each protein in each condition. To
determine statistically significant differences in protein expression between the treated and untreated
groups, a two-tailed unpaired Student's t-test was performed for each protein, comparing the mean
signal intensities of the treated and untreated samples. Statistical significance was set at P < 0.05.
Initially, Array Buffer 1 (2.0 mL) was added to each well as a blocking buffer. The membranes, labelled

with numbers facing up, were incubated for 1 h on an oscillating platform shaker.

For each sample, up to 300 g dilution was performed to reach a final volume of 2 mL using Array
Buffer 1. After the blocking step, the buffer was removed and replaced with diluted samples. This
step was followed by an overnight incubation with agitation. The next day, each membrane was washed
triple 10-minute wash with 1X wash buffer in individual plastic containers. The multi-well dish was

cleaned and dried for future use.

For detection, the anti-phospho-tyrosine-HRP antibody was diluted in 1X Array Buffer 2 according
to the manufacturer’s instructions. After washing, the membranes were returned to a multi-well dish
and 2 mL of attenuated detection buffer was added to each specimen. Subsequently, they were

incubated for 2 h in antibody recognition solution at ambient temperature on an oscillating platform.
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Next, each membrane was washed thrice in 1X Wash Buffer for ten minutes. A chemi reagent, that is,
a mixture of chemi reagents A and B (2 ml each), was prepared. The post-wash membranes were
positioned on the lower sheet of the plastic sleeve, and 1 ml of the mixed reagent was applied to each

membrane. The plastic sleeve was then sealed and excess reagents and air bubbles were removed.

The membranes were then covered with a clinging film, ensuring smoothness, and placed in a film
cassette shielded from light. They underwent examination using the ChemiDoc™ MP imaging system
(Bio-Rad 170-8280), with photographs documented over a 10-minute period at intervals of 150 s.

Signal identification was achieved by overlaying the array image with a transparency overlay aligned
with the reference spots. The density (pixels per mm?) was assessed using Bio-Rad analysis software
to compare expression variations between treated and untreated cells as well as between malignant
and normal cells. This density was equal to the protein expression level, and a plot of protein

expression changes was created.

2.5 The effect of active purified fractions on miRNA transcription and gene expression

2.5.1.1 mRNA extraction.

Total RNA was isolated using the RNeasy Mini Kit (QIAGEN ID 74004). Cells grown in a tissue
culture flask under normal conditions were treated for 48 h with 200 pug water-soluble T. violacea
extract. Following treatment, the cells were collected and counted. The formed cell sediment was
resuspended in the RLT buffer and transferred to a microcentrifuge tube. The kit was set up to process

up to 1 x 107 cells per extraction or spin column.

To homogenise the cells, they were vigorously agitated in the RLT buffer. Subsequently, ethanol was
added to the lysate to facilitate adherence of RNA to the RNeasy membrane. The mixture was passed
through an RNeasy Mini Spin column. The column was placed in a collecting tube and centrifuged
at 12000 x g for 1 min. The filtrate was discarded, and the column was cleaned using a cleaning

buffer. This spin-and-discard operation was performed twice to ensure complete washing.
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Following the last washing step, ethanol was introduced into the column and centrifuged to facilitate
the passage. The column was subsequently left to air-dry before being transferred to a fresh collection
tube. Subsequently, an elution buffer was added to the spin column, which was then spun at 12,000
x g for 1 min to aid in RNA elution. The collected eluate, which included pure RNA, was stored at -

80 °C for later use.

2.6 Next generation sequencing
NGS was performed using Ingaba Biotec. RNA fragments were analysed using a bioanalyzer. A
sequencing library was prepared using a MiSeq RNA-0 rRNA reduction library kit (Illumina). DNA
sequencing was conducted using the NextSeq 300 system, employing paired-end sequencing
technology. This process was performed at a sequencing depth of 10 million bases, and spanned 300
cycles. This resulted in high-quality sequence data suitable for further analysis. Following
sequencing, the raw sequencing data were analysed using the Galaxy platform (Galaxy Europe
(galaxyproject.eu)) with a pipeline consisting of the following tools: Trimmomatic was used to trim
the reads, and FastQC was used to generate the quality control reports. HISAT2 was used to align the
reads. Differential gene expression was analysed using the Limma package (limma-voom). The HG38
Huab genome was used as the reference genome, and reference mapping was performed using Bowtie
2. Vocano plots were created using GraphPad Prism and PANTHER was used for gene ontology
analysis. Pathway analysis was performed using PANTHER, Ingenuity Pathway Analysis, and
Reactome.

2.7 Statistical Analysis

All experiments were performed in triplicate, with three technical replicates per biological replicate
unless otherwise stated. Data are presented as mean + standard deviation (SD). Statistical analyses
were conducted using the GraphPad Prism 9 software (GraphPad Software, San Diego, CA, USA).
For comparisons between two groups, unpaired two-tailed Student's t-test was used. When comparing
three or more groups, one-way analysis of variance (ANOVA) was performed, followed by Tukey's
post hoc test for multiple pairwise comparisons.

To determine 1C50 values, non-linear regression analysis was conducted using the log(inhibitor) vs.
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response-variable slope (four parameters) function in GraphPad Prism. This analysis generated a
sigmoidal dose-response curve by plotting the logarithm of the inhibitor concentration against the
response (cell viability).

For all statistical tests, a p-value less than 0.05 was considered statistically significant. The following
notation was used to indicate the level of significance: * p < 0.05, ** p < 0.01, *** p < 0.001, and

sk 1) < 0.0001.
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Chapter 3 Results
3.1 Introduction

In traditional Southern African medicine, water infusions of T. violacea (wild garlic) and the
succulent shrub C. orbiculata have been used to treat various ailments including cancer. Many
previous studies using these two plants have indicated that they may have verifiable effects on tumour
cells. Most drugs currently used to treat cancer are phytochemical derivatives. Many of these studies
began with the examination of raw extracts derived from plants, which are commonly used in
traditional herbal medicine. Once these extracts were confirmed to have anticancer activity, they were
purified to identify their active compounds. Synthetic derivatives of these compounds can then be
created with lower toxicity and better solubility, which can be used in clinical trials. The first step was

to scientifically validate the anticancer activity of the plant extracts.

This involves the ropriate preparation of plant extracts. For example, although prior research has
indicated the potential anti-cancer properties of T. violacea extracts, these studies predominantly
utilised organic solvent extraction techniques, which differ from the traditional practice of preparing
water-based infusions of the plant. Once an extract is prepared, it must be tested to establish whether it
is cytotoxic to cancer cells. This initial step prevents further effort from being wasted on extracts that
show no activity. ldeally, these extracts should have little or no cytotoxicity in normal cells. This
suggests that the extract is likely to target cancer-related pathways. It is crucial to identify the specific
pathways affected by these extracts by testing their ability to target cancer-associated processes. This
encompasses resistance to apoptosis and increased proliferation, migration, and invasion abilities,
along with the ability to bypass the cell cycle checkpoints. Finally, it was important to identify the
molecules and compounds present in the extracts. This will allow for these individual compounds to

be tested in the future.

The plant samples, sourced from a nursery specializing in African native plants, were initially

transported to the CE Moss Herbarium at the University of the Witwatersrand's School of Animal,
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Plant and environmental science. At this location, our specimens were conclusively identified as

T. violacea and C. orbiculata.

3,1.1 The cytotoxic effects of T. violacea and C. orbiculata leaf extract on normal and TNBC cancer

cell lines

Despite the traditional medicinal use of T. violacea and C. orbiculata for the treatment of various
ailments, including cancer, there have been limited scientific investigations to substantiate these
applications. This study focused on preparing water-soluble and methanol-soluble extracts from the
leaves of both plants to test their efficacy in killing cancer cells, particularly triple-negative breast

cancer cells. This also involved establishing 1Cso values for these crude extracts, which would allow

the use of relevant concentrations in further tests of the anticancer properties of these extracts.

3.2 Determination of the 1Cso values for each of the crude extracts on MDA MB 231 cells

It is critical to identify the exact concentrations of a chemical that should be employed in a specific
model in any study that analyzes the biological activity of an agent. To determine the anticancer
potential of these plant extracts, it is crucial to determine the concentration at which these compounds
are lethal to cells representing both cancerous and normal tissues. This would allow further

experiments to be performed, where the cells were treated with concentrations slightly below the 1Cso

value, thereby eliciting an effect without causing cell death at such a level as to obscure any

observations on the nature of the cells' reaction to treatment with these compounds.

3.3 Determination of the 1Cso through Real Time Cell Analysis
Real-time and continuous monitoring enables label-free evaluation of cell proliferation, viability, and
cytotoxicity, exposing the physiological state of the cells, while avoiding the costly chemicals used in
traditional cell analysis. The dynamic management of cell status by the xCELLigence system during
the course of an experiment provides constant information regarding cell growth, morphological

changes, and cell death. Additionally, the XCELLigence system can produce time-dependent
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physiological ICsg values, which are more revealing than the single ECso endpoints used in traditional
toxicity testing.

To conduct these assays, it is essential to initially observe the growth and proliferation of the cell line
under standard growth conditions and with varying quantities of initial cells. Determining the lethal
concentration of plant extracts is essential for accurately seeding the correct number of cells in plates
for experiments. The aim of these experiments was to examine the effects of the plant extracts on
cellular growth and proliferation. Furthermore, these data are essential for evaluating the cytotoxic
effects of the extracts and determining their 1Cso values. This is because seeding plates with too many
cells results in a rapid increase in Cl values, followed by a sharp decrease as nutrients and space
become exhausted. This leads to a very short time at which the effects of the extract can be observed.
There were too few cells, and the CI remained too low to observe the beneficial effects of the extracts
on the cells. Figure 3.1 shows the results of the cell titration assay. It can be clearly seen that the best
concentration for seeding the plates was 20000 cells/ml or 4000 cells per well on the e-plate.
Regardless of the initial seeding density, the MDA-MB-231 cells exhibited rapid growth in the first
5 h after seeding. Depending on the number of cells used to seed the plate, they reached a plateau and
remained constant number of cells. The highest concentration of cells (40000 cells/ml) grew rapidly

past a Cl of 1, making it unsuitable for growth-related experiments (Figure 3.1).
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Figure 3.1 shows a cell number titration curve used to determine the optimal seeding density for MDA-MB-231
cells using the xCELL.igence Real-Time Cell Analysis (RTCA) system. shows a cell number titration curve used to
determine the optimal seeding density for MDA-MB-231 cells using the xCELLigence Real-Time Cell Analysis (RTCA)
system. The graph plots cell impedance, which correlates with cell number and viability, over time for different initial
seeding densities ranging from 0 to 40,000 cells/mL. The curves demonstrate that seeding too few cells (<2,500 cells/mL)
results in low impedance values, making it difficult to observe the proliferation effects. In contrast, seeding too many
cells (40,000 cells/mL) leads to rapid growth, followed by a sharp decline owing to overcrowding and depletion of
nutrients. Based on this titration, an initial seeding density of 20,000 cells/mL (4,000 cells per well) was chosen as the
optimal, exhibiting a robust proliferation pattern suitable for monitoring the effects of the test compounds on cell growth
using the RTCA system.

T. violacea and C. orbicula raw extracts were tested for cytotoxicity in both triple-negative breast
cancer (TNBC) cell lines (MDA-MB 231) and a normal breast cell line (MCF10A) at various
dilutions. Observations were documented for 72 h after treatment. ICso values, denoting the
concentration required to reduce cell growth by 50%, were calculated using GraphPad Prism software
(GraphPad Software, San Diego, CA, USA). The results are presented in Table 3.1. The
chemotherapeutic drug 5-FU was used as the positive control. The experiment found that Water-
soluble T. violacea 1EAF extracts were more cytotoxic than the methanol-derived extracts. This agent
is believed to initiate caspase-6 activation and induce cancer cell death. 5-FU also generates
mitochondrial ROS in the p53-dependent signaling pathway [226, 227]. 5-FU may cause changes in
cell cycle regulation, resulting in changes in the G1 cyclin expression [228, 229]. Because of its
propensity to trigger apoptosis in various methods, it has been used as a cancer therapeutic agent.

Because of its propensity to trigger apoptosis in various methods, it has been used as a cancer
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therapeutic agent [230].

Figure 3.2A illustrates the growth curve of MDA-MN 231 cells following treatment with varying
concentrations of the water-soluble T. violacea extract. This figure also includes the growth curve for
cells treated with the positive control, which was 25 uM of the chemotherapy drug 5FU, as well as a
growth control that only contained media for comparison. The intermediate concentration of the extract
was observed to have effects similar to the positive 5FU control. The highest extract concentration
completely prevented cell growth and proliferation after a small initial increase. It then appears to
rapidly kill the cells. The logarithmic concentration function was plotted using these data (Figure
3.2B). The 1C50 value of the water-soluble extract of T. violacea was determined to be 395 pg/mL
using this method.

Figure 3.3A illustrates the growth curve of MDA-MN 231 cells subjected with different
concentrations of the methanol-soluble T. violacea extract. This figure also includes the growth curve
for cells treated with 25uM pM 5FU as a positive control, and a growth control comprising DMSO
vehicle control and media. DMSO had an initial inhibitory effect on cell growth. The cells appeared
to recover after 24 h of treatment. The lowest and intermediate concentrations of the extract had
similar effects on cells, both of which were much lower than the effect observed after treatment with
5FU. Figure 3.3A presents the growth patterns of MDA-MN 231 cells following treatment with
varying concentrations of methanol-soluble T. violacea extract. Additionally, the figure shows
comparative growth curves for cells treated with 25uM 5FU as a positive control, along with a growth
control that included a DMSO vehicle control mixed with media. This figure also emphasises the

initial growth-inhibitory effect of DMSO on the cells, which was utilised in the analysis.
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Figure 3.2 shows the determination of the 1C50 (half-maximal inhibitory concentration) of the water-soluble extract of
Tulbaghia violacea on the triple-negative breast cancer MDA-MB-231 cell line using the real-time cell analysis (RTCA)
assay. Panel A displays the growth curves of MDA-MB-231 cells treated with various concentrations of the T. violacea
water extract over time. The growth curves included a media-only control to represent untreated cell growth as well as a
positive control treated with the chemotherapeutic drug 5-fluorouracil (5FU) at a sub-lethal concentration. Panel B
illustrates how RTCA software determines the IC50 value by plotting the cell index (CI), which correlates with cell
viability, as a function of the logarithm of the extract concentration. The media controls were used to represent 100% cell
viability. By fitting a dose-response curve to these data, the IC50 concentration that inhibits 50% of the cell growth can

be calculated.
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Figure 3.3 shows the determination of the IC50 (half-maximal inhibitory concentration) for the methanol-soluble
extract of Tulbaghia violacea on the triple-negative breast cancer MDA-MB-231 cell line using the real-time cell analysis
(RTCA) assay. Panel A displays the growth curves of MDA-MB-231 cells treated with various concentrations of the T.
violacea methanol extract over time. The growth curves included a DMSO-only control to represent the vehicle used to
solubilise the extract as well as a positive control treated with the chemotherapeutic drug 5-fluorouracil (5FU) at a sub-
lethal concentration. Panel B illustrates how the RTCA software determines the 1C50 value by plotting the cell index (CI),
which correlates with cell viability, as a function of the logarithm of the extract concentration. A DMSO control was used
to represent 100% cell viability. By fitting a dose-response curve to this data, the IC50 concentration that inhibits 50% of
cell growth can be calculated.

Figure 3.4A Figure 3.4A depicts the growth curve of MDA-MB 231 cells treated with various doses
of the water-soluble C. orbiculata extract. 3.4A depicts the growth curve of MDA-MB 231 cells
treated with various doses of the water-soluble C. orbiculata extract. Additionally, this figure includes
the growth curve for cells subjected to the positive control, 25uM 5FU, as well as a growth control
composed only of media. The medium and lower concentrations of the extract had a lesser influence

on cell proliferation than the positive control. The highest concentration had the most significant
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effect on the cell growth. Nonetheless, the extract appeared to lack strong cytotoxic effects. A decline
in cell number, noticeable at 50 h post-treatment, was evident in all groups. These data were used to
construct a logarithmic concentration curve (Figure 3.4B). Based on these observations of cell growth,

the 1Cso value for the C. orbiculate water-soluble extract was determined to be 680 pg/ml.

The growth curve of MDA-MB 231 cells treated with varied concentrations of the methanol-soluble
C. orbiculata extract is shown in Figure 3.5A. The figure also includes the growth curve for cells
exposed to the positive control, 25uM 5FU, and a growth control featuring media with Dimethyl
Sulfoxide (DMSO) as a vehicle control. In this experiment, as shown in Figure 3.5A, the DMSO
control demonstrated an effect similar to that observed in the experiment illustrated in Figure 3.3,
namely, a marked suppression of cell growth followed by recuperation followed by swift proliferation
around 20 h post-treatment. This DMSO effect seems potent enough to obscure any milder effects
exerted by the C. orbiculata extract, as the higher concentration appears to exert a reduced inhibitory
influence on cell growth, especially in the initial phases after treatment. This was further substantiated
by the logarithmic concentration plot (Figure 3.5B), which indicated a linear correlation between cell
viability and extract concentration. The exceedingly high Value of Linear Extrapolation (VLE)

calculated for 1Cso appears to validate the absence of any significant cytotoxic effect.
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Figure 3.4 shows the determination of the 1C50 (half-maximal inhibitory concentration) of the water-soluble extract of
Crassula orbiculata on the triple-negative breast cancer MDA-MB-231 cell line using the real-time cell analysis (RTCA)
assay. Panel A displays the growth curves over time for various concentrations of the C. orbiculata water extract (200,
300, and 100 pg/mL), as well as a media control and positive control treated with the chemotherapeutic drug 5-fluorouracil
(5FU) at a sub-lethal concentration. The y-axis represents the cell index, which correlates with cell viability and
proliferation, whereas the x-axis shows the time after treatment in hours. Panel B illustrates how the RTCA software
calculates the IC50 value by plotting the cell index (CI), a measure of cell viability, against the logarithm of the extract
concentration. The media control is used to represent 100% cell viability. By fitting a dose-response curve to these data,
the concentration of the extract required to inhibit 50% of cell growth (1C50) was determined.
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Figure 3.5 shows the determination of the 1C50 (half-maximal inhibitory concentration) for the methanol-soluble
extract of C. orbiculata in the triple-negative breast cancer MDA-MB-231 cell line using the real-time cell analysis
(RTCA) assay. Panel A displays the growth curves over time for MDA-MB-231 cells treated with various concentrations
of the C. orbiculata methanol extract (300 pg/mL and 100 pg/mL), as well as a media control and a positive control
treated with the chemotherapeutic drug 5-fluorouracil (5FU) at a sub-lethal level. The y-axis represents the cell index,
which correlates with cell viability and proliferation, while the x-axis shows the time after treatment in hours. Panel B
illustrates how RTCA software determines the 1C50 value by plotting the cell index (ClI), a measure of cell viability,
against the logarithm of the extract concentration. The media control is used to represent 100% cell viability. By fitting a
dose-response curve to this data, the IC50 concentration that inhibits 50% of cell growth can be calculated.

3.4 Determination of the 1Cso through the use of alamar blue cytotoxicity assays

The reduction in alamar blue, an indicator of metabolic cell function, was measured using
fluorescence and calorimetry in drug sensitivity assays. The Alamar Blue assay kit is ideal for this

purpose because it is simple, reproducible, and economical. Figures 3.6-3.9 show the results obtained
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for the Alamar blue cytotoxicity assays conducted with each of the extracts. To achieve this, cells
were initially exposed to various concentrations of the extract, followed by treatment with Alamar
Blue for a duration of two hours. Living cells can reduce the dye through metabolic reactions, leading
to changes in colour and fluorescence of the dye. These changes were measured using a plate reader,

and the percentage of viable cells was calculated by comparing them to an untreated control.

As shown in Figure 3.6, the 1Cso value for the water-soluble extract of T. violacea was 350 g/ml, and
the linear relationship between concentration and viability was represented by an R-squared value of
0/9572. This T. violacea water extract extracted from leaves had the greatest cytotoxicity against
TNBC cancer cell lines, much stronger than the activity observed in the T. violacea methanol extract
(820 pg/ml) (Figure 3.7). This extract demonstrated a linear relationship between concentration and
viability, implying that despite its poor activity, it still had a concentration-dependent effect on cell

viability.

The IC50 value of the C. orbiculata water extract was determined to be 880 pg/ml, as shown in Figure
3.8. This value is notably higher than the ICso for the methanol extract of C. orbiculata (530 pug/mL),
as indicated in Figure 3.9. The linear relationship between concentration and cell viability was not as

definite for either of these extracts, with both R squared values being less than 0.95.
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Figure 3.6 Figure 3.6 shows the determination of the IC50 (half-maximal inhibitory concentration) value for the
water extract of T. violacea against the MDA-MB231 triple-negative breast cancer cell line using an Alamar blue
cytotoxicity assay. The graph plots the percentage of viable cells remaining after treatment with varying concentrations
of the extract. The x-axis represents the concentration of the extract in pg/ml, while the y-axis shows the percentage of
cell viability compared to an untreated control. The data points are fitted with a linear regression line. The 1C50 value,
which is the concentration required to reduce cell viability by 50%, can be determined from the intersection point of the
regression line with 50% viability on the y-axis. As indicated on the graph, the 1C50 value for the T. violacea water extract
against MDA-MB231 cells is approximately 350 pg/ml, where only 50% of the cells remain viable after treatment.
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Figure 3.7 depicts the determination of the IC50 (half-maximal inhibitory concentration) value for the methanol
extract of T. violacea against the MDA-MB231 triple-negative breast cancer cell line using an Alamar blue
cytotoxicity assay. The graph plots the percentage of viable cells remaining after treatment with varying concentrations
of the methanol extract on the y-axis. The x-axis represents the concentration of the methanol extract in ug/ml. The data
points are fitted with a linear regression line. The IC50 value, which is the concentration required to reduce cell viability
by 50%, can be determined from the point where the regression line intersects 50% viability on the y-axis. As indicated
on the graph, the methanol extract exhibits cytotoxic effects only at relatively high concentrations. Therefore, the trend
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line needs to be extended to accurately pinpoint the IC50 value, which is calculated to be 880 pg/ml based on the linear
regression analysis.

(half-maximal inhibitory concentration) value for the water extract of T. violacea against the MDA-
MB231 triple-negative breast cancer cell line using an Alamar blue cytotoxicity assay. The graph
shows the percentage of viable cells remaining after treatment with varying concentrations of the
extract. The x-axis represents the concentration of the extract in ug/ml, while the y-axis shows the
percentage of cell viability compared with the untreated control. Data points were fitted using a linear
regression line. The IC50 value, which is the concentration required to reduce cell viability by 50%,
was determined from the intersection point of the regression line with the 50% viability on the y-axis.
As indicated in the graph, the 1C50 value for the T. violacea water extract against MDA-MB231 cells
was approximately 350 pg/ml, and only 50% of the cells remained viable after treatment.
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Figure 3.8 depicts the determination of the 1C50 value for the C. orbiculata water extract against MDA-MB-231
triple negative breast cancer cells using an Alamar blue cytotoxicity assay. The graph shows the percentage of viable

cells remaining after treatment with varying concentrations of the extract. The x-axis represents the concentration of the
C. orbiculata water extract in pg/ml, while the y-axis displays the percentage of cell viability. The data points are fitted
with a linear trend line, and the equation of the line is provided. At lower concentrations, the extract exhibits minimal
cytotoxic effects on the cells. However, as the concentration increases, a reduction in cell viability is observed. To
determine the 1C50, which is the concentration required to inhibit 50% of cell growth, the trend line is extrapolated. The
IC50 value for this extract is calculated to be 820 pug/ml from the point where the trend line intersects 50% cell viability

on the y-axis.
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Figure 3.9 depicts the determination of the 1C50 value for the C. orbiculata methanol extract against the MDA-
MB-231 triple negative breast cancer cell line using the Alamar blue cytotoxicity assay. The graph shows the
percentage of viable cells remaining after treatment with varying concentrations of the methanol extract along the x-axis
(ng/ml). The y-axis represents the percentage of cell viability. The data points are fitted with a linear trend line, and the
equation of the line is provided. As the concentration of the methanol extract increases, there is a decrease in cell viability,
indicating a dose-dependent cytotoxic effect. To calculate the IC50, which is the concentration required to inhibit 50% of
cell growth, the trend line is extrapolated. The 1C50 value for the C. orbiculata methanol extract is determined to be 530
pg/ml from the point where the trend line intersects the 50% cell viability level on the y-axis.

Table 3.1 Final 1C50 values adopted for the rest of this study

Sample (@) by RTCA ICs by Alamar blue  Adopted ICs,

pe/ml pg/ml
jrg/ml

I violacea water 3952 350 100

soluble extract

T violacea 820.7 820 820
methanol soluble

exmract

C. orbiculara water 794.3 880 830
extiract

C orbiculata 1063 530 700

merhanol extract
Table 3.1 summarizes the 1Cso values determined using both methods and provides the final values

used in future experiments and the actual concentrations used to treat the cells. These four compounds
were tested in MDA-MB-231 and MCF10A cells. The concentrations selected for these tests
corresponded closely with the 1Csp values derived from the Alamar Blue assay and RTCA system. In
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both the resazurin/Alamar Blue cell viability tests and the xCELLigence RTCA system, the 1C50
values of the T. violacea water-soluble extract and methanol-soluble extract were found to be similar.
However, this consistency was not observed for the methanol extracts of C. orbiculata and C.
orbiculata, for which the 1Cso values exhibited significant discrepancies. Owing to the high ICso
values determined for the other extracts and the difficulties associated with the methanol-soluble
extracts, the majority of further experiments focused solely on the T. violacea water-soluble extract.

3.5 Pro-apoptotic and anti-proliferative activities of T. violacea water soluble extracts

Scientists coined the term "apoptosis™ to define a particular form of cellular demise marked by distinct
morphological alterations.

These changes include cellular constriction, the assumption of an irregular shape due to membrane
blebbing, formation of membrane-bound apoptotic bodies, and ultimate disintegration of intracellular
components, which are then phagocytosed by adjacent cells. The cornerstone for characterising
apoptosis-inducing stimuli and guiding research into the biochemistry and signal transduction of
apoptosis is the morphological alterations linked to apoptosis. The activation of an intracellular signal
transduction system that leads to these morphological changes and apoptosis involves two separate

pathways: intrinsic and extrinsic.

Previous research has shown that T. violacea and C. orbiculata extracts can induce apoptosis in
cultured cells, particularly in cell lines originating from human cancer tissues. Notably, leaf extracts
of

T. violacea, as opposed to bulb extracts, has been observed to inhibit tumour development by
triggering apoptosis. This phenomenon is linked to the production of reactive oxygen species (ROS)
and activation of caspase-3 (Saibu et al., 2015). Annexin-V tests confirmed the induction of apoptosis,
and the cleavage of poly (ADP-ribose) polymerases (PARP) suggested that the growth-inhibitory
effects were connected to the beginning of apoptosis. Furthermore, Lyantagaye [202] presented data
supporting the pro-apoptotic activities of T. violacea extracts, indicating that T. violacea extracts
have pro-apoptotic activities [202].
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Following the anticancer activity revealed in the cytotoxicity experiments, additional research was
performed to investigate the possible proapoptotic activity of these plant extracts. The effect of the
crude extract on the selected cell lines was evaluated using morphological evaluation and flow
cytometry analysis to quantify cell death (using the annexin apoptosis test) and cell cycle progression
by evaluating DNA levels. Following the anticancer activity revealed in the cytotoxicity experiments,
additional research was done to investigate the possible pro-apoptotic activity of these plant extracts.
The effect of the crude extract on the selected cell lines was evaluated using morphological evaluation
as well as flow cytometry analysis to quantify cell death (using the annexin apoptosis test) and cell
cycle progression by evaluating DNA levels. These assessments were conducted using a Muse™ flow

cytometer and compatible Kits.

3.6 Morphological changes following treatment with plant extracts

The remarkable consistency of morphological changes in various circumstances involving naturally
occurring or chemically induced cell death reflects the similarity of biochemical events during
apoptosis. Approximately 50 years ago, this morphological regularity of dying cells was discovered,
leading to the unifying concept of apoptosis. Since then, many studies have focused on intracellular
signaling in the apoptotic process as well as the molecular background that controls the initiation of
morphological changes [231]. Historically, morphological alterations and the disappearance of cells
have served as the primary indicators of cell death. Numerous early morphological investigations

have revealed substantial differences in cell death both in vivo and in vitro [232].

In 1972, Kerr et al. used morphological evidence to develop a unifying concept. This concept relates
to a specific type of cell death that serves as a mechanism for removing unnecessary cells during
embryonic development, regular turnover of cells in proliferating tissues, and various pathological
conditions [233]. The cells were then exposed to various crude extracts for 72 h. Following the
treatment period, the effect of the crude extract on cell shape was evaluated in both MDA-MB 231
and MCF10A cell lines. Morphological changes in MDA-MB 231 cells were compared to negative
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controls (untreated cells) Following the treatment period, and the influence of the crude extract on
cell shape was evaluated in both MDA-MB 231 and MCF10A cell lines. The morphological changes
in MDA-MB 231 cells were compared to those in negative controls (untreated cells), whereas the
changes in MCF10A cells were evaluated against positive controls (cells treated with 25 uM 5FU).
These comparisons were conducted after a 72-hour treatment using concentrations equivalent to the
ICso values of each specific plant extract.

Figure 3.10 depicts the morphological evaluation of MDA-MB-231 cells after treatment with all four
extracts at their respective 1Cso concentrations. Notably, while both cell types, MDA-MB-231 and
MCF10A, exhibited morphological changes when treated with 25 pM 5FU, alterations in cell
morphology were more subtle when exposed to the crude extracts. To conduct a more
preciseEvaluation of any morphological variations and images of both MCF10A and MDA- MB231
cells treated with T. violacea water-soluble extract over a 72-hour period. The captured images were
subsequently analysed using ImageJ software, which determined both the cell area and perimeter
length of the cells within the images. Both cell shrinkage and blebbing are characteristics of apoptosis,
and shrinkage results in a decrease in cell area, whereas blebbing increases the perimeter length of a
cell. Figure 3.11 shows the result of plotting the area against the perimeter size of the MDA-MB231
cells following treatment with the T. violacea water-soluble extract at 0, 24, 48, and 72 h. The 0 h
treatment served as the untreated control and showed that the size and shape of these cells were
naturally varied, with very few large cells. At 24 hours after treatment, many smaller cells underwent
cell shrinkage; however, at the same time, the perimeter of many cells increased, which may indicate
membrane blebbing. This situation was maintained for 48 h after treatment. At 72 h, many more cells
showed signs of contraction with reduced cell perimeter size, and there were more smaller cells,
which implies that many of the cells were undergoing cell shrinkage. It is also important to note that

there were far fewer cells at this stage.

Figure 3.12 shows the result of plotting the area against the perimeter size of the MCF-10A cells
following treatment with the T.violacea  water-soluble extract at 0, 24, 48, and 72 h. Cellular
morphology appears to remain relatively consistent after treatment, with notable variability in both

cell size and shape. This trend continued up to the 72-hour point, at which time there was a noticeable
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increase in the population of small cells showing signs of cell shrinkage. In this example, unlike in
the triple-negative breast cancer (TNBC) cell line, there was no significant decrease in the total cell

count following therapy.

In the case of untreated TNBC cells, there was only a slight decline in the cell count over time, as
depicted in Figure 3.11 A and B. This trend followed an initial increase in cell numbers after 24 h.
However, as expected, a reduction in cell count occurred due to the depletion of available space and
nutrients. There was very little change in the circularity, roundness, or solidity of untreated TNBC
cells over 72 h (Figure 3.11C-D). The scenario differed when TNBC cells were exposed to T. violacea
water-soluble extract at the ICso value. As treatment with the water-soluble T. violacea extract
progressed, a marked reduction in cell number was observed, primarily attributable to the increased
occurrence of apoptosis (Figure 3.12 A). Concurrently, there was a decrease in cell roundness,
circularity, and solidity, all of which were indicative of changes in cell morphology associated with

apoptosis (Figure 3.12 B-D).

It appears that in both cases, with and without treatment with T. violacea water-soluble extract at the
ICs0 concentration, there was indeed a slight decrease in the cell count over the 72-hour period, as
previously mentioned. This pattern occurred after an initial rise at 24 h in both untreated (Figure 3.15A)
and treated (Figure 3.16A) cells. However, this initial increase was considerably less pronounced in

the treated cells.
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Figure 3.10 depicts a series of microscopic images illustrating the morphological changes observed in MDA-MB-
231 triple-negative breast cancer cells after treatment with various plant extracts over time. The top panel (A) shows
the cells at 0 h, immediately after treatment, while the bottom panel (B) displays the cells at 72 h post-treatment. The
different columns represent cells treated with the following conditions: untreated control, 400 ug/ml T. violacea water-
soluble extract, 820 pug/ml T. violacea methanol-soluble extract, 25 uM 5-fluorouracil (5FU) as a positive control, 830
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ug/ml C. orbiculata water-soluble extract, and 700 pg/ml C. orbiculata methanol-soluble extract. Images were captured
using a Nikon light microscope equipped with a Leica digital camera at 20x magnification. The figure legend notes that
these experiments were performed in triplicate to ensure reproducibility and consistency of the observed morphological
changes.

e -
N B

Figure 3.11 depicts the morphological changes observed in MDA-MB-231 triple-negative breast cancer cells
following treatment with the water-soluble extract of Tulbaghia violacea over a 72-hour period. Images are arranged in
rows, with each row representing a specific time point after treatment: 0 h (A, B), 24 h (C, D), 48 h (E, F), and 72 h (G,
H). The left column (A, C, E, G) shows bright-field microscopic images of the cells, whereas the right column (B, D, F,
H) displays fluorescence microscopy images, likely stained with a fluorescent dye to highlight specific cellular features
or structures. This arrangement allowed for the visualisation and comparison of cellular morphological changes induced
by T. violacea extract over the course of 72 h. The time-lapse images enabled the observation of potential alterations in
cell shape, size, membrane integrity, and overall viability in response to plant extract treatment.
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Figure 3.12 depicts a series of microscopic images showing the morphological changes in MDA-MB-231 triple-
negative breast cancer cells over time when treated with T. violacea water extract. The images were arranged in a grid,
with each panel representing a different time point after treatment: 0 h (A, B), 24 h (C, D), 48 h (E, F), and 72 h (G, H).
The left column (A, C, E, G) shows bright-field microscopic images, whereas the right column (B, D, F, H) displays
fluorescence microscopy images, likely stained to highlight specific cellular features or structures. This arrangement
allows for the visualisation and comparison of cellular morphological alterations induced by T. violacea water extract
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over a 72-hour treatment period. Time-lapse images enabled the observation of potential changes in cell shape, size,
membrane integrity, and overall viability in response to the plant extract treatment.
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Figure 3.13 depicts various morphological characteristics of untreated MDA-MB-231 cells over a 72-hour period.
A) The cell count increases over time as cells proliferate for 72 h when cell death increases due to nutrient depletion. B)
Cell circularity remained constant until 48 h, after which it decreased as apoptosis increased, causing membrane blebbing.
C) The roundness of the cells did not change significantly throughout 72 h. D) There was no substantial change in cell
solidity during the initial 24 h. Solidity remained unaltered for the next 24 h but showed a slight decrease between 48 and

72 h.
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Figure 3.14 depicts the morphological changes observed in MDA-MB-231 cells at various time points after treatment
with the water-soluble extract of T. violacea. A) Over time, there was a noticeable reduction in cell number due to
increased cell death. B) The circularity of the cells changed during treatment, with a significant increase at 48 h compared
to 0 and 24 h, and a further pronounced increase at 72 h. C) Cell roundness showed a significant decrease within the first
24 h of treatment, but remained unchanged at 34 and 48 h before decreasing substantially again at 72 h. D) Regarding cell
solidity, there was no significant change during the first 24 h, but a marked decrease was observed between 48 and 72
h.There was no significant change in cell solidity within the first 24 h of treatment. However, a significant change in
solidity occurred over the subsequent 24 h (* p = 0.001), and there was a notable decrease in solidity between the 48 and

72-hour intervals (** p = 0.0001).
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Figure 3.15 depicts the morphological changes observed in untreated MCF10A cells over a 72-hour period. A) The
cell count initially increased but then decreased over time. B) Cell circularity remained relatively stable for the first 24 h
but showed a significant increase at the 48-hour time point. C) Cell roundness did not change significantly throughout the
72-hour observation period. D) Similarly, the cell solidity did not exhibit any notable changes within the first 24 h.

99




A) Cell count B) Cl"ﬂllﬂ:'ll_v

L \

\/

0 = T T T T
OH 24H 48H 7ZH

nl

|
-
o

C) Roundness

D) Solidity
*
ﬁ
1 1 I 1
0.5 ‘ % 0.5 % ’
0 -7 T T T T 0 = T T T T
OH 24H 48H 72H OH 24H 48H 72H

Figure 3.16 depicts the morphological changes observed in MCF10A cells at various time points after treatment
with the water-soluble extract of T. violacea. Over time, there was a slight decrease in cell count. Notably, cell
circularity increased significantly 48 h post-treatment. However, cell roundness remained relatively unchanged
throughout the 72-hour period. Interestingly, a marked increase in cell solidity was evident 48 h after extract exposure,
indicating potential morphological alterations induced by the treatment.

An increase in circularity was observed after 48 h in both the treated and untreated cells (Figures 3.16
B and 3.16 B). There was also no change in the roundness of the cells after 72 h, regardless of whether
the cells were treated (Figures 3.16 C and 3.16 C). In untreated cells, there were no changes in solidity

after 72 h. However, in treated cells, a significant increase in solidity was observed 48 h after treatment.
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3.7 Apoptosis assay

Raw extracts of T. violacea have been shown to trigger apoptosis in triple-negative breast cancer
(TNBC) cells. An experiment was conducted using an apoptosis detection kit and flow cytometry to
determine the type of cell death during cell cycle analysis, distinguishing between apoptosis and
necrosis as a result of exposure to the T. violacea extract. The cells were treated with T. violacea
extract for 75 h at various concentrations: below, at, and above the ICso. Subsequent application of
annexin V and propidium iodide (PI) enabled the differentiation of live cells from those in the stages
of apoptosis or necrosis. Heat-killed cells served as a positive control for necrosis, aiding in
calibrating the Luminex Guava Muse® cell analyser as these cells predominantly fell into the dead
quadrant (Figure 3.17A). In contrast, the untreated control MCF10A and MBA-MB 231 cells mostly
resided in the live quadrant, with 86.5% and 79.2% viability, respectively (Figure 3.17B). Less than
10% of the cells in either line exhibited signs of apoptosis, and 4.75% of MCF10A cells died. In
MBA-MB 231 cells, 19% of cells died, but the majority remained viable. treatment, a significant
proportion of MBA-MB 231 cells either died or were in late-stage apoptosis (82%). Although the
extract also induced apoptosis in MCF10A cells, over 58% were still viable after 72 h, compared to
only 4.7% in MDA-MB231 cells. Therefore, treatment with T. violacea extract led to higher apoptosis
rates in TNBC cells than in normal breast cancer cells.

Further experiments using various concentrations of this extract revealed that this increase in
apoptosis levels in TNBC cells was concentration-dependent, with concentrations half that of the 1Cso
causing little to no apoptosis. In this context, the count of viable cells resembled that of untreated
cells (Figure 3.18). Notably, treatment led to the majority of cells undergoing necrosis, whereas most
untreated cells experienced apoptosis as the primary mode of cell death. Treatment with concentrations
at or exceeding the ICso resulted in substantial apoptosis and a significant reduction in cell viability.
Notably, when normal MCF10A breast cells were treated, there was a noticeable increase in cell
death; however, this effect was considerably less pronounced when compared to TNBC cells

subjected to the same concentration.
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Figure 3.17 depicts the flow cytometry analysis of apoptosis in MCF10A and MDA-MB-231 cells treated with the
T. violacea water-soluble extract at the corresponding 1C50 concentration for 72 h. A) Positive control of heat-killed
cells, predominantly in the dead cell quadrant. B) Representative untreated control cells, with the majority viable in both
cell lines. C) Illustrates the effect of the extract treatment, inducing high levels of late apoptosis and cell death in MDA-
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MB-231 triple-negative breast cancer cells, while normal MCF10A cells remained more viable.
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Figure 3.18 depicts the results of an Annexin V apoptosis assay performed on triple-negative breast cancer (TNBC)
cells and normal breast cells after treatment with varying concentrations of the T. violacea water-soluble extract
The cells were stained with Annexin V, which binds to phosphatidylserine exposed on the surface of apoptotic cells, and
a dead cell marker. Flow cytometry analysis was used to quantify the percentages of viable cells, early apoptotic cells,
late apoptotic cells, and dead cells based on their distinct staining patterns. This assay allowed the evaluation of the pro-
apoptotic effects of T. violacea extract on both cancer and normal cells at different concentrations.

3.8 Cell cycle assay

The DNA content of the treated cells was evaluated using flow cytometry and propidium iodide (PI)
staining to determine the effect of active plant extracts on cell cycle progression. This approach is
critical for determining the first phase of the cell cycle, which is often known as the resting phase.
This phase encompasses the gap 0 (GO0) stage, characterised by cellular dormancy, where cell division
is paused. This is followed by the Gap 1 (G1) stage, during which the cells undergo growth. The next
phase, known as the synthesis (S) phase, is where the DNA replication occurs. The third stage, the

Gap 2 (G2) phase, occurs between DNA synthesis and mitosis, with the cell continuing to grow. The
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final phase, mitosis (M), occurs when cell growth stops and the cell divides into two daughter cells.
The course of the cell cycle is controlled by cyclin-dependent kinases (CDKSs), with checkpoints

controlling the entrance of the cell into each phase.

The DNA content of a cell indicates its current cell cycle stage. Cells in the S-phase, which actively
synthesises DNA, have a higher DNA content than those in the G1 phase. Consequently, cells in the
G2 phase, ready for division, should show nearly double the DNA content of G1 cells, resulting in

brighter fluorescence under DNA staining.

The cells underwent the same treatment regimen as previously, with three distinct concentrations of
T. violacea water-soluble extract: one below, one at, and another above the 1Cso value. After 48 h of
treatment, cells were harvested and fixed in ice-cold absolute ethanol. Subsequently, cells were
rehydrated and treated with RNase at 37°C. RNase treatment is crucial, as propidium iodide (PI) can
bind to RNA similar to DNA, which might influence the precision of fluorescence measurements.
After RNA elimination, the cells were stained with a 1 mg/mL solution of PI, and the stained cells
were evaluated using the cell cycle program on a Muse flow cytometer. incubated  at 4

°C in the dark  overnight.
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Figure 3.19 depicts the results of a cell cycle analysis performed on both triple-negative breast cancer (TNBC) and
normal breast cell lines using flow cytometry. The data illustrate the distribution of cells across different phases of the
cell cycle (G0/G1, S, and G2/M) following treatment with T. violacea water-soluble extract at varying concentrations. In
untreated TNBC cells, a high proportion of cells was observed in the GO/G1 phase. However, upon treatment with the
extract, there was a dose-dependent decrease in the number of cells in this phase, accompanied by a significant shift
towards the S phase. A similar trend was observed in normal breast cells, where initially a smaller fraction of cells was in
the GO/G1 phase, but treatment with the extract induced progression into the S phase. This shift towards the S phase in
both cell lines suggests the activation of an S-phase checkpoint in response to the extract treatment, potentially due to
DNA damage or replication stress induced by the extract.

Figure 3.19 presents the outcomes of a cell cycle assay performed on both TNBC and normal breast
cell lines, demonstrating the impact of treatment with two distinct concentrations of the extract. In the
case of TNBC cells, the treatments were applied at a concentration marginally below the 1Cso and at
half the ICso concentration, whereas normal breast cells received the highest concentration. After

treatment, both TNBC and normal breast cells showed an increase in the S-phase cell population. This
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increase is most likely due to activation of the intra-S-phase checkpoint, which is accompanied by a
reduction in the number of cells in the GO or G1 phases. This checkpoint is normally activated in
response to the termination of replication forks due to DNA damage, implying that one ingredient of

the extract may directly or indirectly cause this response inside the cells [234].

3.9 Measuring the effect, the active plant extract had on cell invasion and migration

In solid tumours, the predominant cause of mortality is the capability of cancer cells to disseminate
from their initial location to diverse regions of the body, forming new neoplasms. Known as
metastasis, this process relies on the increased mobility of cancer cells, their diminished adhesion to

other cells or the extracellular matrix, and their ability to invade different tissue layers.

3.10 Migration assays

Cell mobility is critical for maintaining homeostasis and for directing the development of
multicellular organisms. Cell migration is critical in the setting of homeostasis because it ensures the
proper placement of cells and facilitates the execution of their duties, such as immune surveillance.
However, when the regulation of cell migration is disrupted, it often becomes a hallmark of
pathological states, particularly in conditions such as cancer [235]. Cell migration is vital in every
stage of the metastatic process, which includes intratumoural movement, invasion into the
neighbouring stromal compartment, and establishment of metastases at distant locations. During the
initial phases of carcinoma metastasis, cancer cells penetrate the basement membrane and encase the
tumour. Following that, these cancer cells invade the surrounding stromal compartment, which
contains stromal cells as well as the extracellular matrix (ECM)Following that, these cancer cells
invade the surrounding stromal compartment, which contains stromal cells as well as the extracellular
matrix (ECM) [236]. Following intravasation into the bloodstream, malignant cells circulate within
the vasculature and eventually halt in distant tissues [237]. Indeed, after extravasation, cancer cells
depart from the bloodstream and migrate into the stromal tissue of newly colonised organs or tissues.

These cells must undergo particular changes in this foreign milieu to survive and proliferate,
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eventually leading to the development of metastatic lesions. (Wang et al., 2019).

Cell motility can be classified into two primary modes. The first is referred to as mesenchymal, and
is characterised by a lamellipodial protrusion driven by actin polymerisation. The second mode is
known as amoeboid, in which rapid protrusions called blebs, corresponding to bulges in the cell cortex,
facilitate movement [238, 239]. Indeed, physical constraints can modify migration patterns. For
example, confinement can instigate fast migration by triggering the consistent formation of a "constant
bleb™ at the forefront of the cell [240, 241]. Tumour cells display a diverse array of migration
mechanisms [242, 243]. Therefore, assessing the capacity of the extracts to impede cell migration will

provide additional insights into the anticancer potential of these extracts.

3.11 Scratch assay for migration analysis

The wound-healing or scratch assay was one of the earliest techniques developed to study cell migration
in an in vitro setting [244]. This technique involves monitoring cell movement into a "wound" created
in a cell monolayer. While it does not precisely replicate in vivo cell migration, it approximates the
cellular movement observed in wound healing to a certain degree. Compared to other popular in vitro
methods such as time-lapse microscopy and Boyden chamber assays, the wound-healing assay is
especially useful for studying directional cell migration and its influence on cell interactions. To
investigate the effects of the crude extract on cell migration, this method entailed creating a cell-free
area within a dense cell layer and observing the closure of this gap using differential interference
contrast (DIC) microscopy over 72 h. A scratch was first made with a 200-pl micropipette tip, and

the degree of gap closing was measured at 0, 6, and 24 h (see Appendix C for more details).

Figure 3.20 presents a series of micrographs illustrating the closure of a scratch in MDA-MB231 cells
after treatment with different extracts, captured at 0, 12, and 24-hours post-treatment. T. violacea
methanol-soluble and C. orbiculata water-soluble extracts caused consistent complete closure of the
scratch in MDA-MB231 cells 24 h after treatment. The cell migration patterns displayed by these
extracts were very similar to those observed in untreated cells, as shown in Figures 3.21 and 3.22.

Exposure of the MDA-MB231 cells to the C. orbiculata methanol-soluble extract invariably resulted
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in cell mortality, as evidenced by the progressive decrease in the cell count on the glass slide,
culminates in cessation of cell migration. This outcome was unexpected, given that the cells were
subjected to concentrations marginally below the 1Csq established for this extract in the cytotoxicity
tests. The quantitative assessments of cell movement are shown in Figures 3.21 and 3.22.

by calculating the scratch size (Figure 3.20) and the distance between the two opposing leading edges
of the scratch (Figure 3.21). Alterations in the area of the scratch within the MDA-MB231 monolayer
indicated that both the T. violacea methanol-soluble extract and the C. orbiculate water-soluble extract
had no statistically significant impact on cell migration when compared to untreated cells. After 12 h
of treatment, the methanol-soluble extract of C. orbiculata and water-soluble extract of T. violacea
significantly affected cell migration. This effect was evident from the marked difference in the scratch
area compared to untreated cells, with statistical significance observed (p = 0.008 and 0.01,
respectively, at 12 h for each extract; p = 0.002 and 0.003, respectively, at 24 h). The absence of
scratch closure in the case of C. orbiculata methanol-soluble extract is likely attributed to cell death.
The asterisk indicates that there was no discernible change between the treated and untreated control

cells.

The lack of cell closure in the cells treated with the extract appeared to be due to increased cell death,
as seen by the reduced number of cells visible on the slide 24 h after treatment. This was surprising
because of the large I1Cso determined for this extract in cytotoxicity assays. The water-soluble extract

of T. violacea was the only extract that consistently inhibited cell migration.
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Figure 3.20 depicts the results of a scratch assay performed to evaluate the impact of different plant extracts on
the migration of MDA-MB-231 triple-negative breast cancer cells. The assay involves creating a cell-free "scratch”
in a confluent monolayer of cells and monitoring the closure of this gap over time under different treatment conditions.
The micrographs show the progression of gap closure at 0, 12, and 24 h after treatment with the various extracts.
Substantial scratch closure was observed in cells treated with the methanol-soluble extract of T. violacea and water-
soluble extract of C. orbiculata, indicating that these extracts did not significantly impede cell migration. In contrast, cells
treated with the methanol-soluble extract of C. orbiculata displayed no gap closure, likely due to the increased cell death
induced by this extract. Notably, the water-soluble extract of T. violacea consistently inhibited cell migration, as
evidenced by the lack of scratch closure. The white scale bars in the images represent the reference distance for

comparison.
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Figure 3.21 depicts the changes in the area of a scratch created in a monolayer of MDA-MB231 cells following
treatment with various plant extracts. The graph shows the scratch area at different time points (0, 12, and 24 h) after
treatment. At the start of the experiment (0 h), there was no significant difference in the scratch area between untreated
cells and cells treated with the different extracts. However, after 12 h of treatment with T. violacea water-soluble extract
and C. orbiculata methanol-soluble extract, a significant reduction in the scratch area was observed compared to untreated
cells, indicating inhibition of cell migration. This effect persisted at the 24-hour time point for these two extracts. The
complete absence of scratch closure in the cells treated with the C. orbiculata methanol-soluble extract was likely due to
increased cell death induced by the extract. An asterisk (*) indicates no significant difference in the scratch area compared

to untreated control cells.
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Figure 3.22 depicts the assessment of the effects of various extracts on the migration of triple-negative breast cancer
(TNBC) cells using a scratch assay. The distance between the leading edges of a scratch created on the cell monolayer
was measured over 72 h. The assay included a positive control (5FU) and two different concentrations of the water-
soluble T. violacea extract. Notably, treatment with T. violacea extract at a concentration slightly below the IC50 value
(300 pg/ml) significantly impeded cell migration, effectively halting it completely. At lower concentrations, cell migration
was delayed by up to 13 h compared with that in the untreated control. The effects observed with the T. violacea extract
were comparable to those observed with the positive control, 5FU. Remarkably, at the end of the 72-hour period, none of
the other extracts tested, even at concentrations below their respective 1C50 values, exhibited any discernible influence
on TNBC cell migration.

Figure 3.23 displays the results of the scratch assay on normal MCF-10A breast cells treated with T.
violacea water-soluble crude extract, while Figure 3.24 shows the temporal changes in the scratch
area for both treated and untreated MCF-10A cells. These results indicate that the scratches in untreated
MCEF-10A cells healed more rapidly than those treated with the extract. However, as anticipated, the
closure rate did not match that of MDA-MB231 cells ( Figure 3.21). The treated MCF-10A cells
exhibited slower migration than untreated cells, yet the wound in both was nearly completely healed
within 3 h post-treatment. This suggested that the extract affected the migration of MCF-10A cells,
although the effect was less pronounced than on MDA- MB231 cells.
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Figure 3.23 depicts the results of a scratch assay performed on MCF-10A cells, which are normal breast cells. The
assay was used to test the effect of the water-soluble T. violacea extract on cell migration in normal cells. The figure
consists of three panels, each representing different time points: 0, 12, and 24 h. The panels show the progression of
scratches and wounds over time. At the 0-hour time point, a clear scratch or wound was visible in the cell monolayer. By
the 12-hour time point, the wound had started to close, and by the 24-hour time point, the wound was nearly completely
closed. The figure legend provides a concise and informative description of the experiment and its results. A scratch assay
was performed on MCF-10A cells to test the effect of the T. violacea water-soluble extract on cell migration in normal
breast cells. The legend also shows that the wound was nearly completely closed by 24 h, suggesting that the extract had
only a minimal impact on cell migration.
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Figure 3.24 depicts the results of a scratch assay performed on MCF-10A cells, which are normal breast cells. The
assay was used to test the effect of the T. violacea water-soluble extract on cell migration in these normal cells. The figure
consists of three panels, each representing a different time point: 0 hours, 12 hours, and 24 hours. The panels show the
progression of the scratch or wound over time. At the 0-hour time point, a clear scratch or wound is visible in the cell
monolayer. By the 12-hour time point, the wound has started to close, and by the 24-hour time point, the wound is nearly
completely closed. The figure legend provides a concise and informative description of the experiment and its findings.
It states that the scratch assay was performed on MCF-10A cells to test the effect of the T. violacea water-soluble extract
on cell migration in normal breast cells. Untreated normal breast cancer cells migrate at a slower rate than triple-negative
breast cancer (TNBC) cells. Additionally, the treatment of cells with the water-soluble T. violacea extract resulted in a
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reduced migration rate at 12 h post-treatment, but by the 24-hour mark, the wound was nearly fully closed in both treated
and untreated cells.

3.12 Migration assay using RTCA cell invasion and migration assay plates

The RTCA Cell Invasion and Migration Plate uses RTCA technology to track the migration of cells
from the upper chamber into the lower chamber through a membrane filter. This leads to an elevation
in the cell impedance reading, which serves as a direct measure of the cell population on the surface
of the plate in the lower chamber. Consequently, it serves as a reliable indicator of the number of
migrating cells. The experiment was configured using MDA-MB231 TNBC cells treated with T.
violacea water extract, one at a concentration slightly lower than the 1Cso concentration, and a control
lacking any media containing serum as a chemoattractant in the lower chamber. Figure 3.25 depicts
the results of this assay. The graph depicts the increase in cell impedance following the movement of
MDA-MB231 cells into the lower chamber. The cells with no chemoattractant in the lower wells
showed very low levels of migration, with a Cl at 50 h after treatment, less than a quarter that of the
untreated cells with chemoattractant. When TNBC cells were treated with the extract at a
concentration of 300 pg/ml, their ability to migrate into the bottom chamber was significantly
reduced.

Figure 3.25 Figure 3.25 depicts the results of an RTCA cell migration assay examining the effect of the T. violacea
water-soluble crude extract on MDA-MB231 triple-negative breast cancer cells. The graph shows the changes in cell
index over time, which correlates with cell migration, for three conditions: untreated cells with a chemoattractant in the
lower chamber to induce migration, untreated cells without a chemoattractant as a control, and cells treated with T.
violacea extract in the presence of a chemoattractant. Untreated cells exposed to the chemoattractant exhibited the highest
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increase in cell index, indicating robust migration. In contrast, the extract-treated cells showed the lowest cell index
values, even in the presence of a chemoattractant, demonstrating potent inhibition of cancer cell migration by the plant
extract.

3.13 Cell invasion assays

The ability to infiltrate, as observed by the forceful penetration of the thick extracellular matrix
(ECM), which comprises basement membranes and stromal compartments, is a key factor in why
metastasis is the major cause of cancer death [245]. To develop strategies to effectively inhibit cancer
cell invasion, it is essential to establish assays that offer quantitative and reproducible assessments of
the invasive behaviour of cancer cells. These assays are vital for uncovering the molecular
mechanisms driving cancer cell invasion and for identifying potential therapeutic targets. These were
also used to select the most effective inhibitors. Considering the complex nature of cancer cell
invasion in vivo, which involves dynamic interactions with various microenvironmental components,
such as angiogenic blood vessels, fibroblasts, and inflammatory cells, which are indispensable tools
in enhancing my understanding and formulating intervention strategies [246]. While it is difficult to
replicate the complexity of cancer cell invasion in simple in vitro assays, it is possible to create assays
that focus on different parts of the invasion process. In this context, two specific assays were
conducted to determine whether treatment with water-soluble T. violacea extract had any impact on

the invasive potential of TNBC cells through an extracellular matrix (ECM) analogue.

3.14 Boyden dye-based assay

These experiments were performed using Boyden assay. Boyden's chamber experiment is a
commonly used technique to study cellular migration and invasion in response to a range of stimuli
[247]. Readily accessible polymeric inserts, tailored for multi-well plates and typified by Transwell®
Permeable Supports, provide a method for performing exact and consistent invasion experiments.
When these inserts were placed in a multi-well tissue culture plate, they created a dual-chamber
system partitioned by a cell-permeable membrane. This membrane, measuring 10 pum in thickness,

incorporates uniformly distributed pores with a preset diameter. The pore dimensions were
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intentionally selected to be narrower than the diameters of both the MCF-10A and MDA-MB231
cells. Following this, the pores were lined with an ECM-simulative gel crafted to emulate the typical
matrices confronted by neoplastic cells during the invasion process in vivo. MCF-10A and MDA-
MB231 cells were added to the upper wells with media containing no serum. Serum-containing media
was added to the bottom well as a chemoattractant. Both cell lines were subjected to either no treatment
or treatment with 350 pg/ml water-soluble T. violacea extract. Quantitative invasion was evaluated by
tallying the cells that traversed the cell-permeable barrier by infiltrating the ECM layer. The
absorbance of the dye picked up by invading cells in the lower chamber was used to calculate the
number of cells. Figure 3.20 illustrates the results of this assay. The ability of MCF-10A cells to
penetrate the ECM layer and invade was unaffected by the extract. This ability of the NCF10A cells
was less than that of the untreated MDA-MB231 cells, which readily invaded the lower chamber and
penetrated the ECM as they moved towards the chemoattractant. Treatment with a concentration of
the water-soluble extract lower than the 1Cso, on the other hand, leads in a

considerable decrease in the capacity of TNBC cells to invade the lower chamber is observed. This

suggests that the water-soluble extract of T. violacea inhibits TNBC cell invasiveness.
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Figure 3.26 presents a bar graph depicting the results of a cell invasion assay that measured the ability of MDA-
MB-231 triple-negative breast cancer cells and MCF-10A normal breast cells to invade through an extracellular
matrix (ECM) analogue called Geltrex™. The y-axis represents absorbance values, which correlate with the number of
cells that successfully invaded the ECM layer. Untreated MDA-MB-231 cancer cells exhibited high absorbance readings,
indicating robust invasion through the matrix. In contrast, when MDA-MB-231 cells were treated with T. violacea water-
soluble plant extract, the absorbance values were significantly lower, suggesting potent inhibition of cancer cell invasion
by the extract. Importantly, extract treatment did not affect the invasion of normal MCF-10A breast cells, as evidenced
by the comparably low absorbance values in both untreated and treated conditions for this cell line.

3.15 3.4.2.2.Invasion assay using RTCA cell invasion and migration assay plates

The RTCA Cell Invasion and Migration Plate operated in a manner similar to the inserts used in the
previously described assay. However, it utilises RTCA technology to track the migration of cells into
the lower chamber, where they infiltrate an ECM analogue and attach to the surface of the lower
chamber. As a result, there is an increase in the cell impedance reading, which serves as a direct
indicator of the number of cells present on the surface of the plate. The experiment was set up in a
similar way to the above experiment, with the MDA-MB231 TNBC cells treated with a concentration

of T. violacea water extract at a concentration slightly lower than the 1Cso concentration and a control
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lacking any media containing serum as a chemoattractant in the lower chamber. Figure 3.21 depicts
the results of this assay. The graph depicts the increase in cell impedance following the movement of
MDA-MB231 cells through the ECM into the lower chamber. The cells with no chemoattractant in
the lower wells showed very low levels of invasion, with a Cl at 50 hours after treatment less than a
fifth that of the untreated cells with chemoattractant present. TNBC cells were significantly less able
to penetrate the bottom chamber after exposure to of 300 pg/ml. The behaviour of the treated and
untreated cells remained comparable for up to 20 h following treatment.
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Figure 3.27 depicts the results of an invasion assay examining the effect of the water-soluble extract of T. violacea
on the invasive ability of MDA-MB-231 triple-negative breast cancer cells. The graph shows the changes in the cell
index over time, which correlates with the number of cells invading through an extracellular matrix (ECM) layer. There
are three lines representing different conditions: untreated TNBC cells allowed free invasion, TNBC cells treated with T.
violacea water extract, and a control condition without any chemoattractant in the lower chamber to induce invasion. The
untreated TNBC cells exhibited a steady increase in the cell index, indicating robust invasion through the ECM layer. In
contrast, T. violacea water extract substantially inhibited this invasive capability, as evidenced by the significantly lower
cell index values for extract-treated cells compared to untreated controls over the course of the experiment.

3.16 Cell adhesion assays

Cellular attachment is critical for controlling cell activity and tissue formation. Cellular attachment is
critical in controlling cell activities and tissue formation. Diminished cell stickiness in cancerous
cells leads to the disruption of the histological architecture, a significant characteristic of malignant
neoplasms. The control of cellular adhesion involves intricate interplay among cells, the extracellular

matrix (ECM), and signaling pathways, and understanding these processes is vital for devising
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targeted therapeutic strategies. Furthermore, signals from adhesion junctions can interact with
traditional signal transduction pathways to assist in the control of cell growth and differentiation.
Furthermore, signals from adhesion junctions can interact with traditional signal transduction
pathways to assist in the control of cell growth and differentiation [248]. Dynamic management of
cellular attachments to the ECM is vital for cell proliferation, differentiation, and mobility, whereas
attachments between adjacent cells facilitate sorting, rearrangement, and polarisation within
multicellular structures [249].

Neoplastic cells demonstrate alterations in their attachment to the ECM and these modifications are
frequently linked to their invasive and metastatic capabilities. An adhesion experiment was performed
to assess the effect of water-soluble T. violacea leaf extract on cell attachment in the triple-negative
breast cancer cell line MDA-MB-231 and the normal breast cell line MCF-10A. This assay utilised
GeltrexTM as an ECM substitute and measured the number of cells capable of adhering to this
substrate, both before and after treatment. Adherent cells were quantified using a dye-uptake assay.
Figure 3.28 presents the findings of this assay, showing that the extract increases the attachment of
MDA-MB-231 cells to an ECM substitute, resulting in a greater number of these cells adhering to the
matrix compared to both treated and untreated normal breast cells. Moreover, treatment of normal
cells did not affect their attachment to the ECM. As anticipated, untreated MDA-MB-231 cells
exhibited less attachment to the synthetic ECM than normal breast cells. These observations suggest
that T. violacea crude water-soluble extracts bolster cell attachment in TNBC cells.
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Figure 3.28 a bar graph depicting the cell adhesion levels of different cell lines to the Geltrex™ matrix. The y-axis
represents cell adhesion in arbitrary units (A.U.), whereas the x-axis lists the different cell lines. The graph shows that the
MDA-MB-231 cell line had the lowest adhesion to the Geltrex™ matrix in the control group, as indicated by the blue bar.
However, the adhesion of this cell line significantly increased after treatment with the water-soluble extract of T. violacea,
as shown by the purple bar. The figure legend provides a clear and concise description of the key findings, stating that
MDA-MB-231 cells had the least adhesion to the matrix surface in the control group, but this adherence was notably
increased following treatment with the T. violacea water-soluble extract.

3.17 Determination of Antioxidant Activity Using the 2,2-Diphenyl-1-picrylhydrazyl (DPPH) Radical
Scavenging Method

The antioxidant capability of the extracts was evaluated using the stable DPPH radical to determine
their hydrogen-donating or radical-scavenging activity (2,2-diphenyl-1-picrylhydrazyl). Experiments
were conducted following the methodology established by Blois [224]. The decrease in the radical
concentration was accompanied by a reduction in the absorbance at 517 nm. A volume of 2 mL of
either a methanolic or aqueous methanolic stock solution of the extracts was placed into test tubes,
after which 2 mL of a 1 mM DPPH solution was added. The tubes were wrapped in Parafilm and
incubated in the dark for one hour. incubation, the absorbance at 517 nm was recorded using a UV-
vis spectrophotometre (Jasco V-530). and subsequently compared with the ascorbic acid calibration

curve. The results are expressed in milligrams of ascorbic acid equivalent per gram of dried sample.
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Each assay was performed in triplicate to ensure precision and consistency. A formula was used to

determine the percentage DPPH radical inhibition.

1% = ((AO - A) / AO) x 100

Where:

« 1% represents the percentage of DPPH inhibition,

» AO is the absorbance of the control sample at the beginning of the reaction (t = 0 hours),

« A is the absorbance of the tested sample after the reaction (t = 2 h).

The 1C50 value, defined as the amount of sample required to reduce DPPH absorbance by 50%, was
graphically estimated for T. violacea and C. orbiculata water and methanolic solutions at various
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concentrations.
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Figure 3.29 depicts the antioxidant activity of various plant extracts, including the T. violacea water-soluble
extract, T. violacea methanol-soluble extract, C. orbiculata water-soluble extract, and C. orbiculata methanol-
soluble extract, as determined by the DPPH antioxidant assay. The graph presents the percentage decrease in DPPH, a
measure of antioxidant activity, plotted against the extract concentration. Linear regression equations and R-squared
values for each extract are provided, indicating the strength of the relationship between the extract concentration and
antioxidant activity. Notably, the water-soluble extract of T. violacea exhibited antioxidant activity comparable to that of
the positive control quercetin, as evidenced by their similar slopes and R-squared values, suggesting that this extract
possesses potent antioxidant properties.

Figure 3.29 represents the results of this assay. The negative control should have very little

antioxidant activity, as reflected by the near-flat line with a very small slope. The height of the

intercept reflects that the reaction conditions most likely have a slight antioxidant activity. Most of
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the extracts, except for the water-soluble T. violacea extract, showed antioxidant activity. This extract
had a Y-intercept similar to that of the positive control, quercitin. However, as the concentration of
quercetin increased, the antioxidant activity increased rapidly, whereas an increase in the
concentration of the extract resulted in only a small increase in anti-oxidant activity. All other extracts
showed an inverse relationship between the concentration and antioxidant activity. The methanol
extract of T. violacea showed high activity at low concentrations, and this decrease with increasing
concentration may be due to the solvent. The other two extracts showed lower activity than the

methanol control, even at the lowest concentrations.

3.18 Determination of the molecular composition of the T. violacea water soluble extract

Indeed, T. violacea contains allylsulfur compounds, typical of the onion and garlic families. Among
these compounds, marasmicin is one of the most prevalent in T. violacea [206]. The range of
chemicals found in T. violacea was impressive. Beyond the allylsulfur compounds previously
mentioned, the plant also harbours free sugars, such as arabinose, rhamnose, and xylose, along with
glycosides, such as methyl-D-glucopyranoside. Adding to T. violacea's chemical diversity, it contains
phenolic substances including flavonoids, gallotannins, condensed tannins, and saponins. These
compounds, known for their varied biological activities, may contribute significantly to the potential
medicinal attributes of the plant [250].

3.19 FITR to examine the biological materials.

Fourier-transform infrared spectroscopy (FTIR) has distinct advantages over conventional dispersive
spectroscopy offered an enhanced signal-to-noise ratio at specific resolutions and achieved greater
frequency accuracy by employing mathematical data conversion from the time domain to the
frequency domain. This conversion allows for the interpretation of the percentage of light transmitted
through a sample plotted against the wavelength of light. The dips observed in this spectrum indicate
the wavelengths at which the sample absorbs light, and different chemical bonds and compounds are

known to absorb light at different wavelengths.
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Figure 3.29 shows the Fourier spectra obtained from the FITR analysis of the extracts from C.
orbiculata. These spectra were obtained for light with wavelengths ranging from 600 cm1 to 4000
cml. The water-soluble C. orbiculata extract contained compounds with amine and amide bonds, as
well as ethers. Overall, the spectrum contained very few absorbance peaks, which may indicate either
the presence of very few compounds or a fairly homogenous mixture of very similar compounds with
very similar chemical bonds. The spectrum of the methanol-soluble extract showed a much more
diverse collection of compounds with many absorption peaks. The peak at 3400 cm1 is representative
of alcohols, the N-H bond of amines, or the OH stretch of carboxylic acid. The peaks observed at 300
cm? in the spectrum correspond to CH3 bonds typically found in alkanes. This assignment is
corroborated by the presence of a peak at 1500 cm, which further supports the presence of alkanes
in the sample. Moreover, the spectral peak observed at 1200 cm™ can be attributed to the carbon-
hydrogen bonds characteristic of alkanes, providing additional evidence for their presence in the
sample. Finally, the peak detected at 1050 cm™ is indicative of the carbon-oxygen bonds commonly
associated with ketones or the CO bond typically found in ethers.

Figure 3.30 displays the Fourier spectra acquired through FITR analysis of the extracts derived from
T. violacea leaves. These spectra were obtained for light with wavelengths ranging from 600 Cm
op 4000 Cm™. Both the water-soluble and methanol-soluble T. violacea extracts were shown to be
diverse collections of compounds with many absorption peaks. In both extracts, there is a common
peak between 3500 and 3250 cm™ which represents the OH bond of alcohols or the NH bond of
amides. This peak was slightly shifted in the methanol extract and may also represent the OH stretch
of carboxylic acid or the N-H bond of amines. At 3000 Cm™* in the methanol-soluble extract, there
was a peak that could represent the OH stretch of carboxylic acid once again and a peak at 2900,
which could represent the CH stretch of alkanes. The presence of carboxylic acid in this extract was
indicated by the peak at 1600 cm™* which may represent the compound's CO bonds. The range of small
peaks in the methanol-soluble extract that occurred around 1500 cm represented the C-H stretch of
alkenes, CN stretch of amines, CF stretch of alkyl halides, and nitro group of various compounds.

The large peak at 100 cm™ in this sample may represent the PH bond of phosphates, the C-O-C bond
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of ethers, the CN stretch of amines, or the C-F stretch of alkyl halides. The presence of alkyl halides in
the water-soluble extract is also indicated by a peak at 1400 cm™. Peaks at 1600 cm™ and 100 cm™

indicate the presence of the NH bond of amines and the C-O-C bond of esters, respectively.
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Figure 3.30 shows the Fourier-transform infrared (FTIR) spectra of the water-soluble and methanol-soluble
extracts from C. orbiculata. The blue line represents the water-soluble extract, which appears relatively featureless with
a few distinct absorption peaks, suggesting that it contains either a limited number of compounds or a mixture of very
similar compounds belonging to a few chemical classes. In contrast, the red line depicts the methanol-soluble extract,
exhibiting a much more complex spectrum with numerous absorption peaks, indicating the presence of a diverse array of
different compounds, likely representing a wider range of chemical classes.
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Figure 3.31 shows the Fourier-transform infrared (FTIR) spectra of the water-soluble and methanol-soluble
extracts from Tulbaghia violacea. The blue line represents the water-soluble extract, which appears relatively
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featureless with few distinct absorption peaks, suggesting it contains either a limited number of compounds or a mixture
of very similar compounds belonging to a few chemical classes. In contrast, the red line depicts the methanol-soluble
extract exhibiting a much more complex spectrum with numerous absorption peaks, indicating the presence of a diverse
array of different compounds likely representing a wider range of chemical classes.

3.20 Gas Chromatography mass spectrophotometry

Gas chromatography-mass spectrometry (GC-MS) is a well-known and widely used technology for
the identification of a wide range of chemicals in plant extracts. This method has proven to be effective
in detecting and characterising a range of substances, including alkaloids, flavonoids, organic acids,
and amino acids [251]. GC-MS has solidified its role as a crucial tool in secondary metabolite
profiling across various biological species, both plant-based and otherwise [252]. Renowned for its
combined analytical approach, GC-MS is acclaimed for its speed, accuracy, and precision in
identifying diverse chemicals in medicinal plants [253]. This approach is also useful for identifying
the overall chemical composition of plant extracts [254], and has been particularly useful for the
separation and analysis of specific compounds, such as galanthamine-type alkaloids [255].
Moreover, its proficiency in analysing organic and amino acids makes it invaluable for studies

focusing on the efficacy and toxicity of these compounds [256].
Figure 3.31 illustrates the mass charge spectrum produced from the GC-MS analysis of the water-

soluble T. violacea extract. Approximately 36 compounds were identified during this process. A

catalogue of some of these compounds along with their respective spectra is provided in Table 2.3.
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Figure 3.32 shows the mass charge spectrum for the water-soluble extract of T. violacea. The x-axis represents the
mass-to-charge ratio (m/z) of the detected ions, and the y-axis indicates the relative abundance or intensity of the ions.
The spectrum displayed a series of peaks, each corresponding to a specific ion or compound present in the water-soluble
extract. Notable peaks were observed at m/z values of 327, 313, 281, 251, 227, 207, 191, 141, 130, 112, 72, and 50, with
the largest peak at m/z 327 likely representing the most abundant compound in the extract.

Table 3.2 GC MS spectral of some compounds identified in the MS analysis of the methanol soluble fraction of T.
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3.21 NMR Spectroscopy
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Figure 3.33 shows the nuclear magnetic resonance (NMR) spectrum of the water-soluble extract from the plant T.
violacea. The x-axis represents the chemical shift in parts per million (ppm), indicating the magnetic environment of
atomic nuclei in the molecules present in the extract. The y-axis displays the signal intensity or relative abundance of
nuclei experiencing each chemical shift. The spectrum revealed a series of peaks at different chemical shift values, with
the most prominent peaks labelled, suggesting the presence of various compounds or functional groups in the water-
soluble extract of T. violacea. This NMR spectrum provides valuable information about the chemical composition and
structure of the bioactive molecules present in the extract.
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Table 3.3 Examples of compounds detected by NMR analysis of the crude water-soluble T. violacea extract.

_Compound Formula FW MF Max Acquisition
(multi | dy('"H) | time (sec)
spec)

4H-Pyran-4-one, 2 3-dihydro- | C6H402 96.0841 | 090 |0.353 |[2.1999
3,5-dihydroxy-6-methyl-

1,2,4-Triazine-3,5(2H 4H)- C3H3H302 113.0748 | 091 0.179 | 2.1889
dione

d-Glycero-d-galacto-heptose | CTH1607 2121977 | 086 | 0.144 | 2.1889
Benzaldehyde, 4-(1- C7H60 106.1219 | 0.88 | 0.468 | 2.1889
methylethyl)-

Vanillin C8H803 152.1473 | 0.34 | 0347 |2.1889
Oxime-, methoxy-phenyl C21H3202 3324770 | 0.942 | 0347 | 2.1889
Pyrrolidine C4HON 71.1210 | 083 |0.615 |2.1889
Schizandrin C23H2507 416.4642 | 0.81 1.017 |2.1889
Taurolidine C7THI16N404S82 284.3563 | 0.87 0.487 2.1889
alpha.-Pinene CI15H16CI3N302 | 376.6654 | 0.00 | 0.229 | 2.1889

Figure 3.33 shows the NMR spectrum obtained from the analysis of the water-soluble T. violacea

extract. This analysis identified approximately 61 separate compounds, including all the compounds

initially identified using GC-MS. While the GC-MS spectra only clearly indicated the presence of 31

compounds, the small, unclear peaks indicated that there may be other compounds present in smaller

amounts or thatthey were not being effectively separated by GC. These compounds appeared to be easily

identified by NMR analysis. A list of some compounds exclusively detected by NMR analysis is

presented in Table 3.1

Combining the results of the GC-MS and NMR analyses, | obtained a list of 51 compounds. Some of

these compounds have known anticancer activities. These compounds and the details of their

anticancer activities of the compounds are listed in Table 3.4. Other compounds have known
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medicinal uses and applications. These are listed in Table 3.5 with the known medical applications.
Table 3.6 lists those compounds with known applications that are not medical in nature, while Table

3.7 lists those compounds identified with no known application.

Table 3.4 Compounds with known anti-cancer activity.

Phytochemical compound RT (min) = Exact Formula

4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-
(DDMP)

4.4 14412 C6H804

4H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl (DDMP) exhibits significant antioxidant
properties, effectively neutralizing free radicals [257]. It also has anti-proliferative and pro-
apoptotic actions in cancer cells via blocking the NF-B pathway [258]. This inhibition helps to
modulate apoptosis, affecting cell growth and survival [259]. The compound's ability to inhibit NF-
B signaling underlines its potential for cancer treatment, particularly in oesophagus and lung
malignancies [258]. Overall, DDMP's multifaceted action on oxidative stress and apoptosis

underlines its therapeutic promise.

1,2,4-Triazine-3,5(2H,4H)-dione ‘ 45 ‘ 113.08 ‘ C3H3N302

The compound 1,2,4-Triazine-3,5(2H,4H)-dione has been found to possess diverse biological
activities. It has been shown to suppress the proliferation of microorganisms. Additionally, it has
demonstrated the capacity to inhibit tumour progression in both animal models and instances of
human acute leukemia [260]. Furthermore, it diminishes the effects of inhibitors on protein and
RNA synthesis, and simultaneously obstructs the degradation of chlorophyll and proteins [261].
These findings emphasise the multifarious potential of 1,2 4-triazine-3,5(2H,4H)-dione as an

antibacterial, anticancer, and protein synthesis regulating molecule.

d-Glycero-d-galacto-heptose ‘ 48 ‘ ‘ C7H1407
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IAccording to the sources, d-glycero-d-galacto-heptose modulates NF- kB activation, whereas d-
mannoheptulose influences d-glucose metabolism in pancreatic islet cells [262] These discoveries
highlight the potential of these compounds in influencing both innate immune responses and
metabolic processes. Further research is warranted to elucidate the precise mechanisms underlying
their effects and to explore their potential therapeutic applications. Additionally, studies have shown
that d-mannoheptulose inhibits the metabolism of D-glucose in pancreatic islets [263]. This glucose
metabolism inhibition by d-mannoheptulose suggests its potential as a modulator of insulin secretion
and glucose homeostasis. Therefore, these compounds hold promise for further investigation in the

context of immune modulation and metabolic regulation.

Benzaldehyde, 4-(1-
methylethyl)

8.1791 - 148.20 C10H120

Benzaldehyde, 4-(1-methylethyl), has demonstrated multifaceted effects on various cellular
processes, particularly with relation to cancer. Nitoda et al. found that it suppresses melanin
formation in cultured murine B16-F10 melanoma cells [264]. Additionally, Kubo et al. isolated
benzaldehyde, 4-(1-methylethyl) from cumin and demonstrated its inhibitory effect on mushroom
tyrosinase [265]. Furthermore, Ghosh et al. highlighted its anti-neoplastic effect against breast
cancer [264]. Tsai et al. also discovered that it can cause apoptosis in human colorectal
adenocarcinoma cells by activating pro-apoptotic proteins such caspase 3 and 9, affecting
mitochondrial integrity, and decreasing the action of DNA integrity- preserving enzymes [266].
Similarly, Yang et al. and Morshedi et al. demonstrated its capability to suppress human lung
squamous cell carcinoma by extensively activating the apoptosis pathway [266]. These findings
collectively underscore the potential of benzaldehyde, 4-(1-methylethyl) as a promising

candidate for further investigation in cancer therapy.

Vanillin ‘ 5.4 ‘ 152.15 ‘ C8H803
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Vanillin, a natural component found in food, has been shown to possess various beneficial
properties. It has been demonstrated to exhibit anti-mutagenic and anti-metastatic characteristics

[267]. Vanillin acts to suppress mutagenesis and cytotoxicity by interacting

with DNA repair mechanisms [267]. Additionally, it serves as an agent for chemoprevention [268].
Furthermore, vanillin acts as an antioxidant, providing protection to cell membranes against lipid
peroxidation (LPO) and preserving DNA from strand breaks [269]. Vanillin has also been shown to
inhibit the activation of NF-xB and the production of the cyclooxygenase-2 gene in mice
macrophages activated by lipopolysaccharide [270]. Furthermore, vanillin has been shown to limit
the invasion and migration of mammary adenocarcinoma cancer cells as well as decrease NF-
kappaB activation, hence enhancing TRAIL-induced death [271]. It has also been noted to diminish
the expression of metalloproteinase-9 [272]. Vanillin suppresses DNA-PK, an enzyme involved in
non-homologous end joining, thereby hindering the process of DNA end-joining [267]. It prevents

both in vitro and in vivo metastasis of mouse breast cancer cells [273].

Oxime-, methoxy-phenyl 5 1 C8H
5 9NO
4 1 2
1
6

The oxime- and methoxy-phenyl compounds have been found to possess various biological
activities. They have been reported to have antibacterial and antioxidant properties [274] and to act
as novel anticancer agents [275]. Additionally, the vanillin- derived piperidin-4-one oxime esters
have demonstrated antioxidant and antimicrobial properties, with the phenyl ester substituents
playing a significant role in their activity [274]. These findings point to the potential of oxime-
and methoxy-phenyl compounds in a variety of

biological applications, including antibacterial, antioxidant, and anticancer agents.

Pyrrolidine 5 7 C4H
: 1 9N
9 :
1
2
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Pyrrolidine and its derivatives have received substantial research due to its broad biological and
pharmacological value, notably in cancer therapy. Pyrrolidine has been shown to inhibit cancer cell
proliferation by triggering cell cycle arrest and apoptosis in a time and dosage-dependent way.
[276]. Additionally, pyrrolidine compounds have exhibited cytotoxicity against pancreatic cancer
cells, although they lacked selectivity for tumour cells [277]. These findings highlight pyrrolidine's
ability to reduce oxidative stress and its cytotoxic effects on cancer cells, indicating its potential as
a therapeutic agent in cancer treatment.

[277].

Schizandrin ‘ 6.0 ’ 4325 ‘ C24H3207
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chisandrin B's pharmacological effects have been widely researched. It has been demonstrated to
reduce liver fibrosis via modulating the Nrf2-ARE and TGF-/Smad signaling pathways. [278].
Furthermore, Schisandrin B has been shown to decrease the growth of airway smooth muscle cells
and to have anti-asthmatic properties [279]. Furthermore, it has been identified for its ability to
reduce chondrocyte inflammation and osteoarthritis by suppressing the NF-B and MAPK signal
pathways [280]. Schisandrin B has also been found to protect against beta-amyloid and
homocysteine neurotoxicity, indicating its potential neuroprotective effects [281]. Furthermore, it
has been proposed as a hormetic agent for the prevention of age-related neurodegenerative illnesses
through the reduction of oxidative stress and mitochondrial dysfunction [282]. Additionally,
Schisandrin B has been reported to alleviate diabetic cardiac autonomic neuropathy Zhang et al.
[283] and has showed potential in suppressing osteoclastogenesis and guarding against
ovariectomy-induced bone loss [284]. It has also been studied for its ability to reduce the
inflammatory response, oxidative stress, and apoptosis caused by traumatic spinal cord damage
[285]. Schisandrin B has also been studied for its inhibitory effects on the pharmacokinetics of
poziotinib Wang et al. [286] and its potential in reducing AP generation by restraining beta-
secretase 1 transcription and translation [287]. Furthermore, it has been demonstrated to have
anticancer effects on human gastric cancer cells via ROS-mediated MAPK, STAT3, and NF-B
pathways [288]. Additionally, Schisandrin B has been found to inhibit epithelial- mesenchymal
transition and stemness of large-cell lung cancer cells and tumorigenesis in xenografts via
inhibiting the NF-xB and p38 MAPK signaling pathways [288]. It has also been shown to cause
G1 arrest and death in human leukaemia U937 cells [289]. These findings illustrate Schisandrin
B's broad pharmacological effects, which range from anti-

inflammatory and antioxidant capabilities to possible anticancer and neuroprotective effects.

Taurolidine ‘ 7.6 ’ 284.4 ‘ C7H16N404S2

Taurolidine has been shown to induce apoptosis in several cancer cell lines, including

osteosarcoma, colon carcinoma, esophageal carcinoma, glioblastoma, melanoma, mesothelioma,

and malignant mesothelioma [290]. This action is due to the escalation of DNA
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fragments in the cell cycle's sub-G0/G1 phase, externalisation of phosphatidylserine, and the
release of apoptosis-inducing factor [291]. Furthermore, taurolidine has been shown to
increase the concentrations of the proapoptotic protein Bax while decreasing the amounts of
Bcl-2, Mcl-1, and survival, as well as activating p53 [290]. Furthermore, taurolidine has been
shown to induce autophagy as well as necroptosis in glioma cell lines [292]. Taurolidine's anti-
neoplastic activity appears to be mediated via the inhibition of tumour angiogenesis [292].
Furthermore, taurolidine has been proven in vitro and in vivo to suppress the development

of rat metastatic colorectal tumour cell lines [291].

alpha-Pinene ‘ 11.3 ‘ 136.23 ‘ C10H16

a-Pinene, a bicyclic monoterpene compound, has demonstrated significant potential as an
antineoplastic agent. -pinene has been proven in studies to increase the antineoplastic efficacy
of natural killer cells via the ERK/AKT signaling cascade, showing its capacity to boost the
immune response against cancer cells [293]. Furthermore, a-pinene has been shown to cause
apoptosis by stopping the cell cycle in the G2/M phase in human ovarian cancer and
hepatocellular carcinoma, hence inhibiting cancer cell growth [294]. Furthermore, it has been
shown to inhibit the manufacture of matrix metalloproteinase-9 in human breast cancer cells,
hence preventing malignant invasion [295]. Furthermore, a-pinene displays synergistic
antitumor efficacy with paclitaxel against non-small cell lung carcinoma, indicating its
potential for combination treatment [296]. -pinene inhibited the growth of human prostate
cancer in a mouse xenograft model, highlighting its potential as a therapeutic agent [278].
Furthermore, -pinene was shown to lower miR-221 expression in HepG2 cells, showing its
capacity to influence gene expression in cancer cells [297]. These findings imply that a-pinene
has the potential to be an effective antineoplastic drug with the capacity to control multiple

cellular processes involved in cancer growth.

Thymol 5.8005 150.22 C10H140
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Thymol, a natural phenol derivative, has been extensively studied for its wide range of
therapeutic applications. It is widely used as an antiseptic, antioxidant, and stabilizer
in harmaceuticals, agriculture, cosmetics, and food industry. Research has shown that thymol
possesses antimicrobial, antifungal, and antioxidant properties, making it a sturdy antimicrobial
agent [298]. Furthermore, thymol has been shown to have antioxidant activity, reduce oxidative
stress, and ameliorate inflammation-related reactions, implying its potential to lower aortic
intimal lipid lesions and inhibit the progression of hyperlipidaemia and atherosclerosis [299].
Furthermore, thymol has demonstrated cytotoxicity against melanoma cells, indicating its
potential for cancer treatment ([300]. However, it is important to note that thymol has also been

reported to induce chromosome aberrations in certain conditions [301].
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Rhodanine 5.5591 C3H3NOS2 133.20

Rhodanine, also known as 2-thioxo-4-thiazolidinone, is a
thiazolidinone molecule with a wide range of biological activities
[302]. It has been studied for its potential anticancer [302],
antimicrobial, and antiparasitic properties [303]. Rhodanine is a
privileged heterocycle in medicinal chemistry, making it a valuable
scaffold for drug discovery [304]. Furthermore, the structure of
rhodanine has been explored for the development of novel inhibitors
of viral enzymes, such as the NS5B polymerase of the hepatitis C

virus, indicating its potential as a scaffold for antiviral agents [305].
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Table 3.5 Compounds with known medical applications.

Exasct mass

Formula

5378 | C2IHA2FINO4S3
[424s C2RH2EN202
246.26 CI3H14N203
[25724 CHIH1SN3OS
18823 CHIHI2NZO
(15125 CIOHITN
{15022 CI0H140
| 2764 CITH2203
150,17 COH1002
f 144.60 CTHOCIO
[ 102.09 CIHEN202
; 14520 CTHISNO2
[37.09 C3HTN

Table 3. 1: Examples of compounds detected by NMR analysis of the crude water-soluble T.

violacea extract.

Compound Formula FW MF Max Acquisition
(multi | dn(*H) time (sec)
spec)

4H-Pyran-4-one, 2,3-dihydro-3,5- | C6H402 96.0841 0.90 0.353 2.1999

dihydroxy-6-methyl-

1,2,4-Triazine-3,5(2H,4H)-dione C3H3H302 113.0748 | 0.91 0.179 2.1889

d-Glycero-d-galacto-heptose C7H1607 212.1977 0.86 0.144 2.1889

Benzaldehyde, 4-(1-methylethyl)- C7H60 106.1219 0.88 0.468 2.1889

Vanillin C8H803 152.1473 | 0.34 0.347 2.1889

Oxime-, methoxy-phenyl C21H3202 332.4770 0.942 0.347 2.1889

Pyrrolidine C4HON 71.1210 0.83 0.615 2.1889

Schizandrin C23H2507 416.4642 | 0.81 1.017 2.1889

Taurolidine C7H16N404S2 284.3563 0.87 0.487 2.1889

alpha.-Pinene C15H16CI3N302 | 376.6654 | 0.00 0.229 2.1889
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Table 3. 4: Compounds with known anticancer activity.

According to the sources, d-glycero-d-galacto-heptose modulates NF- kB activation, whereas d-
mannoheptulose influences d-glucose metabolism in pancreatic islet cells [262] These discoveries
highlight the potential of these compounds in influencing both innate immune responses and
metabolic processes. Further research is warranted to elucidate the precise mechanisms underlying
their effects and to explore their potential therapeutic applications. Additionally, studies have shown
that d-mannoheptulose inhibits the metabolism of D-glucose in pancreatic islets [263]. This glucose
metabolism inhibition by d-mannoheptulose suggests its potential as a modulator of insulin secretion
and glucose homeostasis. Therefore, these compounds hold promise for further investigation in the

context of immune modulation and metabolic regulation.

Benzaldehyde, 4-(1- 8.1791 - C10H120
methylethyl) 148.20
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Benzaldehyde, 4-(1-methylethyl), has demonstrated multifaceted effects on various cellular
processes, particularly with relation to cancer. Nitoda et al. found that it suppresses melanin formation
in cultured murine B16-F10 melanoma cells [264]. Additionally, Kubo et al. isolated benzaldehyde,
4-(1-methylethyl) from cumin and demonstrated its inhibitory effect on mushroom tyrosinase [265].
Furthermore, Ghosh et al. highlighted its anti-neoplastic effect against breast cancer [264]. Tsai et al.
also discovered that it can cause apoptosis in human colorectal adenocarcinoma cells by activating pro-
apoptotic proteins such caspase 3 and 9, affecting mitochondrial integrity, and decreasing the action of
DNA integrity- preserving enzymes [266]. Similarly, Yang et al. and Morshedi et al. demonstrated its
capability to suppress human lung squamous cell carcinoma by extensively activating the apoptosis
pathway [266]. These findings collectively underscore the potential of benzaldehyde, 4-(1-

methylethyl) as a promising candidate for further investigation in cancer therapy.

Vanillin 5 1 C8H80
5 3
4 2
1
5

Vanillin, a natural component found in food, has been shown to possess various beneficial
properties. It has been demonstrated to exhibit anti-mutagenic and anti-metastatic characteristics

[267]. Vanillin acts to suppress mutagenesis and cytotoxicity by interacting
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with DNA repair mechanisms [267]. Additionally, it serves as an agent for chemoprevention [268].
Furthermore, vanillin acts as an antioxidant, providing protection to cell membranes against lipid
peroxidation (LPO) and preserving DNA from strand breaks [269]. Vanillin has also been shown to
inhibit the activation of NF-xB and the production of the cyclooxygenase-2 gene in mice macrophages
activated by lipopolysaccharide [270]. Furthermore, vanillin has been shown to limit the invasion and
migration of mammary adenocarcinoma cancer cells as well as decrease NF-kappaB activation, hence
enhancing TRAIL-induced death [271]. It has also been noted to diminish the expression of
metalloproteinase-9 [272]. Vanillin suppresses DNA-PK, an enzyme involved in non-homologous
end joining, thereby hindering the process of DNA end-joining [267]. It prevents both in vitro and in
vivo metastasis of mouse breast cancer cells [273].

C8HIN
02
The oxime- and methoxy-phenyl compounds have been found to possess various biological activities.

Oxime-, methoxy-phenyl

5.4 151.16

They have been reported to have antibacterial and antioxidant properties [274] and to act as novel
anticancer agents [275]. Additionally, the vanillin- derived piperidin-4-one oxime esters have
demonstrated antioxidant and antimicrobial properties, with the phenyl ester substituents playing a
significant role in their activity [274]. These findings point to the potential of oxime- and methoxy-
phenyl compounds in a variety of

biological applications, including antibacterial, antioxidant, and anticancer agents.

Pyrrolidine 59 71.12 C4HON
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Pyrrolidine and its derivatives have received substantial research due to its broad biological and
pharmacological value, notably in cancer therapy. Pyrrolidine has been shown to inhibit cancer cell
proliferation by triggering cell cycle arrest and apoptosis in a time and dosage-dependent way. [276].
Additionally, pyrrolidine compounds have exhibited cytotoxicity against pancreatic cancer cells,
although they lacked selectivity for tumour cells [277]. These findings highlight pyrrolidine's ability
to reduce oxidative stress and its cytotoxic effects on cancer cells, indicating its potential as a
therapeutic agent in cancer treatment.

[277].

Schizandrin 6.0 4325 C24H3207
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Schisandrin B's pharmacological effects have been widely researched. It has been demonstrated
to reduce liver fibrosis via modulating the Nrf2-ARE and TGF-/Smad signaling pathways.
[278]. Furthermore, Schisandrin B has been shown to decrease the growth of airway smooth
muscle cells and to have anti-asthmatic properties [279]. Furthermore, it has been identified
for its ability to reduce chondrocyte inflammation and osteoarthritis by suppressing the NF-B
and MAPK signal pathways [280]. Schisandrin B has also been found to protect against beta-
amyloid and homocysteine neurotoxicity, indicating its potential neuroprotective effects [281].
Furthermore, it has been proposed as a hormetic agent for the prevention of age-related
neurodegenerative illnesses through the reduction of oxidative stress and mitochondrial
dysfunction [282]. Additionally, Schisandrin B has been reported to alleviate diabetic cardiac
autonomic neuropathy Zhang et al. [283] and has showed potential in suppressing
osteoclastogenesis and guarding against ovariectomy-induced bone loss [284]. It has also been
studied for its ability to reduce the inflammatory response, oxidative stress, and apoptosis
caused by traumatic spinal cord damage [285]. Schisandrin B has also been studied for its
inhibitory effects on the pharmacokinetics of poziotinib Wang et al. [286] and its potential in
reducing AP generation by restraining beta- Secretase 1 transcription and translation [287].
Furthermore, it has been demonstrated to have anticancer effects on human gastric cancer cells
via ROS-mediated MAPK, STAT3, and NF-B pathways [288]. Additionally, Schisandrin B
has been found to inhibit epithelial- mesenchymal transition and stemness of large-cell lung
cancer cells and tumorigenesis in xenografts via inhibiting the NF-xB and p38 MAPK
signaling pathways [288]. It has also been shown to cause G1 arrest and death in human
leukaemia U937 cells [289]. These findings illustrate Schisandrin B's broad pharmacological
effects, which range from anti-

inflammatory and antioxidant capabilities to possible anticancer and neuroprotective effects.

Taurolidine 7.6 284.4 C7H16N404S2

Taurolidine has been shown to induce apoptosis in several cancer cell lines, including
osteosarcoma, colon carcinoma, esophageal carcinoma, glioblastoma, melanoma,

mesothelioma, and malignant mesothelioma [290]. This action is due to the escalation of
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DNA

fragments in the cell cycle's sub-G0/G1 phase, externalisation of phosphatidylserine, and
the release of apoptosis-inducing factor [291]. Furthermore, taurolidine has been shown to
increase the concentrations of the proapoptotic protein Bax while decreasing the amounts
of Bcl-2, Mcl-1, and survival, as well as activating p53 [290]. Furthermore, taurolidine has
been shown to induce autophagy as well as necroptosis in glioma cell lines [292].
Taurolidine's anti-neoplastic activity appears to be mediated via the inhibition of tumour
angiogenesis [292]. Furthermore, taurolidine has been proven in vitro and in vivo to

suppress the development of rat metastatic colorectal tumour cell lines [291].

alpha-Pinene 11.3 136.23 C10H16
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a-Pinene, a bicyclic monoterpene compound, has demonstrated significant potential as an
antineoplastic agent. -pinene has been proven in studies to increase the antineoplastic
efficacy of natural killer cells via the ERK/AKT signaling cascade, showing its capacity to
boost the immune response against cancer cells [293]. Furthermore, a-pinene has been
shown to cause apoptosis by stopping the cell cycle in the G2/M phase in human ovarian
cancer and hepatocellular carcinoma, hence inhibiting cancer cell growth [294].
Furthermore, it has been shown to inhibit the manufacture of matrix metalloproteinase-9 in
human breast cancer cells, hence preventing malignant invasion [295]. Furthermore, a-
pinene displays synergistic antitumor efficacy with paclitaxel against non-small cell lung
carcinoma, indicating its potential for combination treatment [296]. -pinene inhibited the
growth of human prostate cancer in a mouse xenograft model, highlighting its potential as
a therapeutic agent [278]. Furthermore, -pinene was shown to lower miR-221 expression
in HepG2 cells, showing its capacity to influence gene expression in cancer cells [297].
These findings imply that a-pinene has the potential to be an effective antineoplastic drug
with the capacity to control multiple cellular processes involved in cancer growth.
Thymol 5.8005 150.22 C10H140

Thymol, a natural phenol derivative, has been extensively studied for its wide range
of therapeutic applications. It is widely used as an antiseptic, antioxidant, and

stabilizer in

Pharmaceuticals, agriculture, cosmetics, and food industry. Research has shown that thymol possesses
antimicrobial, antifungal, and antioxidant properties, making it a sturdy antimicrobial agent [298].
Furthermore, thymol has been shown to have antioxidant activity, reduce oxidative stress, and
ameliorate inflammation-related reactions, implying its potential to lower aortic intimal lipid lesions
and inhibit the progression of hyperlipidaemia and atherosclerosis [299]. Furthermore, thymol has
demonstrated cytotoxicity against melanoma cells, indicating its potential for cancer treatment ([300].
However, it is important to note that thymol has also been reported to induce chromosome aberrations
in certain conditions [301].

Rhodanine 5.5591 C3H3NOS2 133.20

Rhodanine, also known as 2-thioxo-4-thiazolidinone, is a thiazolidinone molecule with a wide range
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of biological activities [302]. It has been studied for its potential anticancer [302], antimicrobial, and
antiparasitic properties [303]. Rhodanine is a privileged heterocycle in medicinal chemistry, making
it a valuable scaffold for drug discovery [304]. Furthermore, the structure of rhodanine has been
explored for the development of novel inhibitors of viral enzymes, such as the NS5B polymerase of

the hepatitis C virus, indicating its potential as a scaffold for antiviral agents [305].

Methyl formate, a chemical compound with the formula CH302CH, has been widely used as a
fumigant and larvicidal agent in agriculture. In addition, Yagi et al. [306] highlighted the significance
of agricultural soil fumigation as a source of atmospheric methyl bromide, thereby emphasising the
role of fumigants in agricultural practices. Ren & Mahon [307] conducted fumigation trials using ethyl
formate on wheat, split faba beans, and sorghum, demonstrating the potential of formate compounds
as effective fumigants. In addition, Seo et al. [308] developed cellulose nanocrystal-stabilised
Pickering emulsions of massoia and nutmeg essential oils for the control of Aedes albopictus,
indicating the ongoing research and development of novel fumigants and larvicidal agents for
agricultural pest management. Collectively, these studies underscore the importance of methyl
formate and related compounds in agricultural fumigation and pest control, highlighting the need for

continued research and innovation in this field.

Cyclo 7.736 519.0 C14H
heptas 7 7 4207
iloxan Si7

€,

tetrad

ecame

thyl-

Cycloheptasiloxane tetradecamethyl is a marine xenobiotic metabolite that has
been reported
to exhibit various biological activities. detected antibacterial activity of this

compound in sea
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urchin extracts [309]. Similarly, identified cycloheptasiloxane tetradecamethyl
as a xenobiotic of interest in cord plasma and placental tissue of monochorionic
twins complicated with selective intrauterine growth restriction [310].
Moreover, reported the anticancer and antimicrobial effects of this compound
[311]. Additionally, identified cycloheptasiloxane tetradecamethyl in the
fractions of Peristrophe bivalvis leaf, indicating its presence in plant material
[312]. Furthermore, highlighted the anti-inflammatory, antibacterial,
antifungal, and anti-aging properties of cycloheptasiloxane tetradecamethyl,
which is used in personal care products [313]. These findings collectively
demonstrate the diverse biological activities associated with cycloheptasiloxane
tetradecamethyl, ranging from antibacterial and anticancer

effects to its presence in plant material and personal care products.

Cyano 6.926 61.47 CNCI
gen 0 or
chlori CICN
de or
CCIN

Cyanogen chloride (CNCI) is a highly toxic lachrymator that has been utilised as tear gas because of
its ability to induce tearing. It is important to note that its vapour is denser than air, which can cause it
to persist at lower levels and pose a risk to individuals in enclosed spaces. CNCI is a disinfection
byproduct found in chlorinated and chloraminated drinking water and is formed by the reaction of free
chlorine or chloramines with natural organic matter [314]. It is a colourless to pale yellow liquid that
turns into a gas near room temperature [315]. This substance is highly toxic and volatile, and its
damage potential depends mainly on the concentration and duration of exposure [316]. In addition,
CNCI hydrolyzes the base to produce cyanate and chloride ions. It has been shown to be difficult to
effectively remove CNCI via porous substances such as activated carbon due to the weak interaction
between CNCI and the adsorbent surface [317]. Furthermore, CNCI can cause rapid death when

inhaled, highlighting its extreme toxicity [314].
Table 3. 7: Other identified compounds.
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Phytochemical Exact mass

compound
1,3,5- 3.8560 C6H6 126.11
Benzenetriol 03

1,3,5-Benzenetriol, a natural product found in Ecklonia cava and Alpinia blepharocalyx, has been
identified as an algal metabolite [318]. Clinical studies have been conducted to assess the diagnostic
effectiveness of this compound in colonoscopy. [319]. Additionally, 1,3,5-benzenetriol has been
found to have potential a-glucosidase inhibitory activity [320] and has been detected as an alpha-
glucosidase inhibitor in previous research [320]. Furthermore, 1,3,5- benzenetriol has been utilised in
the synthesis of a copper 1,3,5-triamino-2,4,6-benzenetriol metal-organic framework [321].
Moreover, it has been reported that 1,3,5- benzenetriol can selectively bind and precipitate Cs + ions
from aqueous solutions [322]. These findings highlight the diverse potential applications and
biological activities of 1,3,5-benzenetriol.

2- 4.087 C19H31CIN 338.9

Piperidinecarbo 20

xamide, I-butyl-
N-(2,6-
dimethylphenyl)

The compound 1-butyl-N-(2,6-dimethylphenyl)-2-piperidinecarboxamide, commonly known as
bupivacaine, is a local anesthetic agent that has been widely used in both human and equine
medicine for many years [323]. The chemical structure of bupivacaine includes a 2,6-
dimethylphenyl group, which has been the focus of various

chemical studies [324].

1-Butanol,  3- 5.0608 C7H1402 or 130.18
methyl-, CH3COO(C
acetate H2)2CH(CH

3)2
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Isoamyl acetate, also known as 3-methyl-1-butanol acetate, is a significant metabolite produced by
Saccharomyeces cerevisiae during primary alcoholic fermentation [325]. This acetate ester is formed
from isoamylol, and its production is influenced by various factors, including the addition of specific
amino acids. For instance, the addition of L-isoleucine and L-phenylalanine during longan juice
fermentation leads to significantly higher concentrations of isoamyl acetate and its corresponding
acetate esters [326]. The expression levels of yeast alcohol acetyltransferase genes, such as ATF1 and
ATF2, have been found to control the formation of a broad range of volatile esters, including isoamyl
acetate [327]. Additionally, the enzymatic synthesis of isoamyl esters, including isoamyl acetate,
has been investigated, demonstrating the feasibility of using fusel oil as an alternative. Furthermore,
Candida antarctica lipase B immobilisation has been investigated for the synthesis of isoamyl acetate
in solvent-free and organic medium esterification, showing its potential utility in the manufacturing

of this flavour molecule [328].

Morphinan-6-

one, 4,5- epoxy- 5.102 C19H21N 327.4
3,14-dihydroxy- 04

17- (2-propenyl)-,

(S. alpha.)
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Morphinan-6-one, 4,5-epoxy-3,14-dihydroxy-17-(2-propenyl)-, (S. alpha. ), is a member of the
morphinan alkaloid group that has received a lot of attention due to its pharmacological
potential. Morphinan-6-one, 4,5-epoxy-3,14-dihydroxy-17-(2-propenyl)-, (S. alpha. ), isamember
of the morphinan alkaloid group that has received a lot of attention due to its pharmacological
potential. Different morphinan-6-one derivatives were synthesised and analysed, emphasising the
effect of different substituents on their in vitro and in vivo activity [329]. Similarly, reported on
chemically innovative modifications of N-methylmorphinan-6-ones, leading to the development
of a novel class of morphinans with acrylonitrile incorporated substructures, demonstrating the
potential for chemical modifications to generate new morphinan derivatives with
pharmacological relevance [330]. Furthermore, focused on developing centrally acting mu-opioid
receptor antagonists through structural modifications of morphinan derivatives, indicating the
potential for designing compounds with specific pharmacological actions

[331].

Benzeneethanami

ne, 4- 5.667 C9H13NO 151.21
methoxy

The compound 4-methoxybenzeneethanamine is a derivative of ethylamine with a 4-
methoxyphenyl substituent at the 2-position, derived from a hydride of 2- phenylethylamine. This
compound has been studied for its inhibitory properties against quorum sensing proteins of
Salmonella enterica serovar Typhi [332].

Additionally, the presence of 4-methoxyphenyl substituents has been shown to affect the
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reactivity and selectivity of organic compounds in various reactions [333]. Furthermore, the effects
of introducing methoxy groups into the auxiliary ligands of copper (I) dyes on dye-sensitized solar
cells have been studied [334]. The compound has also been implicated in the synthesis of chiral
palladium B-diimine complexes [335]. Moreover, the presence of 4-methoxyphenyl lateral
substituents has been linked to the enhanced efficiency of perovskite solar cells [336]. This research
shows the chemical 4- methoxybenzeneethanamine's broad uses and implications in a variety
of domains,

including medicine, catalysis, and materials science.

Schizandrin 5.9817 C24H3207 432.5

Schisandrin is a natural product found in Schisandra rubriflora, Schisandra bicolor, and other
organisms with available data. It has been demonstrated to have a variety of pharmacological
characteristics, including anti-inflammatory [337], neuroprotective [338], and anti-HIV activities
[339]. Additionally, Schisandrin inhibits oxidative stress (Bend et al., 2015), reduces A generation
[287], and inhibits osteoclastogenesis [284]. Furthermore, it has been identified as a potential
therapeutic agent for diabetic cardiac autonomic neuropathy [283]. Schisandrin has also been
investigated for its possible use in the treatment of Alzheimer's disease Maia et al. [340] and has been
found to have antioxidant potential [341]. Moreover, research has shown that schisandrin can restore
mitochondrial function, energy metabolism, biogenesis, and dynamics in rat primary hippocampal
neurones [338]. These studies emphasise the diverse pharmacological properties of schisandrin and

its potential therapeutic application in various diseases.

Benzoic acid, 24-
dihydroxy-6-methyl- 6.0284 C8H804 168.15

Benzoic acid, also known as 2,4-dihydroxy-6-methyl-, is a naturally occurring chemical found in plant
and animal tissues, fruits, and vegetables [342]. It is known to
function in plants as a defensive mechanism against fungal diseases [343].
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In fact, benzoic acid has been identified as a major aromatic acid present in cranberry fruit [344].
Furthermore, it has been reported that benzoic acid is converted into 1,2- dihydro-1,2-dihydroxybenzoic
acid by benzoate-1,2-dioxygenase, and then transformed into catechol by the function of the gene benD-
xylL [345]. Additionally, benzoic acid has been suggested as the biosynthetic precursor of salicylic acid
in tobacco [346]. Furthermore, investigations have detected and measured 2,4- dihydroxy-6-
methylbenzoic acid in human plasma following cranberry juice ingestion [347]. Furthermore, benzoic
acid has been found to be excreted mainly as the glycine conjugate, hippuric acid, in marsupials [348].
It is important to note that benzoic acid has been reported to be a natural constituent of plants,

with high amounts being found in fruits and berries [344].

127.10
2,4(1H,3H)-
Pyrimidinedione,  5- 6.7927 C4H5N302

amino-

Riboflavin is synthesised by the conversion of GTP to 5-amino-6-ribitylamino-2,4(1H,3H)-
pyrimidinedione via a series of enzymatic processes [349]. This intermediate is essential for the
production of riboflavin and its coenzymes. It has also been found to be a precursor for the
manufacture of powerful GPR84 agonists [350]. The conversion of 5-amino-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione to riboflavin is catalysed by specific enzymes, highlighting its
significance in the riboflavin biosynthetic pathway [351]. Additionally, 5-amino-6-ribitylamino-
2,4(1H,3H)- pyrimidinedione was prepared by phosphorylation of 5-nitro-6-ribitylamino-
2,4(1H,3H)-pyrimidinedione, followed by reduction, further emphasising its role as an important

intermediate in riboflavin biosynthesis [352].

Propanoic acid, 2-
hydroxy, ethyl ester 7.3404 C5H1003 118.13

154




Ethyl 2-hydroxypropanoate, also known as ethyl lactate, is a natural product found in Cocos nucifera
and Camellia sinensis [353]. It is the ethyl ester obtained from 2- hydroxypropanoic acid and has been
identified as a metabolite with potential biological roles [354]. Because of its occurrence in Cocos
nucifera and its prospective uses in sectors like as cosmetics, food science, and biology, this chemical
has been the topic of investigation. Because of its occurrence in Cocos nucifera and its prospective
uses in sectors like as cosmetics, food science, and biology, this chemical has been the topic of
investigation [355]. According to studies, ethyl lactate is found in the volatile profiles of various
fermented items, indicating its involvement in adding to their scent and flavour [356]. Furthermore,
the safety assessment of coconut-derived ingredients in cosmetics has been conducted, highlighting
the relevance

of ethyl lactate in the context of product safety and application [357].

Tetrasiloxane, 3,5-diethoxy- 1,1,1,7,7,7-
hexamethyl-3,5-
bis(trimethylsiloxy)- ~ 14.9229 C16H4607Si6 519.0

]

Tetrasiloxane (3, 5-diethoxy-1, 1, 1, 7, 7, 7-hexamethyl-3, 5-bis (trimethylsiloxy)-) has been the

subject of several chemical studies. Ondo et al. [358] discussed the growth rates and thickness

increment of thin films grown from linear tetrasiloxane substituted with methyl groups, similar to the

compound in question. This study provides insights into the properties and behaviour of similar

tetrasiloxane compounds. In addition, Wang et al. [359] synthesised and characterised tetrasiloxane-

tailed gemini surfactants, which are relevant for understanding the chemical properties and potential

applications of tetrasiloxane compounds. Additionally, Abe et al. [360] discussed the synthesis and

structure of a related cyclotetrasiloxane and provided valuable information on the rmation and

properties of such compounds. Computational modelling of the interaction of COX -2 and components

of the T. violacea water soluble extract. The aqueous crude extract of T. violacea leaves was effective

against the TNBC cell line MDA-MB23L1, indicating its therapeutic potential in the treatment of triple-

negative breast cancer. GC-MS and NMR analyses confirmed the presence of several bioactive

155




compounds with various pharmacological effects. The ability of these bioactive substances to trigger
apoptosis inthe TNBC cell line was explored through in silico molecular docking studies with COX-2,
a protein known to impede apoptosis.

Computer-aided methods have matured into advanced techniques for drug discovery, aiding the
identification of bioactive elements in medicinal plants for pharmacological applications [361]. In
silico predictive algorithms play a critical role in predicting the pharmacological, pharmacokinetic,
and toxicological profiles of substances, and are critical in the decision-making process that drives
pharmaceutical and technological breakthroughs [362]. Molecular docking is a rapid and cost-
effective strategy for the development and evaluation of drugs. It yields insightful data regarding
drug-receptor interactions, assisting in forecasting how drug candidates will bind to target proteins
[363], leading to effective engagement at ligand-binding sites [364]. Analysis of the interactions
between COX-2 and various ligands revealed that their binding patterns were influenced by ligand
characteristics. Figures 3.33, 3.34, and Table 3.8 illustrate the docking results for these bioactive

molecules.
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Figure 3.34 depicts the molecular docking of various bioactive anticancer compounds identified from Tulbaghia
violacea extracts with the cyclooxygenase-2 (COX-2) protein
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The individual panels show the three-dimensional structures and interactions between the COX-2
protein and different bioactive molecules, such as d-glycero-d-galacto-hepimages showan-4-one, 2,3-
dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, benzaldehyde 4-(1-methylethyl)-, 1PXX Ligand,
Vanillin,, Tauroldine, and Pyrolidine. These compounds docked with the COX-2 protein target, which
is known to be a tobenzaldehyde in modulating apoptosis and inflammation pathways relevant to
cancer. Docking analysis provides insights into the potential binding interactions and affinities of
these phytochemicals from T. violacea with the COX-2 protein, aiding in understanding their
anticancer mechanisms. The pink dashed lines represent the hydrogen bond interactions between the

compounds and proteins.

Table 3.6 Molecular docking score for the anticancer bioactive compounds of T. violacea water crude extract with
COX-2 protein

Title docki
ng
score

1PXX - minimized_protein -
7.660

d-Glycero-d-galacto-heptose -
4.895

H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl -4.69

Benzaldehyde, 4-(1-methylethyl) -
4.432

Diclofenac ligand -
3.990

H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl -
3.933

Vanillin -
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3.820
Taurolidine -
3.715
-Taurolidine -
3.690
Taurolidine -
3.685
Vanillin -
3.051
Pyrrolidine -
2.573
2,4-Triazine-3,5(2H,4H)-dione -
2.396
Taurolidine -
2.322
T aurolidine -
2.130
Triazine-3,5(2H,4H)-dione -
2.104
alpha.-Pinene -
1.953
Oxime-, methoxy-phenyl - A
0.637 more

negative docking score signifies a stronger affinity of the ligand for the receptor, suggesting that
bioactive compounds with lower scores demonstrate enhanced efficacy in interacting with COX2. The
docking scores for the anticancer ligands varied between -4.9 and -0.6. Molecules such as d-glycero-d-
galacto-heptose, H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl, and benzaldehyde, 4-(1-
methylethyl) showcased the most prominent docking scores among the bioactive compounds
evaluated in this study, indicating superior binding at the 1XPP site 1 (Fig. 3.5). This site encompasses
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amino acids Ser 49, Asn 34, Gly 135, Cy 36, and Ala 156.

The crystallographic structure of a diclofenac complex with murine COX-2 demonstrates that
diclofenac adheres to COX-2 in a reversed orientation, with its carboxylate group forming hydrogen
bonds with Tyr-385 and Ser-530 [365], possessing a binding score of -3.9 compared to 4.9, 4.4, and
4 for glycero-d-galacto-heptose, H-Pyran-4-one, 2,3-dihydro-3,5- dihydroxy-6-methyl, and
benzaldehyde, 4-(1-methylethyl). In the docking model, all important residues formed hydrogen

bonds with carboxylate groups on d-glycero-d-galacto-heptose.

H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl, connects with TCOX-2 at GIn B:1327 and Gly
B:1324, whereas 4-(1-methylethyl) benzaldehyde attaches to COX-2 at GIn B:1327. Despite having
the least favourable score, oxime, methoxy-phenyl, and alpha-pinene demonstrated effectiveness as

anti-inflammatory and anticancer therapeutic agents.
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Figure 3.35 depicts the molecular docking analysis of various compounds identified in the crude extracts of
Tulbaghia violacea with the cyclooxygenase-2 (COX-2) protein. The image shows the three-dimensional structures
and interactions between the COX-2 protein target and different bioactive molecules such as d-Glycero-d-galacto-
heptose, H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, Benzaldehyde 4-(1-methylethyl)-, 1PXX
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Ligand, Vanillin, Tauroldine, and Pyrolidine. These compounds are docked onto the COX-2 protein, which is known to
play arole in regulating apoptosis and inflammation pathways relevant to cancer. Docking analysis provides insights into
the potential binding interactions and affinities of these phytochemicals from T. violacea with the COX-2 protein target,
aiding in understanding their proposed anticancer mechanisms.

3.22 Proteomic analysis of the RTK pathway

The protein profiler system relies on antibodies attached to polyvinylidene fluoride (PVDF)
membranes. The samples were then used to wash the membrane under binding conditions, and the
proteins present in the sample were bound to the antibodies raised against these proteins. The levels
of these proteins in the sample can then be determined by the strength of the fluorescent signal due to
a secondary HRP antibody. To perform this, proteins were extracted from MDA-MB231 and
MCF10A cells before and after treatment with 400 pug/mL water-soluble T. violacea extract for 24 h.
Figure 3.35 represents the results of SDS-PAGE analysis of the protein extracts. The extracted
proteins were of high quality. Nevertheless, 20 ug of total protein was loaded per lane, as equal
volumes of protein were applied to the gel. The samples derived from MDA-MB231 cells were
substantially more abundant than those derived from MCF10A cells. Following determination of the
concentration of the extracts, an equal amount of each protein sample was used in the protein profiler
assay. Figure 3.36 shows the membranes visualised with a ChemiDoc imaging system using a
fluorescent camera. The loading and signal controls are shown at positions Al, A2, A23, A24, F', and
F2. These showed similar staining intensities across samples. All signals were normalised based on
the signals from the controls. shows the intensities of the samples plotted for each protein antibody that
was fixed to the membrane. The samples were categorised into three plots. Plot (A) depicts samples
with a greater signal intensity in normal cells than in TNBC cells. Plot (B) depicts data where the
signal intensity in TNBC cells was greater than that in normal cells but remained below 4/0 on the
scale. Plot (C) shows the samples with significantly higher signal intensities.

The results of the quantitative analysis, along with the roles of various RTKs and their protein

interactions, are detailed in Table 3.9. The STRING online tool was used to identify the interacting

proteins. In addition, we examined the expression levels of additional proteins involved in this

signaling cascade. Figure 3. 36 SDS-PAGE analysis of proteins extracted from TNBC and normal
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breast cells before and after treatment with T. violacea water-soluble extract The protein samples
extracted were shown to be of good quality, with discrete bands. However, the gel highlighted that
were amplified at different concentrations.

A) MCTTOA untreated B) MCIOA Treated CYMDAMB23] untreated D) MDA MB23 1 treated
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Figure 3.36 shows the results of a protein profiler array, which allows for the detection and semi-quantitative
analysis of the relative levels of phosphorylation of 43 receptor tyrosine kinases (RTKs) and two2 additional
proteins. The image displays multiple membranes, each containing an array of capture antibodies, printed in duplicate.
Upon incubation with cell lysates, the phosphorylated RTKs present in the samples bind to their corresponding capture
antibodies on membranes. Subsequent chemiluminescence detection revealed the presence and relative levels of
phosphorylated RTKSs as indicated by the signal intensities observed at each capture antibody spot. The consistent signal
intensities across the control membranes suggested proper functioning of the assay and allowed for a comparative analysis
between different treatment conditions or cell types.
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The majority of the receptors decreased when cells were treated with the water-soluble T. violacea
extract.
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Figure 3.37 Fold changes in the expression of the different tyrosine kinases. The figure is divided into multiple panels,
with each panel representing a specific tyrosine kinase or protein. The y-axis indicates the molecular weight in kilodaltons
(kDa), while the x-axis represents the different cell lines or treatments, such as MCF10A (normal breast cells), MDA
MB231 (breast cancer cells), untreated, and treated cells. The intensity of the bands corresponds to the expression levels
of the respective tyrosine kinases or proteins. The figure legend shows that the fold-changes in expression were calculated
based on the optical density of chemiluminescent signals detected using a chemi-doc system, with normalisation
performed against the optical density of normal breast cell samples.

Table 3.7 Function protein interactions and the result of exposure to the water-soluble T. violacea

AKT
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Controls a variety of functions, including
metabolism, cellular proliferation,
survival, growth, and angiogenesis, as
well as glucose absorption..

Exhibits the capability to attenuate insulin
signaling but can also enhance insulin-
mediated glucose uptake.

Controls the conversion of glucose into
glycogen for storage.

Catalyzes the phosphorylation of GSK3,
fostering cellular proliferation.

Initiates phosphorylation of MAP3KS5,
supporting cellular survival.

Facilitates insulin-induced protein
synthesis.

Determines the cytoplasmic positioning of
the Forkhead family of transcription
factors.

Influences NF-kappa-B-mediated gene
transcription and positively impacts
CREBL1, leading to the expression of pro-
survival genes like BCL2 and MCL1.
The AKT-mTOR signaling pathway is
essential for cellular proliferation and
neurogenesis.

Operates downstream of PI3K, amplifying
the effects of various growth factors
including PDGF, EGF, and IGF-I.
SPATA13-dependent cell mobility and
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adhesion regulation is required.
Encourages the nuclear import of SRPK2.
Activates the pro-apoptotic functions of
BAD.

Inversely affects the acetylation of p53.
Changes the cytoskeleton's structure and
cellular motility.

[366, 367]

Upregulated in TNBC following treatment
where it is already upregulated in untreated

TNBC cells compared to normal breast cells

ALK
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e A neuronal receptor tyrosine kinase
(RTK) is a protein that is found in
certain parts of the central and
peripheral nervous systems and is
required  for  nervous  system
maturation and specialisation.

e Promotes cell proliferation via the
IRS1, MAPK, and PI3- Kkinase
pathways. Stimulates NF-kappa-B,

most likely via IRS1.
o Integral to the autocrine signaling that
promotes development and

sustenance in MDK.

Up-regulated in TNBC following treatment where it is already upregulated in untreated TNBC cells

compared to normal breast cells

c-Ret

e Involved in cellular growth,
neuron guidance, cellular
motility, and cellular
differentiation.

o Engages with glial cell-derived
neurotrophic  factor (GDNF)
ligands [368].

e Regulates the balance between

apoptosis and cell survival [369].

o Affects cell adhesion and

promotes  cellular  migration
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through integrin-mediated
mechanisms [369].

In the presence of GDNF, it
promotes cell survival and
decreases  growth  hormone
synthesis in somatotrophs, while
in the absence of it, it induces
apoptosis [370].

Activates the MAPK and AKT

signaling cascades [371].

Exhibited lower expression in treated triple-negative breast cancer (TNBC) cells compared to

untreated TNBC cells, with expression levels in normal breast cells significantly lower than in

TNBC cells.

DDR1

The interaction with collagen initiates

the activation of MMPs, specifically

MMP2,

MMP7, and MMP9.

Assists in cellular motility [372]

Expression in untreated TNBC cells is lower than in normal breast cells. Increase in TNBC

following treatment

DDR2
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o Operates as a cell membrane receptor for
fibrillar  collagen, overseeing  cell
differentiation,  extracellular ~ matrix
(ECM) reorganization, cell motility, and
proliferation.

e Directs ECM remodelling by boosting
collagenase MMP1, MMP2, and MMP13
expression, allowing for cell mobility and
tumour cell invasion.

e Encourages fibroblast mobility and
development, which aids in the repair of
skin damage [373].

Absent in treated TNBC yet highly high in untreated TNBC

Dtk

o Engages with various ligands, including
TULP1 and GASS6 [374].

e Governs cellular survival, maotility, and
differentiation [375].

o Amplifies the functionality of P13-kinase
[376].

e The AKT survival pathway is activated,
which includes the translocation of NF-
kappa-B into the nucleus [376].

e Changes the cytoskeleton's structure
[377].

e Activates STAT1 to suppress the TLR

innate immune response [377].
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Downregulated in TNBC following treatment lower than normal breast cells. Very high expression
in untreated TNBC

EphA family

By interacting with ephrin-binding proteins, the EphA family of receptor tyrosine kinases (RTKS)
mediates contact-mediated signaling [378]. A ligand family on nearby cells influences cellular
proliferation, motility, and programmed cell death [379]. The involvement of EphA receptors in
tumorigenesis is complex and context-dependent, as they can either facilitate

or inhibit tumour development [380, 381].

EphAl

Binds to EFNA3, EFNA4, and EFNA1 to
cause cell adherence to the extracellular
matrix (ECM) and to inhibit cell
dispersion and motility [382].
Furthermore, it promotes angiogenesis
and regulates cellular proliferation. It may
potentially play a role in programmed cell
death (apoptosis) [382].

Following therapy, there was a reduction in expression in triple-negative breast cancer (TNBC),
with expression levels in normal

breast cells being greater than in TNBC cells.

EphA2

Activated by the ligand ephrin-A1/EFNA1
[383].

Cell migration, adhesion, growth, and
specialisation are all regulated by this
protein [383].

Suppresses the ERKI1/ERK2 signaling
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cascade [384].
It contributes to the creation of new blood
vessels (angiogenesis) [384].

Following therapy, expression in TNBC cells is substantially greater than in normal breast cells.

EphA3

Oversees cell-cell adhesion, cytoskeleton
organisation, and cellular motility [385].
Contributes to the migration and
specialisation of heart cells [386].

Directs the separation of motor and
sensory axons during the creation of
neuromuscular circuits, but not their

navigation [387].

TNBC expression was reduced after therapy with levels comparable to normal breast cells.

EphA4

As the sole Eph receptor activated by both
GPl-anchored ephrin-A and
transmembrane ephrin-B  ligands, it
demonstrates  significant  adaptability
[388].

Controls cell shape and integrin-
dependent cell adhesion [389].

Oversees various stages of axonal

navigation [389].
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o Interferes with adherens junctions by

severing cadherins [390].

Decreased expression in treated TNBC cells. Expression in TNBC higher than in normal breast

cells

EPHAG

Can have either a tumour-promoting or
tumour-suppressing effect [391].

Cell proliferation, migration, and death are
all facilitated by this protein. cell proliferation,
migration, and death are all facilitated by this
protein [392].

Following therapy, there is a slight rise in expression in triple-negative breast cancer (TNBC).
Normal breast cells have much greater

levels of expression than TNBC cells.

EPHA7Y
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« It has the capacity to either accelerate or
prevent tumour growth [393, 394].

e Cellular proliferation, migration, and
programmed cell death are all regulated

by this protein (apoptosis) [393].

Shows increased expression in triple-negative breast cancer (TNBC) cells after therapy, but not in
untreated TNBC cells. Normal breast cells have much greater levels of expression than TNBC

cells.

EphB family

AnRTK (Receptor Tyrosine Kinase) that binds to membrane-bound ephrin family ligands on nearby
cells, resulting in contact-dependent bidirectional signaling (Conover et al., 2000). Forward
signaling refers to the signaling cascade downstream of the receptor, whereas reverse signaling

refers to the signaling cascade downstream of the ephrin ligand [395].

EphB1
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o Directs the growth of axons in the retina.

o Oversees chemotaxis [396].

e Possibly governs the process of
angiogenesis [397].

e It is possible that it has a function in
focused cell migration and adhesion [398,
399].

Following therapy, it was downregulated in triple-negative breast cancer (TNBC), reaching levels

comparable to normal breast cells.

EphB3

e Orchestrates axon navigation during
developmental stages [400].

e Regulates cellular  migration and
positioning, along with angiogenesis
[400].

e Supervises the movement and adhesion of

cells responsible for forming tubes in the

urethra and partitioning the cloaca [401].

Following therapy, there is a reduction in expression in triple-negative breast cancer (TNBC).
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EphB4

e Cell adhesion and migration are regulated,
and it is important in angiogenesis, blood
vessel  remodelling, and vascular
permeability. Forward signaling via
EPHB4 regulates cellular repulsion and
segregation from EFNB2-expressing cells
[402].

Although there is an increase in expression in triple-negative breast cancer (TNBC) cells after
therapy, the level of expression in TNBC

cells remains lower than in normal breast cells.

EphB6

o Affects cell adhesion and migration,
exerting both stimulating and inhibitory
impacts [403].

e When triggered by ephrin-B2, it inhibits
JNK activation, T-cell receptor-induced
IL-2 release, and CD25 expression [404].

Following therapy, there is a small reduction in expression in triple-negative breast cancer
(TNBC). TNBC has much greater levels of

expression than normal breast cells.

EGFR
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Binds to ligands from the EGF family,
such as EGF, TGFA/TGF-alpha, AREG,
epigen/EPGN, and HBEGF/heparin-
binding EGF [405].

Signaling pathways such as RAS-RAF-
MEK-ERK, PI3 Kkinase- AKT, PLC
gamma-PKC, and STATs are activated
[406].

The NF-kappa-B signaling pathway may
also be activated [407].

Enhances cell movement via interactions
with BTC/betacellulin and
epiregulin/EREG [408].

Following therapy, shows reduced expression in triple-negative breast cancer (TNBC), with
TNBC cells exhibiting much greater

expression levels than normal breast cells.

ErbB family

Functions as a cell membrane receptor for neuregulins [409].

ErbB2
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Increases cancer metastasis by amplifying
numerous metastasis- associated features
[410].

Following therapy, the amount of expression in triple-negative breast cancer (TNBC) cells rose,
although it remained half that of normal

breast cells. The expression was undetectable in untreated TNBC cells.

ErbB3

e Binds to neuregulin-1 (NRG1) [411, 412].
o Phosphatidylinositol 3-kinase
activation IS initiated
(PI3K) [412].
o Myeloid cell differentiation is regulated by
this protein [413].

After therapy, the expression in triple-negative breast cancer (TNBC) cells decreases but stays

greater than in normal breast cells.

ErbB4

179




ErbB4 stands out among its receptor peers,
being the only one recognized for having
properties that inhibit growth [414].

There is an increase in expression in treated triple-negative breast cancer (TNBC) cells,
approaching normal breast cell levels. Untreated TNBC cells, on the other hand, continue to express

less than normal breast cells.

FGFR family

« A tyrosine-protein kinase that acts on the cellular membrane as a receptor for fibroblast growth
factors, helping to regulate cellular proliferation, differentiation, and motility [415].

e Promotes PLCG1 and FRS2 phosphorylation. This PLCG1 activation stimulates FRS2, resulting
in the participation of GRB2, GAB1, PIK3R1, and SOS1, allowing the activation of RAS,
MAPK1/ERK2, MAPK3/ERK1, and the MAP kinase cascade, as well as the AKT1 signaling
pathway [416].

FGFR2a
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o Participates in the process of apoptosis [1].

e It stimulates cellular proliferation in
keratinocytes and immature osteoblasts,
while it causes apoptosis in adult
osteoblasts [2].

o Anomaly signaling is caused by changes
that cause continuous kinase activity or
hinder normal FGFR2  synthesis,
internalisation, and breakdown [1].

e Increased FGFR2 concentrations enhance
STAT1 activation [1].

Following therapy, there is a decrease in expression inside triple-negative breast cancer (TNBC)
cells, resulting in levels comparable to
those found in normal breast cells.

FGF-R3

Fcchondrocytes, but can alsofpromote cancer

o Essential in controlling the differentiation,
growth, and programmed cell death of
chondrocytes.

e Induces programmed cell death in

facell growth. family, has been implicated in
e vaExcessive expression or  persistent
rhastivatii 08, EGRR 3w sesltsar,in , uIRA
breast, nasopharyngeal, colorectal,
esophageal, oral, oropharyngeal, and
prostate cancers. Studies have shown that
dysregulated FGFR4 activity is associated
with advanced-stage, high-grade serous

ovarian carcinoma [417], adult epithelial
cancers [418], hepatocellular carcinoma
[419], rhabdomyosarcomas [420], non-
small-cell lung cancer (Huang et al., 2015),

and colorectal cancer [421].
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Following therapy, triple-negative breast cancer (TNBC) expression decreases. Untreated TNBC
cells have much greater expression levels than ordinary breast cells.

FIt-3

o Interacts with FLT3LG to influence
hematopoietic progenitor cell
differentiation, proliferation, and survival
[422].

e MTOR and RAS signaling pathways are
activated, resulting in MAPK1/ERK2
signaling [423].

o Genetic modifications leading to

continuous kinase activity enhance
cellular proliferation and inhibit apoptosis
[424].

Following treatment, expression decreases in triple-negative breast cancer (TNBC) cells. The
highest level of expression is found in
untreated TNBC cells. TNBC cell expression levels drop significantly after therapy, dropping

below those of normal breast cells.

HGFR
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e Governs cellular proliferation, migration,
differentiation, and survival processes
[425].

e Activates PIK3R1, PLCG1, SRC, GRB2,
STATS, or the adaptor GABL1, triggering a
variety of signaling pathways such as
RAS-ERK, PI3 kinase-AKT, and PLC
gamma-PKC [2].

e Induces morphogenetic alterations and

enhances cell viability [426].

After therapy, expression in triple-negative breast cancer (TNBC) cells reduces dramatically,

nearing normal breast cell levels. Expression is extremely high in untreated TNBC cells.

IGF-IR

e It binds to insulin-like growth factor 1
(IGF-1) (IGF1).

e Plays a role in regulating cellular growth
and survival.

o Essential for tumour formation and cancer
cell survival. Activates the PI3K-
AKT/PKB and Ras-MAPK pathways,

increasing cellular proliferation,

decreasing apoptosis, and increasing
protein synthesis.

o Interacts with Grb2/SOS to initiate the
Ras-MAPK pathway.

e Activates JNK, which in turn stimulates

STAT proteins crucial for the oncogenic
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effect of IGF1R.
[427-433]

cells have the highest levels of expression.

The expression of triple-negative breast cancer (TNBC) decreases after therapy. Normal breast

Insulin receptor

It binds to insulin-like growth factor 1
(IGF-1) (IGF1).

Involved in the control of cell growth and
survival. Vital for tumour transformation
and the persistence of cancerous cells
[426].

The PI3K-AKT/PKB and Ras-MAPK
pathways are activated, resulting in
enhanced cell proliferation, reduced
programmed cell death, and increased
protein output [426].

Stimulates AKT/PKB, leading to mTOR-
driven protein synthesis and anti-
apoptotic actions [426].

Initiates the JNK pathway, subsequently
activating transcription (STAT) proteins
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[434].
STAT3 may be required for IGF1R's
transformational action [434].

After therapy, expression in triple-negative breast cancer (TNBC) cells decreases considerably,
falling to levels far lower than in normal

breast cells. Expression levels are much greater in untreated TNBC cells.

MspR

Oversees cellular survival, motility, and
differentiation mechanisms [435].
Influences PIK3R1, PLCG1, or the
adaptor GAB1, causing the RAS-ERK,
P13 kinase-AKT, or PLC gamma-PKC
pathways to be activated [436].

Helps wound healing by promoting
epithelial cell motility, proliferation, and
survival [437].

Contributes to the innate immune response

by controlling macrophage motility and

phagocytic activity [438].
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e Controls macrophage motility and
phagocytic activity, which contributes to
the innate immune response [437].

e In response to growth factors other than
the MST1 ligand, it generates signals for
cellular migration and proliferation [438].

Following therapy, expression in triple-negative breast cancer (TNBC) cells decreases
significantly, reducing to levels far lower than in

normal breast cells. Expression levels are much greater in untreated TNBC cells.

Mer

e Activates LGALS3, TUB, TULP1, or
GASG6 [439].

e Controls cellular survival, motility,
differentiation, and apoptotic  cell
phagocytosis (efferocytosis) [440].

e Activates GRB2 or PLCG2, causing
MAPK1, MAPK2, FAK/PTK2, or RAC1
to be activated [441].

« Plays a function in macrophage clearance
of apoptotic cells, platelet aggregation,
cytoskeleton reorganisation, and
phagocytic activities [442].

e Inhibits the TLRs innate immune response
through STATL1 [443].

Following therapy, expression in triple-negative breast cancer (TNBC) cells decreases

significantly, reducing to levels far lower than in
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normal breast cells. Untreated TNBC cells had much higher expression levels.

MuSK

Participates in the operations of the

neuromuscular junction (NMJ) [444].

e Aids in actin cytoskeleton reorganisation
and acetylcholine receptor (AChR)
clustering in the postsynaptic membrane
[445].

e May improve the function of Rho family
GTPases [446].

e Could potentially be involved in the

central nervous system [447].

Following therapy, expression in triple-negative breast cancer (TNBC) cells declines
considerably, falling to levels far lower than in

normal breast cells. Expression levels are much greater in untreated TNBC cells.

PDGFRa

- Engages with PDGFA, PDGFB, and PDGFC
[448].

« Oversees cellular proliferation, survival,
and chemotaxis

[448]

- Either promotes or inhibits cellular growth and
migration. Involved in cellular motility and
guided movement during wound repair [449].

- Affects platelet activation, the release of
mediators from platelet granules, and platelet

clumping triggered by thrombin.
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« The activation of PKC and PIK3RL1 leads to
the stimulation of
AKT1 [2].

« Helps to activate HRAS and the MAP kinases
MAPK1/ERK2 and/or MAPK3/ERK1 [450].
« Activates STAT family proteins STATI,
STAT3, and STATS5A and/or STATSB [448].

Following therapy, expression in triple-negative breast cancer (TNBC) cells decreases to levels
equivalent to those in normal breast cells.

TNBC cells that have not been treated have much higher levels of expression.

ROR1

e Functions as a receptor for the WNT5A
ligand, activating subsequent NFKkB
signaling and perhaps inhibiting WNT3A-
mediated signaling [451].

¢« ROR1-positive TNBC cells have been
reported in studies to have increased

tumour cell proliferation and to have a

shorter disease duration. -free existence
[451].

o hasbeen linked to the inhibition of cellular
growth and the promotion of apoptosis in
TNBC cellshas been linked to the
inhibition of cellular growth and the
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promotion of apoptosis in TNBC cells
[452].

ROR1 inhibition has been found to
prevent  breast cancer epithelial-
mesenchymal transition and metastasis
[452]

has been associated to basal-like breast

cancer cell line invasiveness [453].

Following therapy, expression is increased in triple-negative breast cancer (TNBC) cells, resulting
in greater levels in treated TNBC

relative to normal breast cells. Untreated TNBC cells had the lowest expression levels.

ROR2

The receptor tyrosine kinase-like orphan
receptor 2 (ROR2) has been discovered as
a receptor for the Wnt ligand WNT5A,
which has implications for suppressing
WNT3A-mediated signaling [454].

Following therapy, expression diminishes in triple-negative breast cancer (TNBC) cells.
Untreated TNBC cells had much higher
expression than normal breast cells, and even after therapy, TNBC cells have higher expression

than normal breast cells.

RYK
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Contributes to neuron differentiation,
axon navigation, and neurite outgrowth by
interacting with WNT1, WNT3, WNT3A,
and WNT5A [455].

This receptor is cleaved at its C-terminus in
the transmembrane domain upon WNT3

activation, allowing the intracellular C-

terminal fragment to move from the
cytoplasm to the nucleus, where it plays an
important role in neuronal development
[456].

After therapy, expression is decreased in triple-negative breast cancer (TNBC) cells. Untreated
TNBC cells had much greater expression
than normal breast cells. The expression level in treated TNBC cells is lower than in normal breast

cells.

Tie-1

A transmembrane tyrosine-protein kinase

that may control TEK/TIEZ activity and is

implicated in angiogenesis regulation.A

transmembrane tyrosine-protein kinase

that may control TEK/TIEZ2 activity and is

implicated in angiogenesis regulation.
[457-468].

Following therapy, expression rises in triple-negative breast cancer (TNBC) cells. Untreated
TNBC cells had lesser expression than
normal breast cells. TNBC cell expression somewhat outperforms normal cell expression after

therapy.

Tie-2
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Functions as an ANGPT1, ANGPT2, and
ANGPT4 receptor .

Endothelial cell angiogenesis, survival,
proliferation, motility, adhesion, and
spreading, as well as actin cytoskeleton
remodelling and vascular quiescence, are

all regulated by this protein.

Anti-inflammatory properties are
demonstrated.
Depending on the environmental setting, it
either stimulates or inhibits angiogenesis
postnatally.
Reduces angiogenesis in areas where
endothelial cells are densely packed.
It stimulates PTK2/FAK, MAPK1/ERK2,
and MAPKS3/ERK1 in  migrating
endothelial cells that lack cell-cell
adhesions to  promote  sprouting
angiogenesis.
DOK2, GRB7, GRB14, PIK3R1, SHC1,
and TIEL1 are all

phosphorylated.

[469-471]

After therapy, expression is increased in triple-negative breast cancer (TNBC) cells. Expression
levels in untreated TNBC cells are lower
than in normal breast cells. TNBC cell expression somewhat exceeds that of normal cells after

therapy.
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Trk family

This receptor tyrosine kinase (RTK) is involved in both the central and peripheral nervous systems'
development and maturation. It regulates a wide range of neuronal processes, including survival,

proliferation, migration, differentiation, and the formation and plasticity of synapses [472].

TrkA

e Acts as a receptor for nerve growth factor
(NGF), influencing neuronal
development, neural cell proliferation,
nociceptor  function, and apoptosis
avoidance [473].

Following therapy, expression rises in triple-negative breast cancer (TNBC) cells. Expression is
lower in untreated TNBC cells than in normal breast cells. Nonetheless, even after therapy, TNBC

cell expression remains much lower than in normal cells.

Trk B

o It is a BDNF/brain-derived neurotrophic
factor and NTF4 receptor [474].

e Regulates the survival of neurons [475].

o Activates SHC1, FRS2, SH2B1, SH2B2,
and PLCG1, which are involved in

regulatory processes [476].

« Dictates neuronal differentiation,
including neurite outgrowth [477].

e Oversees both cell development and
survival [477].
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o Participates in the activation of NF-

Kappa-B and cell survival [477].

Following therapy, expression in triple-negative breast cancer (TNBC) is downregulated. TNBC
cells had high levels of expression prior
to therapy, but untreated normal breast cells do not.

TrkC

The neurotrophic receptor tyrosine kinase 3
(NTRK3) is important in the development of
the nervous system and perhaps the heart.
When NTRK3 binds to its ligand
NTF3/neurotrophin-3, it autophosphorylates
and begins multiple signaling pathways,
including the  phosphatidylinositol  3-
kinase/AKT and MAPK pathways, which are

important for governing cell survival and

differentiation. Furthermore, NTF3 promotes
anoikis resistance in cancer cells, and NTRK
gene deregulation can result in oncogenesis.
Neurotrophins exert biological effects by
activating the tropomyosin-related kinase
(Trk) family of receptor tyrosine kinases
(TrkA, TrkB, and TrkC) [478]. NTRK3 is also

a transmembrane receptor tyrosine kinase that
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interacts to neurotrophin-3 (NT-3) [479].
These findings emphasise the importance of
NTRK3 and its ligand NTF3 in a variety of
physiological and pathological processes, as
well as their potential as therapeutic targets in

a variety of disorders.

Expression decreases in triple-negative breast cancer (TNBC) following treatment. Before
treatment, TNBC cells exhibit significantly
elevated expression levels compared to normal cells. After treatment, expression in TNBC cells

falls below that in normal breast cells.

VEGFR family

Allows MAPK1/ERK2, MAPK3/ERK1, and the MAP kinase signaling pathways, as well as the
AKT1 signaling pathway, to be activated. It catalyses SHC1 phosphorylation and enables PIK3R1
phosphorylation, which is a regulatory component of phosphatidylinositol 3-kinase. Furthermore,
it promotes the phosphorylation of MAPKS at "Thr-183" and 'Tyr-185', as well as AKT1 at
'Ser-473' [480].

VEGFR1

Expression decreases after treatment. In normal breast cells, expression levels are higher
compared to those in triple-negative breast
cancer (TNBC) cells.

VEGF R2
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Functions as a VEGFA, VEGFC, and
VEGFD cell-surface receptor [483].
Manages the control of angiogenesis and
vascular permeability [483].

Promotes cellular proliferation, survival,
migration, and differentiation [483].
Aids in the reorganisation of the actin
cytoskeleton [484].

PLCGL1 activation causes protein kinase
C to be activated [483].

Indispensable  for  VEGFA-induced
stimulation of NOS2 and NOS3, leading
to NO signaling [485].

Following therapy, expression diminishes. Expression levels in normal breast cells are much lower
than in triple-negative breast cancer
(TNBC) cells.
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VEGFR3

Plays an important function in adult
lymphangiogenesis by acting as a cell-
surface receptor for VEGFC and VEGFD
[486].

Endothelial cell proliferation, survival,
and migration are promoted, and
angiogenic sprouting is coordinated [487].
Modifies KDR signaling via forming
heterodimers [488].

Aids in the activation of the JUN signaling
pathway and the AKTL1 signaling pathway
[489].

Following therapy, expression diminishes. Expression levels in normal breast cells are much lower

than in triple-negative breast cancer
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(TNBC) cells.

3.23 Whole transcriptome analysis of treated and untreated TNBC and normal breast cells

RNA was isolated from MDA-MB-231 and MCF10A cells before and after exposure to 350 pg/mL
of water-soluble T. violacea extract. RNA sample concentrations were determined using a Qubit RNA
concentration kit and Qubit instrument. RNA samples were sent to Ingaba Biotec for sequencing. The
data returned from Ingaba Biotec included a list of genes with the number of counts for each transcript,
as well as the gene identities and their p-values, as well as their ranking.

The fold-change values were calculated and the corresponding p-values were plotted in a volcano
plot. In Figure 3.38, the genes exhibiting significantly increased or decreased expression are
highlighted in the plot. Notably, a larger number of genes displayed altered expression patterns
following treatment with MDA-MB231 cell extract (Plot A).

When comparing the treated and untreated normal breast cells (Plot B), only a few genes showed
statistically significant upregulation or downregulation. In the comparison between untreated TNBC
and normal breast cells (Plot C), a substantial number of genes were significantly downregulated in
the TNBC cells. Lastly, when comparing treated and untreated TNBC cells (Plot D), significant
downregulation of gene transcription was observed following treatment, whereas a smaller number

of genes exhibited significantly increased expression levels.

Apart from genes coding for proteins, sequencing has also detected a number of non-coding RNAs,
the transcription of which is affected by treatment. To identify which genes and ncRNAs with altered
transcript levels were shared between samples, Venn diagrams were plotted for the number of genes
with significantly altered transcript levels. Figure 3.39 shows these Venn diagrams for the coding
genes (A), miRNA (B), and IncRNA (C). The greatest number of gene expression alterations were
observed in the upregulated genes in normal breast cells (2995), followed by the downregulated genes
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in TNBC cells (1435), upregulated genes in TNBC cells (1117), and downregulated genes in normal
breast cells (821). Although many genes are commonly upregulated in both TNBC and normal breast
cells following treatment (223), a nearly equal number of genes that are upregulated in normal breast
cells following treatment are downregulated in TNBC cells following treatment. In contrast, the
number of shared genes downregulated in both TNBC and normal breast cells was relatively small

(69).
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Figure 3.38 presents a series of volcano plots representing the differential gene expression analysis between various
cell lines and treatment conditions

Figure 3.38 (A) Comparison of TNBC (MDA-MB-231) and normal breast (MCF-10A) cells showing
significant upregulation and downregulation of genes in TNBC cells. (B) Comparison of treated and
untreated MCF-10A cells, indicating relatively few changes, but upregulation after T. violacea extract
treatment. (C) TNBC cells were compared with normal cells, revealing limited altered genes, with
the most significant being down-regulated in TNBC cells. (D) Comparison of treated and untreated
TNBC cells showing considerable upregulation or downregulation of genes following treatment. The

red dots represent statistically significant changes in gene expression.
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Figure 3.39 39 illustrates the expression changes shared between treated and untreated normal breast and triple-
negative breast cancer (TNBC) cell lines. (A) The Venn diagram showingshows the overlap of genes whose
expression changed after treatment ofin TNBC A significant number was upregulated in both cell types, but this
represented only a fraction of those upregulated in TNBC cells. Many genes upregulated in normal cells were
downregulated in TNBC cells. Few genes were downregulated in both cell lines, indicating differential gene responses to
treatment. (B) and (C) reveal virtually no overlap in differentially expressed miRNAs and IncRNAs between the cell lines,
likely due to the RNA extraction methods not targeting these small RNA molecules, identifying only highly expressed
ones. Another 3.39 shows how treated triple-negative breast cancer (TNBC) and normal breast cells share gene expression
patterns. The data revealed that 223 genes were upregulated in both TNBC and normal breast cancer cells treated with the
water-soluble extract. Conversely, 69 genes were consistently downregulated in both the cell types following treatment.
Interestingly, 92 genes showed divergent responses; they were increased after therapy in TNBC cells but were
downregulated in normal breast cells. Furthermore, after treatment with the water-soluble extract, 224 genes showed an
inverted pattern, being downregulated in TNBC cells, but upregulated in normal breast cells. The overall number of
independently elevated genes in each cell type significantly outhnumbered the number of shared genes, suggesting that a
large number of genes were singularly upregulated or downregulated in either TNBC or normal breast cells following
therapy.

Figure 3.40 shows a PANTHER analysis of genes with altered expression grouped by biological
function. Cancer-associated pathways constituted the largest percentage in these categories. These
cancer-associated pathways include the Wnt, cadherin, and CCKR signaling pathways. The CCKR

pathway centres on gastrin, which primarily stimulates the secretion of hydrochloric acid (HCI).
200




Additionally, it functions as a mitogenic factor in the gastrointestinal epithelial cells. The expression
ofthishormone is elevated in precancerous tissue. This pathway also involves downstream components
that affect cell survival and angiogenesis. The Hh signaling pathway, which controls cell adhesion, is
also represented.
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Figure 3.40 4039 illustrates the expression changes shared between treated and untreated normal breast and triple-
negative breast cancer (TNBC) cell lines
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Figure 3.40 shows a PANTHER analysis of the genes with altered expression grouped by biological
function. Cancer-associated pathways make up the largest percentage of these categories. These
cancer-associated pathways include Wnt signaling pathways, cadherin signaling pathways, and
CCKR signaling pathways. The CCKR pathway centers on the gastrin hormone, which primarily
stimulates the secretion of hydrochloric acid (HCI). Additionally, it functions as a mitogenic factor
for gastrointestinal epithelial cells. The expression of this hormone is elevated in pre-cancerous tissue.
The pathway also involves downstream components that affect cell survival and angiogenesis. The
Hh signaling pathway, which controls cell adhesion) Growth factor is also represented.
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Figure 3.40 illustrates the expression changes shared between treated and untreated normal breast and
triple-negative breast cancer (TNBC) cell lines:(A) The Venn diagram shows the overlap of genes
whose expression changed after treatment in TNBC and normal cells. A significant number was
upregulated in both, but this represented only a fraction of those upregulated in TNBC cells. Many
genes upregulated in normal cells were downregulated in TNBC cells. Few genes were commonly
downregulated across both cell lines, indicating differential gene responses to treatment.(B) and (C)
reveal virtually no overlap in differentially expressed miRNAs and IncRNAs between the cell lines,
likely due to the RNA extraction methods not targeting these small RNA molecules, identifying only
highly expressed ones.Another class of genes whose expression is altered among TNBC and normal
breast cancer cells following treatment are those coding for components of growth receptor pathways.
This confirmed the changes in growth factor receptors observed using a protein profiler. Alterations
in the transcription of genes related to hormone signaling, as well as genes in the gonadotrophin
pathway, are closely associated with TNBC. Predictably, numerous genes associated with apoptosis
and angiogenesis exhibited changes, and a set of genes encoding elements of growth receptor
pathways exhibited altered expression in both TNBC and normal breast cancer cells after treatment.
These treatment-induced alterations have implications for tumour growth and metastasis. Cancer
progression and metastasis also involve neurogenesis and axonogenesis. This aspect sheds light on

the observed changes in gene expression related to axonogenesis, neurogenesis, axon guidance, and

204




the neurotransmitters that regulate these processes. The modifications in these gene expressions
highlight the complex interplay between cancerous growth and neural development pathways,
underlining the multifaceted nature of cancer biology and its treatment responses.

RTK Growth
factors

NOTCH pathways

Wt pathway

Angiogenesis

Neurotransmitters
Axonogenesi
Apoptosis

pS3 pthway
Stress response

Immune signalliing

Figure 3.41 presents a heatmap visualisationvisualization of the functional enrichment analysis performed using
the DAVID online tool The analysis focused on identifying up- and down-regulated genes involved in various biological
pathways and signaling mechanisms, such as RTK growth factors, NOTCH pathways, Wnt signaling, angiogenesis,
neurotransmitters, apoptosis, and immune signaling. The heatmap reveals that the transcription of genes associated with
RTK (receptor tyrosine kinase) signaling is reduced after treatment with the extract, with this decrease being more
pronounced in normal breast cells compared to triple-negative breast cancer (TNBC) cells. This finding suggests that
RTK signaling is more active in untreated normal breast cancer cells than in TNBC cells.

Moreover, elements of both the Notch and Wnt signaling pathways exhibited decreased transcription
after treatment in both normal and TNBC cells. In the context of angiogenesis, no significant
enrichment was observed in either the treated or untreated normal breast cells. However, notably high
transcription levels of genes involved in angiogenesis were detected in untreated TNBC cells,
indicating a treatment-induced reduction in the transcription of these genes. Genes associated with
apoptosis exhibited increased transcription in both TNBC and normal breast cells. This trend also
applies to p53-related signaling pathways, suggesting an enhanced apoptotic response due to
treatment. Similarly, the transcription of genes associated with stress responses increased in both
types of treated cells, indicating the cytotoxic effect of the extract, particularly on TNBC cells and, to

a lesser extent, on normal cells.
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Additionally, the transcription of genes in immune signaling pathways, encompassing those linked to
integrin and T-cell activation, increased following treatment in both TNBC and normal breast cells.
This upregulation suggests potential activation of immune-related pathways in response to treatment.
The analysis presented the outcomes of an expression enrichment assessment conducted using the
DAVID online tool. These findings are consistent with predictions, suggesting a decrease in the
expression of genes implicated in pro-oncogenic signaling in both TNBC and normal breast cells.
The evident contrast in the expression of angiogenesis-related genes between the two cell types was
striking: normal breast cells showed no significant change in these genes after treatment, but TNBC
cells showed a considerable decrease in their expression. Furthermore, this study revealed an increase
in the expression of apoptosis-related genes in both normal and TNBC cells. This indicates a shared
response mechanism to the treatment across both cell types, underscoring the potential therapeutic

efficacy of the treatment in triggering apoptotic pathways in both cancerous and normal cells.

The apoptosis assay revealed that the extract promoted apoptosis in triple-negative breast cancer
(TNBC) cells and normal breast cells, with the former having a more substantial impact. This
conclusion was supported by comparing the fold changes in transcript levels of pro-apoptotic and anti-
apoptotic genes, as detected by Next-Generation Sequencing (NGS), in both pre- and post-treatment
cell lines. Such a comparison is crucial for understanding the degree to which changes in the
transcriptome correspond to the increased apoptosis rate post-treatment. It also helps identify the
specific apoptotic pathways involved in this response. This method validates the cytotoxic potential
of the extract and sheds light on its molecular mechanisms, particularly how it differentially affects
TNBC and normal breast cells at a genetic level. As shown in Figure 3.42, the extract caused a
significant increase in the expression of proapoptotic genes in TNBC cells. The data also suggest that

both the extrinsic and intrinsic apoptotic pathways are activated.
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C. Pro-apoptotic genes transcribed in Normal breast cells
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Figure 3.42 depicts the mMRNA expression levels of pro-apoptotic and anti-apoptotic genes in normal breast cells
and triple-negative breast cancer (TNBC) cells, before and after treatment with a water-soluble extract from Tulbaghia
violacea. (A) Differential expression of pro-apoptotic genes, such as APAF1, NFKB2, and BAX, in TNBC cells upon
treatment. (B) Changes in the expression of anti-apoptotic genes, including AKT2, AKT1, and AKT3, in TNBC cells. (C)
Upregulation of pro-apoptotic genes such as BAX and downregulation of ROCK1 in normal cells after treatment. (D)
Alterations in anti-apoptotic genes such as AKT2 and BNIP2 in normal cells. Data were obtained using next-generation

sequencing (NGS) analysis.
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Figure 3.43 The figure depicts the mRNA levels of various cell cycle genes involved in S phase progression or
arrest, as determined by next-generation sequencing before and after treatment with water-soluble T. violacea extract.
Panel A shows genes promoting S-phase arrest in triple-negative breast cancer (TNBC) cells, whereas panel B focuses
on these genes in normal breast cancer cells. Panel C displays genes that enhance S-phase progression in TNBC cells after
treatment, highlighting the altered regulatory mechanisms. Lastly, panel D illustrates genes promoting S phase
progression in normal breast cells, indicating potential changes in cell cycle regulation due to treatment. The legend
effectively explains the purpose and findings of each panel, providing insights into the impact of treatment on the cell
cycle dynamics in both TNBC and normal breast cancer cells.

The cell cycle assay verified that the extract led to a suspension in the S phase of the cell cycle, causing

an accumulation of cells in this phase in both TNBC and normal breast cells. By evaluating the fold
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changes in transcript levels of genes that are instrumental in promoting S phase progression and those
responsible for inducing S phase arrest, as identified by Next-Generation Sequencing (NGS) in both
cell types before and after treatment, | determined the correlation between transcriptomic changes
and S phase arrest observed post-treatment. This comparison, depicted in Figure 3.43, offers valuable
insights into how alterations in gene expression influence the cell cycle, particularly the S phase, in
response to treatment. This analysis is crucial for understanding the molecular mechanisms

underlying the effect of treatment on cell cycle regulation.

211




Chapter 4 Discussion

In this study, | examined the anticancer effects of T. violacea on triple-negative breast cancer cell lines
and healthy breast cells, especially MCF10A and MDA-MB-231. According to current research,
effective therapies for triple-negative breast cancer should attempt to initiate apoptosis or activate cell
cycle checkpoints. This study investigated extracts from T. violacea and C. orbiculata, but only the
water-soluble extract of T. violacea showed consistent effectiveness against cancer cells at
concentrations not exceeding 400 pg/mL. Following treatment, the cells exhibited signs of apoptosis,
such as shrinkage, spikes, and other indicators of DNA fragmentation. My research also analysed the
chemical constituents of dried leaf extracts and their cytotoxic effects. Water-soluble extracts of T.
violacea displayed substantial cytotoxicity against TNBC cells, highlighting the potential of T.
violacea leaves as a source of natural antioxidants and/or anticancer drugs. Water-soluble T. violacea
extracts exhibit pro-apoptotic and anti-proliferative properties.

4.1 Background

In this study, | conducted a series of tests to determine how water- and methanol-soluble extracts
from two plant species affect MDA-MB231 and MCF10A cell lines, which represent triple-negative
breast cancer (TNBC) cells and normal, healthy breast cells, respectively. My findings show that the
water-based extract derived from T. violacea leaves has the capacity to limit cell growth.
Additionally, this extract was found to have pro-apoptotic properties, as confirmed by the Annexin
V-FITC/propidium iodide labelling  method(Figure4.1).
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Pro-caspase 3

Figure 4.1depicts the extrinsic (blue box) and intrinsic (orange box) pathways of apoptosis, a form of programmed
cell death . The extrinsic pathway is initiated by the binding of a ligand to a death receptor, activating pro-caspase 3 and
caspase 3, which induces apoptosis. The intrinsic pathway is triggered by internal cellular stress, leading to the release of
cytochrome ¢ from mitochondria. Cytochrome c¢ binds to Apafl to form an apoptosome that activates pro-caspase 3 and
caspase 3, culminating in apoptosis. This diagram illustrates the key molecular players and events in both pathways,
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providing a conceptual understanding of the mechanisms underlying the regulated cell death process.

These pathways, which include both internal and extrinsic processes, culminate in caspase activation,
which is required to initiate morphological and biochemical alterations associated with apoptosis, such
as phosphatidylserine externalization (PS). PS is normally found in the inner layer of the plasma
membrane; however, during apoptosis, it moves to the outer layer. The Annexin-Renilla Fusion
Protein (ArFP) is designed to attach to PS on the surface of apoptotic cells. This binding produces a
bioluminescence signal in the presence of its substrate coelenterazine. This provides an innovative
approach for the detection and quantification of apoptosis, as described by Brown [19]. This method
can be particularly useful for elucidating the effectiveness of anticancer therapies, including the role
of T. violacea extract in inducing apoptosis in cancer cells.

4.2 Determining the 1Cso values

In this study, cytotoxicity tests were performed on extracts derived from T. violacea leaves and
cotyledon orbiculate. The samples included soluble fractions in both aqueous and methanolic
solutions. Cytotoxicity was evaluated using the RTCA xCELLigence system and alamar blue
cytotoxicity assay.

According to xCELLigence research results, it is crucial to consider how cellular confluence might
affect treatment results. Cell proliferation and confluence can affect cellular responses to various
therapies. High confluence might lead to an underestimation of the antiproliferative effects of
therapies, because cells spontaneously reduce their growth rate as a result of contact inhibition,
making it challenging to differentiate treatment effects. Changes in the cellular microenvironment
caused by higher cell density, such as decreased food supply, pH changes, and improved cell
communication, may alter cell behaviour and affect their reaction to therapies. Highly confluent cells
may show increased resistance to certain drugs. The extent of these collective effects may differ
among cell lines, with certain cell lines displaying more sensitivity to contact inhibition than others.
Cell lines exhibiting rapid proliferation were more susceptible to confluent effects in the
XCELLigence experiment. Optimising the initial cell seeding density is crucial to reduce the effects
of confluence. The objective was to introduce a sufficient number of cells to generate a strong
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impedance signal, ensuring a sufficient time for the experiment to be conducted before the cells
reached a state of excessive confluence. Conducting the first optimisation test was crucial. The Cell
Index of the xCELLigence system enables continuous monitoring of cell confluence to detect critical
levels that might impact test outcomes. Less sensitive methods, such as direct cytotoxicity tests, can

be used to confirm putative confluence effects.

| created several dilutions of water extracts obtained from T. violacea and C. orbiculata leaves in cell
culture medium. The diluted solutions were administered to MDA-MB-231 TNBC cells and a non-
cancerous human breast cancer cell line (MCF10A). Cells were exposed to increasing concentrations
of the extracts for 72 h. The cytotoxic effects of the extracts on these cell lines were evaluated. This
approach allowed for a comprehensive assessment of the potential anticancer properties of the

extracts, particularly for distinguishing their effects on cancerous and non-cancerous cells.

Both methods exhibited similar trends, with the water-soluble extract from T. violacea demonstrating
the highest cytotoxicity and the water-soluble extract from C. violacea exhibiting the lowest
cytotoxicity. The methanol-soluble extract of C. orbiculata showed significant differences between
the two techniques, which was unusual.

Based on the results of the xCELLigence study, it is important to consider how cellular confluence
affects treatment outcomes. The IC50 value of 400 ug/mL for the water-soluble extract of T. violacea
was determined by merging results from the xCELLigence Real-Time Cell Analysis (395.2 pg/mL)
and the Alamar Blue cytotoxicity assay (350 pg/mL). Although the 1C50 value may be higher than
that of conventional chemotherapeutic medications, it is not uncommon for crude plant extracts to
have higher 1C50 values owing to their complex chemical composition. The water-soluble extract of
T. violacea demonstrated a dose-dependent cytotoxic effect on MDA-MB-231 triple-negative breast
cancer cells with a higher 1C50.

The study also examined the effect of the extracts on the non-tumourigenic MCF-10A breast epithelial
cell line in normal cells. The T. violacea water-soluble extract showed reduced cytotoxicity in normal
cells compared to cancer cells. For example, when exposed to 350 pg/mL of the extract, over 80% of

MDA-MB-231 cells underwent apoptosis in the apoptosis assay, but more than 50% of MCF-10A
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cells survived at similar doses. The difference in cell death rates between cancerous and healthy cells
indicates that the water-soluble extract from T. violacea may include substances that specifically
attack cancer cells while showing some level of protection against regular cells. Additional studies
are needed to identify the exact bioactive chemicals responsible for this action and to enhance their
selectivity and efficacy.

The RTCA method provided precise results but was limited by the cost of the E16 plates, which
restricted the number of replicates that could be performed. In contrast, the alamar blue assay is cost-

effective and allows for more replicates, potentially leading to a more accurate assessment.

Considering these factors, | decided to carefully analyse the results of both methods before
determining the 1Cso value. The inconsistent performance of the C. orbiculata methanol-soluble
extract, along with the variation in the results between replicates, led us to exclude this from future
experiments. We also noted that different preparations of this extract performed differently, possibly
because of the difficulties in solubilising the dry powder in low concentrations of DMSO, resulting
in insoluble clumps that had to be filtered out before use. Future research involving this plant should
address these solubility issues, because a well-prepared methanol-soluble extract may exhibit

promising cytotoxic activity.

4.3 Morphological studies on normal and TNBC cancer cell lines treated leaf extracts from T. violacea

highlighted the apoptotic potential of the T. violacea extract in TNBC cells. Morphological features
such as cell shrinkage, nuclear disintegration, and cell detachment are classic markers of apoptosis
[490]. This pioneering work has laid the foundation for understanding programmed cell death, and
my findings align with this historical perspective. The resemblance of these morphological changes
to those induced by 5-fluorouracil (5FU), a known apoptosis inducer, further validated our
observations. This parallel not only strengthens the credibility of my study but also positions T.
violacea extract as a promising agent for inducing apoptosis, particularly in the context of cancer

treatment.

216




The detailed analysis of MDA-MB-231 cells treated with T. violacea extract, as described in Section
2.2.2 of my study revealed a heightened sensitivity of TNBC cells to this treatment. The rapid decline
in cell count and distinct morphological alterations in treated TNBC cells compared to untreated and
normal breast cells is particularly noteworthy. The quantitative assessment of cell area and perimeter
provides a deeper understanding of apoptotic features, such as blebbing and shrinkage, in response to
the extract.

My findings, enriched by the visual representation in Figures 3.10 to 3.16, not only demonstrate the
cytotoxic efficacy of T. violacea extract against TNBC cells, but also offer a comprehensive view of
its impact at the cellular level. The significant reduction in cell count and pronounced apoptotic
features after 72 h of treatment highlight the potential of T. violacea as a natural source for developing
anticancer therapies. The similarity with 5FU therapy emphasises the significance of these discoveries

in the context of cancer research and treatment techniques.

4.4 The water-soluble crude extract of T. violacea induced apoptosis in TNBC cells.

My investigation into the anticancer properties of T. violacea leaf aqueous extract, particularly its
efficacy against TNBC (MDA-MB-231) cells, is compelling and methodologically sound. The
decision to focus on this extract, given its lowest 1Cso value and significant impact on TNBC cell
morphology, is well-justified. The ICso values, which indicate the efficacy of the extract as well as
the morphological alterations found in TNBC cells, strongly support the concept that T. violacea
triggers apoptosis in these cells. These findings highlight the therapeutic potential of T. violacea for
the treatment of TNBC.

The use of annexin-V and propidium iodide (PI) staining, combined with the Muse TM flow
cytometry system, provided a clear distinction between viable, apoptotic, and necrotic cells. This
approach is crucial for accurately quantifying the effect of the extract on cell viability. My findings
that T. violacea aqueous extract induces dose- and time-dependent apoptosis, particularly in the
TNBC cell line, while exhibiting reduced effectiveness in non-malignant MCF10A cells, are

significant. This differential response, as depicted in Figures 3.17 and 3.18, suggests a selective
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mechanism of action of the extract on TNBC cells, which is a critical attribute for any anticancer

agent.

It is also notable that T. violacea leaf aqueous extract may selectively trigger apoptosis in cancer cells
while sparing normal cells. This selectivity is a key characteristic of an effective anticancer agent as
it targets malignant cells without causing undue harm to normal tissues. The irreversible nature of
apoptosis, especially beyond the early stages, and the lack of cell recovery observed even after 72 h
post-treatment further reinforce the potency of the extract. Although the half-life of the extract in

cellular environments was not determined, the sustained effect observed indicated its lasting impact.

Overall, my research adds to our understanding of the potential of T. violacea as a natural anticancer
drug with particular potency against TNBC cells. The ability to effectively trigger apoptosis in cancer
cells is a promising indicator of therapeutic potential. Future research could further elucidate the
molecular mechanisms underlying this selective action and explore the efficacy of the extract in other
cancer cell lines or in in vivo models. My findings lay a strong foundation for further exploration and

the potential development of T. violacea-based anticancer therapies.

4.5 T. violacea crude water-soluble extracts altered the cell cycle of TNBC and normal breast cancer

cells.

Malfunction of the cell cycle is a pivotal element in the multifaceted progression of cancer. Several
regulators that control the onset and progression of the cell cycle are frequently altered in cancer cells.
Notably, abnormalities in cell cycle regulation are a common feature in nearly all types of human
cancers. This results in cancer cells bypassing the standard regulatory mechanisms of the cell cycle,
leading to uncontrolled proliferation, a fundamental characteristic of cancer. Understanding these
alterations in cell cycle control is crucial for developing targeted oncological therapies [491]. The
majority of cancers exhibit irregularities that disrupt normal cell cycle processes, resulting in
enhanced cellular growth. These irregularities can affect various aspects of the cell cycle, including its

inherent components and preceding signaling pathways that regulate cell cycle functions. Such
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disruptions are instrumental in fuelling the proliferation and division of cancer cells, emphasising the
need to examine and address these deviations in cancer research and treatment [492]. You have
highlighted this important aspect of cell biology. The correct duplication of the genome during the S-
phase and its subsequent division into two daughter cells during mitosis, also known as the M-phase,
are required for the transfer of genetic material from one cell generation to the next. These stages, S
and M, are essential in a cyclical process that guarantees accurate cell replication while reducing the
probability of genetic anomalies. Preserving the fidelity of these processes is critical for maintaining
the stability and functionality of the genetic content of an organism [493]. Cell cycle checkpoints
during the G1/S transition, throughout

The S-phase, and throughout the G2/M phase, examines the timing and sequence of cell cycle activities
[494].

Fast Growth Phase

Quiescence
GO —
G1
Mitotic Phase M
S
G2 l ,

Second Growth Phase

Synthesis
DNA replication

Figure 4.2 2depicts a circular diagram illustrating the different phases of the cell cycle

The cell cycle begins with the quiescence (G0) phase, followed by the Mitotic Phase (M), where cell
division occurs. The cells then enter the Fast Growth Phase (G1), where they prepare for DNA
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synthesis. The Synthesis (S) phase followed, during which DNA replication occurred. After the S
phase, cells progress to the Second Growth Phase (G2) before re-entering mitosis (M) to complete
the cycle. The diagram effectively visualizes the sequential stages cells go through during the cell

cycle, providing a clear overview of this fundamental biological process

In the normal cell cycle, the synthesis phase always occurs after the mitotic phase, and mitosis starts
only when the synthesis phase is completed. Two intermediary halts occur between these stages: G1,
which separates mitosis from synthesis, and G2, which connects synthesis and mitosis. When a cell

develops, it departs from the G1 phase of the cell cycle and enters a dormant condition known as GO.

Cell cycle checkpoints are regulatory systems that allow cell division only when activation signals
such as growth factors are present. These checkpoints are critical for guaranteeing the correct
transmission of genetic information from one generation to the next [495]. Activation of cell cycle
checkpoints can be triggered by DNA damage or chromosomal misalignment of the mitotic spindle.
In such situations, the growth halt induced by checkpoints allows for cell repair. If the repair is
successful, the cell cycle proceeds; otherwise, the cell undergoes apoptosis, leading to programmed
cell death [496]. Emerging research suggests that modulation of the cell cycle can either suppress or
induce an apoptotic response, depending on the specific biological context [497]. Numerous genes
that oversee the cell cycle also play essential roles in apoptosis control. Key examples include c-myc,
c-fos, p53, and various kinases and phosphatases [498]. The signals that induce cell proliferation can
also initiate apoptosis. When cell survival signals effectively suppress apoptosis, cell counts increase,
potentially leading to the formation of cancer [499]. When DNA damage or disruption of the cell
cycle occurs, the tumour suppressor protein p53 is activated and interacts with the transcription factor
p21. This activates p21, which binds to the G1-S/cyclin-dependent kinase 2 (CDK2) complex, thereby
slowing cell cycle progression and providing time for DNA repair. If DNA damage is irreversible,
the cells die and genetic stability is preserved. However, if p53 is mutated or altered, cancer cells can
divide, proliferate, invade particular organs, bypass protective processes, and promote tumour

development [500].
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The water-soluble extract of T. violacea triggered an S-phase checkpoint in both normal breast and
TNBC cells, resulting in fewer cells in the GO/G1 phase. In contrast, the bulk of untreated normal and
TNBC cells was in the GO/G1 phase. The cell cycle is controlled by cyclin-dependent kinases (CDKSs)
[501]. The S-phase replication checkpoint is activated in response to DNA replication forks that have
slowed or stopped, which can be caused by DNA damage or replication disturbances, assuring precise
chromosomal replication [502]. p53's role as a transcription factor is critical for arresting the cell cycle
and initiating apoptosis [503].

p53 regulates the transcription of several biological genes. When p53 is active in dividing cells, it
stops the cell cycle in both the G1 and G2 phases, mostly through transcriptional activation of p21,
which inhibits cyclin-dependent kinases that are required for cell cycle progression [504].

In mammalian cells, checkpoints are governed by ATR and Chk2. Notably, the expression of these
kinases is reduced in cancer cells [505-507]. RNA sequencing shows a 2.4-fold increase in Chk2
transcription in MDA-MB231 cells post-treatment, and a 1.5-fold increase in MCF-10A cells, with

no ATR transcripts observed under these conditions.

Precise regulation of the cell cycle is crucial for controlling cell proliferation, and its dysregulation
has been linked to numerous cancers [508]. Thus, targeting the cell cycle in cancer cells may be an
effective approach for the development of anticancer medications [509].

4.1.1 Summary

This innovative study offers substantial proof of the untapped potential of T. violacea as an anti-
cancer agent. In a field with limited research, this study stands out for its solid evidence of its
effectiveness. Notably, we demonstrated the potent cytotoxic effect of the water-soluble extract on
the aggressive TNBC cell line MDA-MB231, demonstrating its selective action against these cancer
cells while sparing normal breast cells. This selective toxicity highlights the potential of T. violacea
in the treatment of TNBC.
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Through comprehensive cell death assays and in-depth examination of morphological alterations, the
mechanism underlying the cytotoxic effect of T. violacea extract was elucidated. T. violacea
components uniquely cause apoptosis, a step required for cancer cell elimination. These findings
provide a solid foundation for future investigations aimed at identifying the specific bioactive

compounds responsible for the pronounced anticancer efficacy.

Further research is imperative to validate the safety and therapeutic viability of the extracts.
Immunotoxicity assessments are crucial to ensure that the extracts do not provoke adverse immune
reactions. Such an exhaustive evaluation will bolster the credibility and potential clinical applicability
of T. violacea as an efficacious option for cancer treatment. This direction of research not only
contributes to our understanding of the medicinal properties of T. violacea, but also potentially paves

the way for novel cancer therapies derived from natural sources.

4.2 Effect of T. violacea water-soluble leaf extract on the metastatic potential of MDA- MB231
cells.

4,5.1 Background

The ability of cancer cells to infiltrate and spread to other tissues is a defining feature of this disease.
This feature results from the altered capacity of cancer cells to migrate, attach to the extracellular
matrix (ECM), and penetrate the ECM or other cellular layers, which is frequently related to changes
in gene expression or mutations. Thus, analysing the influence of unprocessed water-soluble T.
violacea extracts on the attachment, movement, and invasive potential of MDA-MB231 cells is
pivotal. In the present study, both MDA-MB231 and MCF10A cells were used in a range of tests to
observe how the extract affected their adhesive, invasive, and migratory characteristics in a laboratory

setting.
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4.2.1 The water-soluble crude extract of T. violacea inhibited the migration of TNBC cells.

Two different methods were used to test the effect of the extracts on the migratory potential of MDA-
MB231 cells: a wound healing (scratch) assay and an invasion and migration assay using the
XCelligence RTCA analysis system. The scratch test was used to evaluate the effects of all four
extracts, including the methanol and water extracts from T. violacea and C. orbiculata, as shown in
Figures 3.20 and 3.21. The findings from the scratch assay indicated that the scratch area was reduced
rapidly in untreated cells or those treated with C. orbiculata water-soluble extract or T. violacea
methanol-soluble extract, suggesting that these extracts had a minimal impact on the migratory ability
of the cells. This was further corroborated by measuring the distance between the two cell fronts as a
measure of wound closure (Figure 3.22). In contrast to the IC50 data, the C. orbiculata methanol-
soluble extract Kkilled the cells continuously over time, limiting wound closure. However, when this
was repeated using different preparations of the extract, lower levels of cell death and increased levels
of wound closure were observed. This is indicated by the large error bars associated with this extract
in Figures 3.21 and 3.22. This was most likely due to the poor solubility of this extract in the 1 percent
DMSO solution used to dissolve the powdered extract. This was the highest concentration of DMSO
that could be used before DMSO itself contributed to cell death and interfered with various assays.
In addition to this, the highest mass of powder that could bedissolved was 2 mg in a 1 percent
solution DMSO solution to obtain a 2 mg/ml concentration of the extract. The remaining clumps had
to be filtered out, and it is likely that the poorly soluble components of the extract were cytotoxic. This
inconsistent preparation was most likely the cause of the differences in cytotoxicity observed in

migration and cytotoxicity assays.

The effect of the water-soluble extract of T. violacea on the migration of MDA-MB231 cells was
consistent and occurred without significant cell death. This impact was noticeable within the first 12
h after treatment and continued beyond 24 h, up to approximately 35 h post-treatment, at which point
the effect started to diminish and cell migration began to increase. The absence of additional extract
application during this period suggests the active duration of the extract components or recovery time

of the cells. When half of the ICso concentration of the extract was used, the migration inhibitory
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effect ceased after 24 h. However, complete wound closure was observed after 72 h, even at a reduced

concentration.

This observation indicates that the capacity of the extract to inhibit cell migration was likely due to a
prolonged effect on the cells, necessitating a recovery period rather than continuous extract activity.
Furthermore, the influence of water-soluble T. violacea extract on cell migration was not solely a
result of increased cell death, as shown in Figure 3.20. It seems that the extract affects the migratory
abilities of cells, possibly by targeting specific molecules or pathways. This was verified by the RTCA
VIM plate study, which revealed a significant decrease in the number of cells moving from the upper
to lower chamber in the presence of the extract. This drop was so significant that it resulted in fewer
migrating cells compared with the negative control, which lacked a chemoattractant in the lower
chamber. Based on these findings, future studies should aim to replicate RTCA analysis with more

plates, which was restricted in this study because of the cost of CIM plates.

The scratch assay using normal MCF-10A breast cells (Figure 3.24) showed that the extract
negatively affected the migration of these cells, although the effect was less pronounced and shorter
than that observed in TNBC cells. Notably, MCF-10A cells migrated naturally at a slower pace than
cancer cells, consistent with the established trait of heightened cell migration in cancerous cells. This
implies that the extract may affect cell migration by targeting molecules and pathways that are more

active in the cancer cells.

4.2.2 Effect of T. violacea crude water-soluble extract on the adhesion of TNBC cells.

Following the migration investigation, we focused on cell adherence to the laminin-based
extracellular matrix (ECM). Understanding the features and spreading tendencies of triple-negative
breast cancer cells requires investigation of the attachment of MDA-MB-231 cells to GeltrexTM, a
synthetic analogue of laminin ECM components. This evaluation is critical for determining the effect
of water-soluble T. violacea extracts on cell adhesion to ECM. The cell adhesion pathway is essential

for epithelial-to-mesenchymal transition and the activation of metastasis-related genes such as SNAIL
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[510, 511]. Cell adhesion was significantly affected by the Sonic Hedgehog (SHH) signaling.
Impairing this pathway or diminishing the expression of its components has been demonstrated to
limit the ability of cells to adhere to the extracellular matrix (ECM), thereby effectively inhibiting

this essential process [512].

Adhesion between cells and the extracellular matrix (ECM) is required for appropriate cell function
and signaling. These adhesive interactions are key to preserving the structural integrity of tissues,
providing cells with physical support, and facilitating communication between cells and their
surrounding environment. Importantly, two fundamental features of cancer— the reduction of cell-to-
cell adhesion and the capacity for anchorage-independent growth—rely heavily on cell adhesion

molecules.

Figure 3.25 presents the outcomes of the adhesion assay conducted on both treated and untreated
MCF10A and MDA-MB231 cells. The researchers discovered that crude water extracts of T. violacea
decreased cell adhesion in MDA-MB-231 cells, but had little or no effect on normal breast cells. This
suggests that treatments derived from T. violacea water crude extracts may be promising for the
management of triple-negative breast cancer.

4.2.3 Effect of T. violacea crude extract on TNBC cell invasion.

To further understand the effects of T. violacea crude extract on the metastatic process, in vitro
invasion assays were performed. In living organisms, cancerous cells must have the ability to invade
surrounding tissues or enter the blood or lymphatic system after adhering to cell membranes.
Following attachment to the target basement membrane, these cells engage in enzymatic breakdown
using Type IV collagenase, which allows entry into the circulatory system. By reattaching migratory
cells to the blood artery, they migrate and eventually form a metastatic (secondary) tumour [513].
Therefore, invasion assays that mimic this process provide insights into the capacity of cells to move

through an extracellular matrix (ECM) coated with Laminin-1, akin to the basal lamina.

The untreated MDA-MB-231 cells demonstrated the ability to migrate through the matrix-coated
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membrane and adhere to the underside. The addition of T. violacea water crude extracts to the
experiment, on the other hand, greatly hampered cell invasion, resulting in a much lower number of
cells passing through the membrane. These results corroborate the results of adhesion assays,
considering that cell adhesion is a fundamental step in invasion. Previous studies involving breast,
lung, cervical, prostate, and colon cancer cell lines have demonstrated a direct relationship between
cell adhesion and invasion [514]. These observations hold significant therapeutic implications, as
compounds targeting cancer cell adhesion might also reduce their ability to invade and migrate to the

surrounding tissues (as illustrated in Figures 3.23 and 3.24).

4.2.4 The effect of T. violacea crude extracts on cell migration in triple-negative breast

It has been previously noted that cancerous cells need to infiltrate adjacent tissues, re-adhere, and
multiply to form a secondary tumour following their passage through the basement membrane. This
complex process depends on the ability of cells to move and engage in the epithelial-mesenchymal
transition (EMT). For effective movement, cellular signaling pathways are activated, resulting in
changes in their shape and structure [515, 516]. Cells move from epithelial to mesenchymal-like
properties during the epithelial-mesenchymal transition (EMT), which may lead to changes in protein
expression, such as E-cadherin. This process is governed by various signaling pathways, comprising
multiple molecules and receptors that respond to external stimuli or were influenced by the inhibitors.
To explore these networks and their impact on cellular behaviour, in vitro methods such as cell
migration and wound healing assays have been employed [517]. The considerable role of the Wnt/-
catenin pathway in boosting cell migration and metastatic tumour growth was revealed in studies
analysing the impact of crude T. violacea water extracts on the triple-negative breast cancer cell line,
MDA-MB-231.

In this study, crude extracts of T. violacea water showed notable efficacy in inhibiting cell migration
over a period of 24 h, especially when the hedgehog pathway was suppressed. These data
demonstrated that T. violacea extracts can inhibit the processes involved in MDA-MB-231 cell

motility and invasion into cell-free environments. As a result, T. violacea water crude extracts have
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the capacity to inhibit cell adhesion, resulting in a reduction in their migratory capacities (as depicted
in Figures 3.26 to 3.32).

4.2.5 Summary

The observed alterations in the migration, invasion, and adhesion of TNBC cell lines after exposure to
T. violacea crude water-soluble extract suggested that the extract may reduce the metastatic potential
of cancer cells. The capacity of the extract to limit cell migration prevents cells from infiltrating ECM

layers and diminishes cell adherence.

4.3 Antioxidant activity of water-soluble T. violacea extract.

The IC50 of the T. violacea water-soluble extract was determined using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, which is a free radical scavenging activity test. When oxygen reacts
with specific chemicals, it typically produces free radicals that are atoms or clusters with unpaired
electrons. They can arise from various sources, including normal metabolic processes, such as
mitochondrial respiration, liver oxidase activities, and xanthine oxidase, as well as environmental
pollutants, medications, and xenobiotics [518]. Free radicals are divided into reactive oxygen species
(ROS) and reactive nitrogen species (RNS). Secondary metabolites from plants are abundant natural
antioxidants, and polyphenolic chemicals are well known for their antioxidant properties. These
function through multiple mechanisms, like quenching singlet oxygen, scavenging free radicals,
chelating metal ions, and serving as reducing agents, effectively combats oxidative stress [519,
520]. The ICso of the water-soluble extract of T. violacea was analysed using the 2,2-diphenyl-1-
picrylhydrazyl (DPPH) assay, a free radical-scavenging activity test. Free radicals, atoms, and
clusters with unpaired electrons are often produced when oxygen interacts with specific molecules.
They can arise from various sources, including normal metabolic processes such as mitochondrial
respiration, liver oxidase activities, and xanthine oxidase, as well as environmental pollutants, some
medications, and xenobiotics [518]. Free radicals are divided into reactive oxygen species (ROS) and

reactive nitrogen species (RNS). Secondary metabolites from plants are notably abundant in natural
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antioxidants, with polyphenolic compounds particularly recognised for their strong antioxidant
capabilities. This antioxidative characteristic underscores its potential as a source of natural
antioxidants and as a foundation for new medications that scavenge free radicals. Cell viability is
influenced by the nature and type of the stress applied. Cells can undergo prolonged lipid peroxidation
in response to an apoptotic signal, connecting oxidative damage and Reactive Oxygen Species (ROS)
to the beginning of apoptosis [521]. Bcl-2 has been suggested to regulate antioxidant pathways at
sites of free radical production using a unique mechanism [522, 523]. Bcl-2 largely protects against
apoptosis by blocking cytochrome c release from the mitochondria, especially when overexpressed,

and it also serves as an antioxidant [524, 525].

Oxidative stress is a major cause of apoptosis, and can be induced by either a decrease in intracellular
glutathione levels or anincrease in cellular ROS concentrations [526, 527]. Even at low concentrations,
hydrogen peroxide can trigger apoptosis by generating hydroxyl radicals and inducing changes in the

oxidant/antioxidant pathways [519].

This study focused on analysing the phytochemicals and evaluating the antioxidant activity of crude
extracts of Tulbaghia. Phytochemical analyses have identified several compounds, including
flavonoids, glycosides, tannins, terpenoids, saponins, and steroids. These biologically active
chemicals are potential contributors to the antioxidant activity of the Tulbaghia species. The presence
of flavonoids and terpenoids implies that plant extracts may have antioxidant properties. Flavonoids
are renowned for their antioxidant actions, which include scavenging or chelating free radicals
[528]. Scavenging ROS can lead to multiple beneficial outcomes such as inhibiting lipid oxidation in
vitro, enhancing the activity of antioxidant enzymes within the body, and decreasing the formation of
peroxides in vivo [529]. Terpenoids act as primary antioxidants and effectively slow lipid oxidation
by donating hydrogen to radicals [530]. The discovery of phytochemicals recognised for their
antioxidant properties, such as flavonoids and terpenoids, in extracts opens the door to their
extraction, purification, and extensive research, possibly leading to novel therapeutic developments.
In the DPPH assay, methanol violet solution represents a stable free radical at room temperature. When

antioxidants react with this radical, it disrupts the chain, changing the colour from violet to lighter
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yellow. Extracts that turned yellow against violet setting showed antioxidant activity. Additionally, a
shift to a yellow-white hue typically indicates a decrease in the formation of oxidised products,
highlighting the role of antioxidants in curbing free radical production ( Figure 3.33).

The antioxidant effects of plant extracts are commonly associated with the presence of phenolic
compounds. T. violacea, with its high total phenol and flavonoid content, demonstrated strong
antioxidant activity in the DPPH assay. Plant phenols, the most common antioxidants, interact with
active oxygen radicals, such as hydroxyl, superoxide anion, and lipid peroxyl radicals to prevent early
lipid peroxidation by scavenging hydroxyl groups. The phytochemicals discovered in the extracts used
inthis investigation are likely to contribute to the bioactivity of the Tulbaghia species. The significant
polyphenolic and flavonoid contents of the extracts imply that the Tulbaghia species might be a good
source of antioxidants. The antioxidant activity of these extracts in vitro shows that they can address
oxidative stress and related health concerns. However, further research is needed to isolate and
identify the individual molecules responsible for this action, with in vivo confirmation of the
antioxidant efficacy of these pure compounds necessary before therapeutic use.

4.4 Determination of the molecular composition of the T. violacea water soluble extract

Background

Phytochemical research often employs a variety of analytical techniques including nuclear magnetic
resonance (NMR), X-ray crystallography, mass spectrometry (MS), ultraviolet (UV), and infrared
(IR) spectroscopy. Liquid chromatographic separation followed by spectroscopic detection is an
excellent procedure for the thorough profiling (fingerprinting) of complicated mixtures. However, the
combination of liquid chromatography and mass spectrometry (LC-MS) has grown in popularity
owing to its comprehensive nature and capacity to work independently of physicochemical qualities,
such as chromophoric attributes [531]. Table 1 shows the primary compounds isolated from the leaf
fractions of T. violacea, which are detailed in Tables 3.3, 3.4, 3.5, and 3.6. The role of fatty acids in

biological systems is critical, especially in reducing the risk factors associated with diseases such as
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cancer, diabetes, and cardiovascular disease. Table 3.3 is solely devoted to identifying anticancer
compounds that piqued my attention. To establish the presence of these anticancer medicines in T.
violacea water-soluble extracts, the compounds identified using gas chromatography-mass

spectrometry (GC-MS) were validated using NMR analysis.

4.4.1 4 H-Pyran-4-one, 2,3-dihydro-3,5-dihydroxy-6-methyl (DDMP)

In this study, | hypothesised that hydrophilic radical scavengers present in water-soluble extracts
would be effective against DPPH radicals. This was confirmed when DDMP (5-
Hydroxymethylfurfural) was identified as a major water-soluble radical scavenger, as indicated in
Tables 3.2 and 3.3 and Figure 3.41. DDMP is known for its potent antioxidant properties [532]. It can
form non-enzymatically from hexose sugars [532]. DDMP can be produced through thermal
degradation of D-glucose, typically under high-temperature conditions [533]. It inhibits tyrosinase
activity, an enzyme involved in the early stages of melanin synthesis from phenolic substrates. This
property makes DDMP a promising compound for applications in cosmetics and medicine,
particularly for targeting pigmentation processes [534]. DDMP, formed non-enzymatically from
hexose sugars, has been identified as a significant water-soluble radical scavenger in T. violacea
extracts [257, 480]. It has anticancer properties, most notably reducing colon cancer cell proliferation
by causing apoptosis, principally by blocking the NF-kB pathway, which is essential for cell survival
and development [535].

In my study, | discovered that different concentrations of DDMP (0.5 to 1.5 m, such as efficiently
suppressed the proliferation of colon cancer cellsuch asw620 and HCT116) and triggered
apoptoPARP.radeanoyl phorbol acetate-stimulated transcriptional and DNA-binding activities of NF-
kB is also affected by DDMP (TPA). Furthermore, DDMP reduced the expression of NF-kB target
anti-apoptotic genes, suchas Bcl-2, while increasing the expression of pro-apoptotic genes, such as Bax,
cleaved caspase-3, and cleaved PARP. | discovered that different concentrations of DDMP (0.5t0 1.5
mg/mL) efficiently suppressed the proliferation of colon cancer cells (SW620 and HCT116) and

triggered apoptosis. TNF-a and tetradeanoyl phorbol acetate-stimulated transcriptional and DNA-
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binding activities of NF-kB are affected by DDMP (TPA). Furthermore, DDMP reduced the
expression of NF-kB target anti-apoptotic genes, such as Bcl-2, while increasing the expression of
pro-apoptotic genes, such as Bax, cleaved caspase-3, and cleaved PARP [535].

Recent research has revealed the importance of NF-kB activation in numerous aspects of oncogenesis,
such as the control of apoptosis, cell proliferation, differentiation, and cellular migration [536]. NF-
kB activation promotes cancer cell proliferation, inhibits apoptosis, and enhances angiogenesis and

metastatic potential [537].

NF-kB has been shown to be constitutively active in many cancer cell types, including pancreatic,
breast, prostate, lung, and colorectal carcinomas. Continuous stimulation promotes the growth and
development of cancer cells in various disorders. NF-kB has been shown to be constitutively active
in many cancer cell types, including pancreatic, breast, prostate, lung, and colorectal carcinomas. This
continuous stimulation leads to proliferation and growth of cancer cells in these disorders [538, 539].
Inhibition of NF-kB by DDMP may be critical for preventing the growth of MDA-MB 231 human
TNBC cells. According to previous research, decreasing NF-xB activation can successfully decrease
cancer cell proliferation, demonstrating DDMP's possible function of DDMP in controlling TNBC
cell growth via NF-kB regulation of genes linked to cell death. NF-«B typically protects cells from
various apoptotic triggers, such as chemotherapy, by deactivating anti-apoptotic gene pathways. The
specific mechanisms through which DDMP achieves this suppression are yet to be thoroughly
elucidated [540]. NF-kB controls both pro- and anti-apoptotic genes, including anti-apoptotic Bcl-2
and pro-apoptotic proteins such as Bax, cleaved caspase-3, cleaved caspase-9, and PARP. The balance
between pro- and anti-apoptotic components is essential to determine whether a cell dies or survives.
Therefore, targeting NF-kB can tilt the balance towards trigger apoptosis, which is desirable in cancer
treatment [541]. This study investigated the effects of DDMP treatment on the levels of apoptosis-
regulating proteins in human colon cancer cells (SW620 and HCT116). DDMP reduced the
expression of anti-apoptotic proteins such as Bcl-2, while boosting the expression of pro-apoptotic
proteins including Bax, cleaved caspase-3, and cleaved PARP. This shift in protein expression

indicated DDMP's role of DDMP in driving cancer cell apoptosis by prioritising apoptotic processes
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over anti-apoptotic signals.

A significant observation was that DDMP was non-toxic to normal colon cells at concentrations of up
to 1.5 mg/mL, demonstrating its selective action on cancer cells and suggesting its potential as a safe
therapeutic agent. The study also linked DDMP's impact of DDMP on apoptosis and cell growth
inhibition to the deactivation of NF-kB, indicating that its anti-cancer properties might operate by
modulating the NF-kB pathway. These findings emphasise the importance of onion-derived DDMP
in exhibiting anti-cancer effects, with apoptosis induction being a central mechanism in its efficacy

as a cancer treatment approach.

4.4.2 1,2,4-Triazine-3,5(2H,4H)-dione (6-azauracil)
This compound is a pyrimidine analogue that has demonstrated substantial antitumour effects against
various transplantable mouse tumours [542]. 6-Azauracil (6AU), also known as as-triazine-3,5-dione,
is an analogue of uracil that inhibits the growth of specific microorganisms. 6-Azauracil (6AU) has
demonstrated significant antitumour effects against various experimental tumours, including sarcoma
180 (S-180) and mice [542].

6-Azauridine was marginally effective against L1210 tumours but ineffective against L5178Y
tumours [543]. Cytosine arabinoside is one of the three most important pyrimidine antimetabolites
used in cancer chemotherapy [544].

Indeed, 5-fluorouracil (5FU), 6-mercaptopurine (6MP), 6-thioguanine (6-TG), cytosine arabinoside
(ARA-C), and methotrexate (MTX) are well-established chemotherapeutic agents used to treat various
malignant diseases. Each of these drugs operates through different mechanisms to inhibit cancer cell
proliferation and survival, making them essential components of chemotherapy regimens for various
cancers. These drugs target different aspects of cancer cell growth and replication, making them
valuable tools in cancer chemotherapy [545, 546]. 6-Azauracil (6AU) is a synthetic analogue of uracil
that has shown significant antitumour activity in animal tumour models. Its promising preclinical

results have led to its approval for human clinical trials, in which its potential as a cancer treatment
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has been further investigated. The development of novel antitumor agents like 6AU is crucial in the
ongoing efforts to combat cancer effectively [547]. Investigating the anticancer effect of 6-Azauracil
(6AU) by monitoring mortality curves in animal models, such as white mice inoculated with Ehrlich
ascites carcinoma cells, is a common approach in preclinical research. This type of study helps assess
the potential of a compound to inhibit tumour growth and improve survival outcomes. The results
obtained from these experiments provide valuable information regarding the efficacy of the
compound as a potential cancer treatment [548]. 6-Azauraell has demonstrated a significant inhibitory

effect on various experimental cancer tumours [549].

Pioneering research conducted by the National Cancer Institute on 6-azauridine (6AU) has
demonstrated its significant effectiveness in experimental animals. Results from this investigation
pointed to haematological enhancements in patients, indicating that 6AU might represent a potential
therapeutic avenue for individuals newly diagnosed with certain types of cancer. This potential was

inferred from its performance in preclinical models and early clinical observations [550].

1,2,4-triazines and their derivatives are important in medicinal chemistry owing to their substantial
potential for biological action [551]. The 1,2,4-triazine ring is a prominent structural motif in many
naturally occurring and synthetically derived, biologically active compounds. These compounds
include anti-cancer and anti-inflammatory agents [552]. Indeed, azanucleosides, such as 6-
azacytosine (6AU), which are structurally built on the 1,2,4-triazine nucleus, have demonstrated a
broad spectrum of biological activities [553]. Azanucleosides such as 6-azacytosine (6AU), which
are based on the 1,2,4-triazine nucleus, have shown a wide range of biological activities [554]. The
biological activities of azanucleosides, nucleoside analogues with a furanose ring substituted by a
nitrogen-containing ring or chain, have been a topic of interest [554]. In conclusion, the 1,2,4-triazine
ring is a flexible structural motif with a wide range of biological actions, These include anticancer, anti-
inflammatory, antifungal, and antiviral activities. The synthesis and evaluation of various derivatives
and fused-ring structures have contributed to our understanding of their potential pharmacological
applications. 6AU inhibits transcription by depleting the intracellular pool of guanosine

monophosphate (GMP) and uridine monophosphate (UMP) [555]. 6AU is a drug that suppresses
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cellular nucleoside triphosphate levels [556]. 6AU, an inhibitor of IMP dehydrogenase, decreases GTP
pools, thereby causing transcriptional arrest [557]. The ribonucleosides of 6AU have demonstrated
various biological properties, including antiviral, antitumour, and antifungal activities [558]. 6AU

exhibits anticancer activity against several experimental tumours [559].

4.4.3 Benzaldehyde, 4-(1-methylethyl)-(cuminaldehyde)

The enzymatic activity of tyrosinase has been associated with its anticarcinogenic properties in
melanoma [560]. Cuminaldehyde obstructed the enzymatic transformation of L-3,4-
dihydroxyphenylalanine (L-DOPA) by tyrosinase, as demonstrated by spectrophotometric evaluation
of enzyme activity [265].

Cuminaldehyde has numerous significant effects, including suppression of cell growth and induction
of apoptosis. A decrease in mitochondrial membrane potential, activation of caspase-3 and caspase-9,
and apparent apoptotic morphological alterations were all part of these effects. Cuminaldehyde also
caused lysosomal vacuolation, acidic compartment enlargement, cytotoxicity, and inhibited
topoisomerase | and Il activity. An in vivo study using a nude mouse model demonstrated the ability
of cuminaldehyde to significantly decrease tumour size, suggesting its potential clinical benefits.
These effects were consistently observed across different cell lines, suggesting the potential of
cuminaldehyde in chemoprevention or cancer therapy [561, 562].

Agents that impede cell development and cause cell death often target mitochondria in a number of
ways. Two examples include the formation of holes in the mitochondrial membrane, which causes
swelling and increased membrane permeability, leading to the release of pro-apoptotic cytochrome ¢
into the cytoplasm. When cytochrome C reaches the cytosol, it interacts with Apaf-1 to form the
apoptosome complex, which activates pro-caspase-9 and initiates a proteolytic cascade that results in
apoptosis. Understanding these pathways is critical for understanding how certain substances trigger
programmed cell death [563, 564].
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Topoisomerases, which are crucial in managing DNA's topological state of DNA, are essential for
genomic integrity [565, 566]. They relieve DNA entanglement by creating temporary protein-linked
breaks in one strand for topoisomerase | or two strands for topoisomerase Il [567, 568].
Topoisomerase | assists in DNA processing, maintaining genome integrity, and surveillance systems
[569].

Elevated enzymatic activity, along with increased levels of the corresponding proteins and mRNA,
has been observed in various human cancers. For example, both Akt3 enzymatic activity and mRNA
are increased in breast cancer cell lines and tumours lacking the oestrogen receptor (ER), as well as
in androgen-insensitive prostate cancer cell lines [570]. The involvement of topoisomerase | in
chromosomal instability in colorectal cancer (CRC) and its potential as a prognostic marker have
been suggested [571].

Topoisomerase Il expression is upregulated in colorectal cancer (CRC) and correlates with cell
proliferation and peaks in the G2/M phase of the cell cycle. This observation has prompted
investigations into the potential of increased topoisomerase Il gene copy number as a biomarker for
anticancer therapies [572]. Topoisomerase Il is important not only for cell cycle control but also as a
main target for antiproliferative medicines, which are essential components of cell growth and
proliferation strategies [573]. Increased expression of this enzyme is associated with the amplification
of the TOP2A gene in CRC, a phenomenon under study for its potential as an anticancer biomarker
[574]. This finding indicated that the correlation between gene amplification and protein expression
may differ across various cancer types.
Following topoisomerase inhibition, apoptotic cell death is recognised as the most efficient cell death
pathway in cancer [575]. In both in vitro and in vivo experiments, cuminaldehyde promoted
apoptosis, thereby reducing cell growth [561]. Moving forward, I intend to broaden our research to
investigate the impact of these compounds in a mouse model and use these systems to develop
innovative drugs. Cuminaldehyde, a fundamental molecule, will lead to the development of safer and
more effective chemopreventive and/or anticancer agents.

4.4.4 Vanillin
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Vanillin, chemically known as 4-hydroxy-3-methoxybenzaldehyde, has shown anticancer properties,
particularly owing to its strong antimutagenic activity. It is notably effective in diminishing the

mutagenic effects of various heterocyclic amines [576].

Vanillin inhibits DNA repair by targeting DNA-dependent protein kinase (DNA-PK), an important
component of the non-homologous end-joining (NHEJ) pathway, which is responsible for mending
double-strand breaks (DSBs) in DNA. This interference with DNA-PK activity disrupts the NHEJ
mechanism and potentially affects DNA damage repair [577].

The ability of vanillin to prevent cancer cell invasion and migration at non-lethal dosages may be due
to its ability to inhibit DNA repair mechanisms. Furthermore, vanillin has been demonstrated to
decrease MMP-9, an enzyme responsible for extracellular matrix disintegration, which aids cancer
cell invasion and metastasis. Vanillin, by inhibiting MMP-9, may further limit cancer cell invasion
and metastasis by downregulating the nuclear factor-B (NF-B) signaling pathway in human
hepatocellular carcinoma cells [578]. Vanillin has also been investigated as a potential therapeutic
agent for sickle cell anaemia [579] and exhibits antioxidant properties. It inhibits DNA-dependent
protein kinases and enhances cancer cell sensitivity to cisplatin. Cell migration, influenced by various
growth factors, involves interactions with cell surface receptors and activation of signaling pathways
that lead to cytoskeletal changes and cell mobility mechanisms [580].

Cell migration offers numerous molecular targets for therapeutic agents aimed at inhibiting cancer
progression [581]. Several molecular targets that reduce cancer cell migration have been identified,
including miR-450. It has been shown to reduce cell proliferation, migration, and invasion in gastric
cancer by targeting CREB1 and altering the AKT/GSK-3 signaling pathway [582]. Furthermore, hsa-
miR-15a-5p has been proven to decrease colon cancer proliferation, migration, and invasion by
targeting CCND1, indicating its potential as a molecular target for colon cancer diagnostics and
treatments [583]. Furthermore, hsa-miR-15a-5p has been proven to inhibit colon cancer proliferation,

migration, and invasion by targeting the CCND1 gene, indicating its potential as a molecular target for
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colon cancer diagnosis and therapy [584].

The structural similarities between vanillin and aspirin and their potential anti-invasive effects in
different cancer cell lines call for further research on their therapeutic capabilities in impeding cancer
cell invasiveness [585]. Advances in machine learning and computational methods have significantly

contributed to medical research, particularly in the diagnosis of complex diseases [586].

Aspirin has been shown to decrease prostate cancer cell motility by modifying actin cytoskeletal
topologies and suppressing persistently active NF. -kB [587]. Aspirin and other nonsteroidal anti-
inflammatory drugs may slow the spread of prostate cancer by inhibiting the cyclooxygenase (COX)
pathway and its effects on cellular proliferation, apoptosis, and angiogenesis [588]. Aspirin also
prevents IKK-B-mediated prostate cancer cell invasion by inhibiting matrix metalloproteinase-9 and
urokinase-type plasminogen activator [589]. Furthermore, when used for several years, aspirin has

been shown to reduce the long-term risk of various malignancies, notably colon cancer [590].

The mechanism by which vanillin impedes the migration of 4T1 cells might be similar to or different
from that of aspirin. Previous studies confirmed the antimetastatic effectiveness of vanillin against
breast cancer cells in laboratory and animal models [591]. Vanillin obstructs cell migration and
breakdown of the extracellular matrix (ECM), which is crucial for cancer invasion. This suggests that
vanillin can effectively prevent cancer invasion in experimental models and may help reduce
metastasis in living organisms. Furthermore, vanillin has been shown to decrease cell growth in vitro,
indicating its potential as an improved anti-metastatic drug. Notably, the antimetastatic effect of
vanillin was evident in living organisms at a well-tolerated dosage in mice. Vanillin is a good option
for the development of anticancer medication because of its safety and efficiency in preventing cancer
cell proliferation [592]. At higher dosages, vanillin may alter gene expression in key biological
processes, such as the cell cycle, apoptosis, cancer growth, and G2 phase arrest. Vanillin specifically
has been demonstrated to control genes related to DNA damage and oxidative stress in colon cancer
cell lines. HCT116 [576].

By blocking NF-«B activity, vanillin increases TRAIL-induced apoptosis in cancer cells [593]. This
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made HeLa cells more susceptible to TRAIL-induced apoptosis by inhibiting NF-kB activity. This
procedure involves inhibiting TRAIL-induced NF-kB activation, blocking TRAIL-induced NF-kB
activation by interfering with p65 phosphorylation, and decreasing NF-kB transcriptional activity.
Vanillin also inhibits NF-kB activation generated by inflammatory cytokines, such as TNF, LPS, and
trinitrobenzene sulfonic acid (TNBS) [594], as well as the highly carcinogenic 12-O-
tetradecanoylphorbol-13-acetate (TPA) [595]. The FDA considers vanillin safe for use in food and
pharmaceutical products, as evidenced by an oral LD50 in rats ranging from 1.58 to 2.8 g/kg. Vanillin
shows promise as a leader in the development of less harmful anticancer agents that offer multiple
therapeutic benefits, including inhibiting metastasis and angiogenesis and increasing cancer cell

sensitivity to TRAIL-induced apoptosis.

4.4.5 Oxime-, methoxy-phenyl

In the aqueous extracts of BMSE, a novel compound, methoxy-phenyl oxime (MPO), was found to
induce apoptosis in HEK293T and HCT116 cells. The significance of this finding is uncertain,

especially considering the complex relationship between p53 degradation and apoptosis [596].

P53 is essential for preserving genomic integrity and controlling cell cycle progression following
DNA damage. When such damage occurs, p53 can stop the cell cycle at multiple checkpoints to allow
repair. In cases of severe or irreversible damage, p53 can induce apoptosis, kill damaged cells, and
prevent their transformation into malignant cells. The role of p53 as a tumour suppressor is critical
for the prevention of cancer formation [597]. The processes that govern p53 stability and degradation
are complex and include numerous proteins such as MDM2 and MDMX [598]. Evidence suggests
that p53 plays a role in apoptosis under certain conditions [599]. The precise link between p53

degradation and apoptosis remains unknown [600].

However, as observed in cells treated with radicicol oxime, p53 degradation by one or more
apoptosis-induced proteases occurs at later stages of apoptosis [601]. This observation might suggest

a nuanced and potentially context-dependent relationship between p53
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degradation and apoptotic process, underscoring the complexity of cellular responses to apoptotic

signals and the need for further investigation to fully elucidate these mechanisms.

4.4.6 Pyrrolidine

Nitroxides are stable free radicals with unpaired electrons in their nitroxyl groups. They have been
widely used in biology and medicine owing to their unique properties. The antioxidant activity of
nitroxides is associated with their ability to undergo redox cycling. In this cycle, nitroxides accept
electrons from reactive oxygen species (ROS), converting them into stable, non-radical forms. This
process helps neutralise ROS and reduce oxidative stress, making nitroxides valuable as antioxidants
and potentially useful in various medical and biological applications [602]. Many derivatives of
piperidine, pyrroline, and pyrrolidine nitroxides are water-soluble, which makes them compatible
with biological systems. This solubility allows them to be easily administered and to interact with
cells and tissues. Additionally, one of the advantages of nitroxides is that they are generally
considered non-toxic and non-immunogenic to normal cells, which is important for their use in
medical or biological applications. This property enhances their safety profile and makes them
suitable for various research and therapeutic purposes [602]. These findings suggest that pyrrolidine
derivatives have promising anticancer properties. They have been demonstrated to cause GO/G1 cell
cycle arrest and enhance cell death in HCT116 and HL60 cells. These results imply that compounds
with a pyrrolidine structure could be potential candidates for future anticancer therapies [603, 604].
Additional structural and biological examinations involving nine distinct human cancer cell lines,
coupled with apoptosis analysis, have indicated potential medicinal applications of pyrrolidines. This
underscores the promise of pyrrolidine-based compounds as therapeutic agents, particularly in the
context of medical interventions for diverse cancer types [605]. Furthermore, pyrrolidine compounds
have shown significant cytotoxic effects against pancreatic cancer cells [606]. Pyrrolidines have
received much research attention because of their antibacterial, antiviral, neurological, and
prospective anticancer properties [606]. These findings highlight the potential of pyrrolidine-based
compounds as cancer therapeutic agents.
4.4.7 Schizandrin
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Schizandrin is renowned for its anticancer properties, including its capacity to act as a dual inhibitor
of P-glycoprotein and multidrug resistance protein 1 (MRP1), which contributes to its effectiveness
against cancer cells [607]. It enhances the effectiveness of doxorubicin-induced apoptosis in cancer
cells by activating the mitochondrial apoptotic pathway while causing little harm to normal cells [608].

Schizandrin also suppresses ATR protein kinase, particularly in response to DNA damage [609].

Schizandrin has shown remarkable reduction in 4T1 lung metastasis and prolonged survival in mice. It
significantly suppresses 4T1 cell metastasis at the local invasion stage and decreases epithelial-
mesenchymal transition (EMT) in both 4T1 and primary human breast cancer cells, limiting their
metastatic potential [228]. Schizandrin's role in inhibiting cancer cell metastasis, as well as its
potential benefits when taken with other anticancer drugs, shows its broad pharmacological effects,
which include antioxidant, anti-asthmatic, anti-inflammatory, and anti-cancer capabilities [610, 611]
Schisandrin inhibits glioma cell growth and invasion by modulating several signaling pathways [612,
613], In addition to limiting the growth of lung cancer A549 cells by cell cycle arrest and death [614].
Schisandrin also inhibits TGF-1-induced epithelial-mesenchymal transition (EMT) in human A549
cells [615]. Schisandrin reduces the viability and growth of human gallbladder cancer cells [613]. It
activates caspase-3 and caspase-9, inactivates several key proteases, and kills cancer cells. It induces
apoptosis in these cells by increasing Bax expression and decreasing Bcl-2 expression and Bcl-2/Bax
ratio. Schizandrin suppresses NF-kB activity, which is required for apoptosis suppression by

downregulating its target genes in the Bcl-2 family [610].

The suppression of NF-kB nuclear translocation observed in this study, as well as the downregulation
of its target genes in the Bcl-2 family, show that schizandrin inhibits NF-kB activation during tumour
growth. The suppression of NF-kB nuclear translocation observed in this study, as well as the
downregulation of its target genes in the Bcl-2 family, shows that schizandrin inhibits NF-kB
activation during tumour growth [616]. Flow cytometry analysis revealed GO/G1 phase arrest and
Apoptosis of GBC-SD and NOZ cells. Schizandrin-treated cells had higher levels of Bax, cleaved

caspase-9, cleaved caspase-3, and cleaved PARP. Concurrently, the levels of Bcl-2, NF-kB, cyclin
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D1, and CDK-4 have been reported [616]. Schizandrin causes apoptosis via the mitochondria-
mediated intrinsic caspase pathway, as demonstrated by alterations in the expression of proteins such
as Bax, Bcl-2, caspase-9, caspase-3, PARP, and other Bcl-2 protein family members. Schizandrin
causes apoptosis via the mitochondrial-mediated intrinsic caspase pathway, as indicated by alterations
in the expression of proteins including Bax, Bcl-2, caspase-9, caspase-3, PARP, and other Bcl-2
protein family members [617, 618]. Schisandrin has been shown to inhibit large-cell lung cancer cells
via the NF-B and p38 MAPK signaling pathways. These findings suggest that schisandrin may be
effective in the treatment of large-cell lung cancer. Schisandrin has been shown inteststo inhibit large-
cell lung cancer cells via the NF-B and p38 MAPK signaling pathways. These findings suggest that
schisandrin may be effective for the treatment of large-cell lung cancer [619]. Schisandrin has been
shown to suppress cell migration, invasion, epithelial-mesenchymal transition (EMT), and cancer
stem cells (CSC). Furthermore, it may control other signaling pathways associated with EMT,
including SMAD, PI3K/AKT, Wnt, and Notch, indicating that Schisandrin has a greater regulatory
influence on these cancer-related processes. Schisandrin inhibits cell cycle progression in A549 cells
by downregulating cyclin D1, cyclin-dependent kinase (CDK) 4, and CDK6 while concurrently
increasing p53 and p21 expression [620].

Furthermore, Schizandrin caused apoptosis in A549 cells by increasing the expression of Bax, cleaved
caspase-3, cleaved caspase-9, and Cytochrome C, while lowering the expression of Bcl-2 and PCNA
[616]. Additionally, Schisandrin therapy significantly lowered PCNA expression levels in A549 cells.
Schisandrin also induces GO/G1 cell cycle arrest and cell death [621].

Furthermore, Schisandrin treatment dramatically decreased PCNA expression in A549 cells.
Schisandrin also induced GO/G1 cell cycle arrest and death in these cells [338, 621]. Cell cycle arrest
is associated with the inhibition of tumour cell growth [622].

In A549 cells, schisandrin administration significantly reduced CDK4, CDK®6, and cyclin D1
expression, and increased p21 expression. This variation in the quantity of cyclins, CDKs, and CDK
inhibitors is critical for controlling cell cycle progression and inhibiting tumour cell development.

[623]. Cyclin D1, a key player in the G1 phase of cell division, is linked to the cancerous
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characteristics of tumour cells [624].

Cyclin-CDK combinations have an important role in determining cell cycle phases, notably via
assembling cyclin and CDK subunits. Proteins like p21 and p27 impede the transition from G1to S
phase by promoting the breakdown of cyclin/CDK complexes, hence influencing cell cycle

progression [625].

Schisandrin’s significant suppression of cyclin D1, CDK4, and CDKG®, together with increased p21

expression, is likely to slow the transition from G1 to S phase during cellular division [289].

Furthermore, A549 cells treated with Schisandrin showed considerably higher levels of p53, which
is associated with cell cycle arrest and programmed cell death [285]. p53 is necessary for regulating
p21 expression [626]. Schisandrin treatment may boost p53 expression, which in turn increases p21
levels. This increase may inhibit the cyclin D1/CDK complex, causing A549 cell cycle arrest at the
GO/G1 phase. Furthermore, Schisandrin decreases SIRT1 protein expression, and there is a negative
correlation between SIRT1 and the activation of SMURF2, which inhibits colon cancer cell

proliferation and spread [627].

4.4.8 Taurolidine

Taurolidine, renowned for its potent chemotherapeutic properties, is highly effective in managing
inflammatory conditions via the methylation of amino groups on cellular membrane proteins
(Schuller-Levis and Park, 2003). Taurolidine exhibits antiendotoxin, antimicrobial, anti-adhesive,
and antifungal properties [628]. Taurolidine has been used topically and systemically to treat
individuals with confirmed peritonitis in clinical settings [629] and as a peritoneal rinse to prevent
infection after elective colorectal surgery. Taurolidine suppresses the development of a rat metastatic
colorectal tumour cell lines in vitro and in vivo, suggesting that it may be effective in preventing

peritoneal metastases [629].
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Research on the influence of taurolidine on tumour cell apoptosis revealed that lower doses (5 pg/ml
and 10 pg/ml) promote apoptosis in tumour cells, while higher doses (15 pg/ml and 25 pg/ml) lead
to cellular necrosis. These in vitro results support the findings of Nici et al. [630], emphasising the
suppressive effect of taurolidine on the DHD/K12/TRb tumour cell line. Taurolidine, which has
antibacterial and antiendotoxin capabilities within the thiadiazine chemical group, has been shown to
decrease a rat tumour cell line both in vitro and in vivo. Taurolidine inhibits the development of three
human colon cell lines at therapeutic levels with higher efficacy than the recommended doses of 5FU
[629, 631].

Investigations using optical and electron microscopy combined with flow cytometry suggested a
mechanism of apoptotic cell death through previously unidentified pathways. In vitro studies have
demonstrated direct and selective antitumour effects of taurolidine on glial and neuronal brain tumour
cells [632]. Taurolidine likely acts by directly diminishing IL-1 production in peritoneal macrophages,
thereby obstructing the response of tumour cells to growth signals. Additionally, taurolidine appears
to directly affect tumour cell proliferation, possibly through the same mechanism employed to
eliminate microorganisms [633]. Consequently, taurolidine undergoes enzymatic hydrolysis and
decomposes into methyloltaurultam and taurultam, which further breaks down into
methyloltaurinamid, ultimately producing taurin and an active methylol group. These active
constituents are believed to induce cell death by interacting with the cell surface receptors. However,
the precise mechanism underlying the suppression of tumour growth by taurolidine in various cancers
remains unclear. The induction of cell death in DU145 human prostate tumours exemplifies this
phenomenon [634]. In this model, TRD correlates with DNA fragmentation and heightened
externalisation of membrane PS, which is indicative of apoptosis induction [635].

TRD's potential of TRD to activate PARP cleavage in these cells was validated when exposed to the
pan-caspase inhibitor VAD-FMK at the same time. TRD also led to the detection of cytochrome c in
the cytoplasm, the activation of procaspase 9 after 2 hours, and the subsequent activation of
procaspase 8 after 4 h. TRD causes mitochondria-mediated apoptosis in DU145 human prostate

tumour cells [636]. TRD causes apoptosis in human ovarian tumour and promyelocytic leukaemia
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cells, indicating its therapeutic potential [637].

TRD's apoptotic mechanisms of TRD include activation of the mitochondrial cytochrome c-
dependent pathway [638] and inhibition of protein synthesis [628]. TRD has shown good clinical
results in patients with advanced gastric cancer and glioblastoma [632]. TRD affects the
mitochondrial cytochrome c-dependent (intrinsic) pathway [639]. In addition, TRD obstructs protein
synthesis [632]. Aurolidine induces cell death via both caspase-dependent and-independent
mechanisms, increases the production of reactive oxygen intermediates, and reduces mitochondrial
membrane permeability. The oxygen scavenger N-acetylcysteine has been found to prevent cell death.
Taurolidine therapy activated p53 in two-thirds of MPM cell lines, while lowering survivin, Bcl-2,
and Mcl-1 protein levels. Furthermore, taurolidine treatment increases the susceptibility of MPM cells
to cisplatin-induced apoptosis. Taurolidine induces both apoptosis and necrosis, activates p53, and
enhances sensitivity to cisplatin, whereas PVP-I primarily inhibits cell growth via necrosis. MPM

cells carry wild-type p53 as well as the apoptosis inhibitors survivin, Bcl-xL, Bcl-2, and Mcl-1 [640].

MPM cell lines and tumours express Bcl-2 family members, most notably Bcl-xL and Mcl-1 [641],
along with the apoptosis inhibitor protein, survivin [642]. Bcl-2 expression is rare; however, when
present, it is inversely correlated with the apoptotic index [643]. Furthermore, taurolidine therapy
reduces TNF synthesis and blocks the generation of growth-stimulating interleukin-1 (IL-1) in
peripheral blood cells [644]. Taurolidine induces apoptosis in human ovarian and prostate cancer cell
lines. [630]. Furthermore, in vivo studies have shown that taurolidine, when used as an abdominal
rinse in a rat model of colon cancer, dramatically inhibits intraperitoneal tumour development [629].
Taurolidine enhanced the expression of the pro-apoptotic protein Bax and decreased the expression of
the anti-apoptotic protein Bcl-2 in a dose- and time-dependent manner. This demonstrates that
changes in Bcl-2 family protein expression may be a crucial mechanism underlying taurolidine-

induced apoptosis in murine melanoma cells [645].

In a Syrian hamster model of pancreatic adenocarcinoma, taurolidine effectively inhibited primary

tumour growth and reduced metastases at both the port site and liver [646].
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Taurolidine affects apoptosis by modulating Bcl-2/Bax concentrations [647]

It exhibits anti-metastatic properties within the tumour microenvironment by blocking angiogenesis
and endothelial cell adhesion [648]. lIn glioma cell lines, taurolidine triggered autophagy and
necroptosis. Taurolidine appears to promote autophagy and necroptosis in glioma cell lines [292].
Taurolidine induces autophagy and necroptosis in glioma cell lines and has been used to treat

glioblastoma and gastric cancer in humans [292].

4.4.9 Alpha-Pinene

Research indicates that a-pinene, a naturally occurring compound, exhibits anticancer properties [278].
Research has shown that a-pinene suppresses cell cycle progression from G2 to M phase in BEL-
7402 cells. Treatment with -pinene reduced Cyclin B protein levels, a situation associated with G2/M
cell cycle arrest [610]. Importantly, treatment with -pinene increases Chkl and Chk2 levels, while
lowering CDC25 and CDNK1 levels [649]. Thus, it is postulated that a-pinene-induced cell cycle
arrest is controlled by pathways involving Chk2 and CDC25C [649].

Research indicates that a-pinene possesses anticancer properties in human ovarian and hepatocellular
liver carcinoma cell lines [650]. -Pinene has also been shown in tests on N2A neuroblastoma cells to
have antioxidant, anti-cancer, and genotoxic effects [651]. The potential of -pinene to limit tumour
invasion was investigated in a research utilising highly metastatic MDA-MB-231 human breast
cancer cells [278]. a-pinene may suppress TNFa-induced matrix metalloproteinase-9 gene promoter
activation and mRNA production in a dose-dependent manner [650].

Treatment with a-pinene reduced TNF-a-triggered NF-kB activation and transcriptional activity.

[652]. By inhibiting nuclear factor kappa B (NF-kB) activity, -pinene effectively reduced TNFa-
induced MMP-9 gene expression and the invasive nature of MDA-MB231 cells [653].
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Furthermore, -pinene inhibits cell proliferation and induces cell cycle arrest, resulting in a reduction
in tumour cells. In accordance with these results, the present study shows that a-Pinene treatment of
human ovarian cancer cells induces cell cycle arrest during the transition from the G2 to M phase
[654]. a-Pinene has been shown to induce apoptosis in human leukaemia cells via a mitochondrial-
mediated route [654]. These findings suggest that -pinene has a significant impact on tumour invasion

and may be employed as an anti-metastatic agent for the treatment of triple-negative breast cancer.

4.6 RTK pathway analysis following treatment of cells with T. violacea crude water-soluble extract
In line with the observed alterations in apoptosis, cell cycle regulation, invasion, metastasis, and
adhesion, there was a significant reduction in the expression of various receptor tyrosine kinases
(RTKS). RTKs are integral to these cellular functions. Among them, Dtk1, which is known for its
function in cell survival and motility [654], as well as EGFR and FIt-3, which are also recognised for
their roles in cell proliferation and apoptosis suppression [655], exhibited reduced expression.
Furthermore, HGFR is required for proliferation, dispersion, morphogenesis, and survival [656], and
MspR is a protein involved in epithelial cell migration, proliferation, and survival [435] were similarly
impacted. Mer has a role in cell survival, motility, differentiation, and phagocytosis of apoptotic cells.
was also downregulated. PDGFR, renowned for its uncertain function in regulating cell proliferation,
motility, survival, and chemotaxis, has been shown to have decreased expression. This finding is
relevant as the PDGFR family is implicated in more aggressive forms of breast cancer, with
overexpression in TNBC correlating with worse patient prognosis and increased recurrence risk
[574].

The increase in AKT expression in TNBC cells post-treatment may indicate the activation of diverse
mechanisms, including cell survival and angiogenesis, a paradox considering the observed increase
in apoptosis and reduced migration. This complexity underscores the effects of treatment on cancer
cell behaviour [657]. However, the precise role of AKT remains uncertain because of its involvement
in various processes, such as enhancing BAD's pro-apoptotic activity of BAD, which complicates the
identification of its specific function in response to treatment [413]. AKT also regulates p53
acetylation, increasing p53 transactivation potential and showing its complex regulatory roles [658].

These effects likely contribute to the observed increase in apoptosis, with AKT's heightened
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transcription correlating with the protein profile assay results. Given AKT's critical function in

neurogenesis, it is especially important to understand its role in the observed cellular responses [659].

The observed increase in gene transcription related to axon guidance and neurogenesis after treatment
is linked to the activation of the AKT pathway. Upregulation of AKT underscores its significant
impact on key cellular processes in response to treatment. The simultaneous tumour-promoting and-
inhibiting properties of the ephrin family of RTKSs reflect their function in regulating cell
proliferation, migration, and death [660]. Following therapy, there is a notable drop in EphAl
expression, which is involved in cell adhesion and migration, and correlates with the reported impacts
on these activities [661]. Similarly, reductions in EphA3 and EphA4 expression, which are involved
in cell-cell adhesion, cytoskeleton organisation, and migration, have been noted [662]. EphA4's role
in TNBC and its potential as a target to impede cell migration are highlighted, despite the high
expression of other EphA family members. EphA2, which is overexpressed in TNBC, exhibits
increased expression after treatment, indicating a possible mechanism by which the extract may
counteract or override EphA2's impact, implying therapeutic promise in TNBC therapy [663].

treatment, downregulation of all three FGFR family members was observed. FGFRs are crucial in cell
proliferation, differentiation, and migration regulation and serve as potential biomarkers in TNBC.
FGFR2 overexpression is associated with poorer survival outcomes, indicating a therapeutic avenue
for TNBC, especially in FGFR-upregulated cases [664]. The ROR family of RTKSs, functioning as
receptors for the WNT ligand WNT5A, potentially suppresses WNT3A-mediated signaling inhibits
cell proliferation and promotes cell death. This interaction highlights the complex interplay between
cellular signaling pathways in cancer development and progression (Reis et al., 2021). In TNBC cells,
RORL1 expression increased significantly, whereas ROR2 expression decreased. Overexpression of
RORL1 in TNBC is linked with more aggressive tumours and a greater risk of metastasis, revealing a

complex regulation mechanism and potential therapeutic value for such extracts [665].

After treatment, there was a decrease in RYK expression, which is critical for Wnt signaling and

neurogenesis, suggesting an influence on the Wnt signaling pathways involved in cell proliferation,
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differentiation, and migration [666]. Trk family members showed differential regulation post-
treatment, with upregulation of TrkA and downregulation of Trk B and Trk C. These receptors are
vital for neurotrophic signaling in TNBC, and understanding these alterations could be critical for
exploring new therapeutic strategies [667]. The heightened expression of TrkA after treatment
correlates with the extract's inhibitory effects on metastasis and apoptosis induction, emphasising the

downregulated roles of RTKSs in neurogenesis, axon guidance, and neurotransmitter signaling [668].

Both Tie 1 and Tie 2 showed increased expression after treatment in TNBC cells, playing a key role
in controlling angiogenesis. Under certain conditions, Tie 2 serves as an angiogenesis inhibitor. In
particular, Tie 2 acts as an angiogenesis inhibitor [669]. A decrease in the expression of all three
VEGEF receptor family members, VEGFFR1, VEGFR2, and VEGFR3, was observed post-treatment.
These receptors are integral in mediating various signaling pathways crucial for angiogenesis, cell
survival, and migration, suggesting a potential therapeutic pathway in TNBC progression by targeting
VEGF receptors [670].

4.4.10 Transcriptome analysis

Previous research on the effects of water-soluble chemicals isolated from T. violacea on triple-
negative breast cancer (TNBC) cells has yielded a range of outcomes. These effects include
influencing apoptosis and the cell cycle, as well as altering essential TNBC cell behaviours, such as
migration, invasion, and adhesion. These findings indicate that T. violacea chemicals play a range of
functions in controlling the pathophysiological behaviours of TNBC cells, which might have
important implications for developing novel treatments for this aggressive type of breast cancer.
These chemicals also exhibit cytotoxic and antioxidant effects. These findings indicate that T. violacea
chemicals play a range of functions in controlling the pathophysiological behaviour of TNBC cells,
which might have important implications for creating novel treatments for this aggressive type of
breast cancer. These chemicals also exhibit cytotoxic and antioxidant effects. These findings indicate
that T. violacea chemicals play diverse roles in influencing the pathophysiological behaviour of

TNBC cells, which may have major implications for creating novel therapeutic options for this
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aggressive type of breast cancer. The chemicals also have cytotoxic and antioxidant effects. These
findings point to

T. violacea chemicals playing a diverse role in influencing the pathophysiological behaviours of
TNBC cells, which might have major implications for creating novel therapeutic options for this
aggressive type of breast cancer. The chemicals also have cytotoxic and antioxidant effects. Exposure
to T. violacea compounds altered gene expression more extensively in TNBC cells than in normal
breast cells. There was considerable overlap in the genes with modified expression in both cell types,
as confirmed by functional enrichment analysis, identifying similar gene groups based on biological
functions that were upregulated or downregulated in both cell types. Post-exposure, a reduction in
gene expression associated with cancer-specific and RTK pathways was noted. In contrast, the gene
expression associated with angiogenesis varied; it was mainly steady in normal breast cells but
reduced dramatically in TNBC cells. The augmented expression of apoptosis-related genes after
treatment aligns with the outcomes of the apoptosis assay. Previous theoretical models have shown
that the components of the extract effectively bind to the anti-apoptotic protein COX-2. An increase
in stress response gene expression post-exposure was surprising considering the antioxidant nature of
the extract, but may not be sufficient to mitigate its cytotoxic effects.

For a more comprehensive understanding and additional experimental replicates for in-depth
sequencing data analysis, further sequencing experiments on the impact of this extract on TNBC and
normal breast cancer cells are essential. The identification of specific miRNAs and IncRNAs in these
experiments indicates the potential for targeted sequencing of these non-coding RNAs. These initial
findings shed light on how the extract alters gene expression, influencing cell survival and cancer-
related behaviours, such as increased migration, invasion, and decreased adhesion. Further testing of
the individual components within the extract is also suggested to identify potential lead compounds
for TNBC treatment development.

4.4.11 The transcriptome and increased levels of apoptosis

The elevation of pro-apoptotic gene transcription in TNBC cells after treatment with T. violacea
extract corresponded with the anticipated outcomes, primarily for two reasons. The observed increase

in apoptosis, as shown by the apoptosis test, indicated a direct impact on the biological pathways that
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lead to cell death. Second, the composition of the extract, which contains various apoptosis-inducing
compounds, implies that these components likely act through diverse pathways to initiate apoptosis.
This variation in mechanisms could account for the increased transcriptional activity of pro-apoptotic
genes after treatment. Regarding anti-apoptotic genes, there was an equal mix of increased and
decreased transcription in TNBC cells post-treatment, with two intrinsic pathway genes being notably

downregulated.

In normal cells, the relatively moderate increase in apoptosis after treatment with the water-soluble
T. violacea extract corresponds to the transcriptional alterations seen in figures ¢ and D. Following
therapy, transcription of most pro-apoptotic genes increases, as do numerous anti-apoptotic genes, and
the particularly high transcript levels of these anti-apoptotic genes might signal the activation of
protective pathways counterbalancing extract-induced apoptosis, culminating in lower apoptosis

levels.

4.4.12 The transcriptome and S phase checkpoint activation

The cell cycle study demonstrated that the water-soluble extract of T. violacea induced S phase arrest
in both TNBC and normal cells, resulting in a large number of cells in the S phase for each cell type.
Cell cycle analysis revealed that the water-soluble extract of T. violacea promotes S phase arrest in
both TNBC and normal cells, resulting in a significant concentration of cells in the S phase for each
cell type. To gain a deeper understanding of this phenomenon, a comparative analysis was conducted
on the alterations in the transcript levels of genes that either promote S phase progression or contribute
to its arrest. The observed changes in gene expression were consistent with the S phase arrest observed
post-treatment, particularly in the TNBC cell line. TNBC cells exhibited a considerable increase in the
transcription of genes linked to S phase arrest, as seen in Figure 3.44A. In contrast, the effect on normal
breast cells was less marked, potentially explaining the extract's relatively gentler inhibitory impact
on the proliferation of these normal cells. This differential response between TNBC and normal
cells underscore the specificity of the T. violacea extract in targeting cancer cell growth and highlight

its potential therapeutic value in selectively inhibiting TNBC cell proliferation.
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Chapter 5 Conclusion

The methanol-soluble extract from T. violacea has varying lethal effects on triple-negative breast
cancer (TNBC) cells. The water-soluble and methanol-soluble extracts of C. orbiculate had distinct
effects on TNBC cells. The water-soluble extract of T. violacea exhibited notable cytotoxic effects
on TNBC cells, inducing more pronounced morphological alterations than in normal cells. This
excerpt caused apoptosis and S-phase cell cycle arrest in both cell lines, with TNBC cells showing
the most significant effect. It decreased cell migration, invasion, and adhesion in TNBC cells without

affecting normal cells, and exhibited antioxidant capabilities.

The extract was analysed to determine its component makeup, which showed the presence of different
compounds, some of which have known anticancer properties. In computational docking
investigations, the chemicals showed strong binding affinity for COX2, an anti-apoptotic gene related
to cell survival. The extract also affected the expression of several Receptor Tyrosine Kinases (RTKSs)
that play a role in cancer-related processes and neurogenesis. The extract treatment reduced the
transcription of genes involved in neurogenesis, axonogenesis, and axon guidance while increasing
the transcription of genes related to both extrinsic and intrinsic apoptotic pathways, thus promoting
apoptosis. Genes linked to cancer advancement and formation of new blood vessels exhibit decreased

expression.

This study highlights the effectiveness of water-soluble T. violacea extracts in TNBC cells. The
water-soluble extract of T. violacea has been shown to be effective in triggering apoptosis in triple-
negative breast cancer (TNBC) cells, with a notably greater rate of TNBC cell death than in normal
breast cells. This selectivity is essential for cancer treatment to reduce the harm to healthy tissues.
The ability of the extract to target cancer cells is likely due to chemicals that interact with the anti-
apoptotic protein COX-2, which is frequently overexpressed in cancer cells and promotes cell
survival. 5-Fluorouracil (5FU), a traditional chemotherapy medication, disrupts DNA and RNA

synthesis in fast-growing cells and triggers cell death in cancer cells. 5FU is non-selective and can

251




damage normal tissues with high proliferation rates, leading to adverse effects.
Future studies should investigate the specific chemicals within this extract, either alone or in
combination, against TNBC cells. Commercially manufactured compounds should be used to ensure

uniformity.

This study examined the anticancer effects of extracts of C. orbiculata and T. violacea, two medicinal
plants from Southern Africa, on TNBC cell lines in a laboratory setting. The water-soluble extract of
T. violacea contains unique compounds that specifically induce apoptosis and hinder metastasis in
TNBC cells. Alterations in gene transcription and protein signaling pathways pertinent to cancer
contribute to these outcomes. D-Glycero-D-galacto-heptose exhibits a high affinity for COX2 and
might serve as a promising lead chemical for treating TNBC.

Further research is needed to further our understanding of the apoptotic effects of T. violacea extract
and its components, particularly their interactions with cellular targets and signaling networks. This
study highlights the importance of investigating natural compounds obtained from medicinal plants
for novel cancer treatment, creating opportunities for drug discovery targeting TNBC and other

cancers.
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Figure 5.1 Signaling Pathway Network Regulating Cellular Processes, The figure depicts a complex network of
interactions between various molecules, enzymes, and cellular processes involved in the regulation of key cellular
functions such as apoptosis, inflammation, cell survival, proliferation, migration, and angiogenesis. The main components
of the network include Small Molecules and Compounds:1,2-diacyl-sn-glycerol, 3-dehydroxy-3-dehydroxy-6-ethyl-3,4-
dihydro-2H-pyran-2-one, and 1, 2, 3, 4-tetrahydro-3-isoquinolinecarboxylic acid. Enzymes and Proteins: COX-2, RTK,
MAPK, VEGFR, PDGFR, and others.Cellular Processes and Responses: optosis, cell death, inflammation, cell survival,
proliferation, migration, and angiogenesis
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Table 5.1 List of Proteins in the Signaling Pathway Network

Protein Function

COX-2 Enzyme involved in inflammation

RTK Receptor tyrosine kinase, regulates
cell signaling

MAPK Mitogen-activated protein kinase,

involved in cell proliferation and

differentiation

VEGFR Vascular endothelial growth factor

receptor, regulates angiogenesis

PDGFR Platelet-derived  growth  factor
receptor, regulates cell growth and

division

Note: This table provides an illustrative example, and the actual list of proteins and their functions

may vary depending on the specific pathway or network being represented.
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Figure 6.8 Schizandrin T. violacea aqueous compound NMR spectrum
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Figure 6.10 Taurolidine T. violacea aqueous compound NMR spectrum.



Table 6.1 Examples of compounds detected by NMR analysis of the crude water-soluble T.

Compound Formula FW MF Max Acquisition
(multi | dn('H) | time (sec)
spec)

4H-Pyran-4-one, 2.3-dihydro- | C6H402 96.0841 | 090 |0.353 2.1999

3.5-dihydroxy-6-methyl-

1.2.4-Triazine-3.5(2H.4H)- C3H3H302 113.0748 | 0.91 0.179 | 2.1889

dione

d-Glycero-d-galacto-heptose | C7TH1607 212.1977 | 0.86 | 0.144 | 2.1889

Benzaldehyde, 4-(1- C7THGO 106.1219 | 0.88 | 0.468 | 2.1889

methylethyl)-

Vanillin C8HB803 152.1473 | 0.34 | 0.347 | 2.1889

Oxime-. methoxy-phenyl C21H3202 332.4770 | 0.942 | 0.347 | 2.1889

Pyrrolidine C4HON 71.1210 | 083 |0.615 |2.1889

Schizandrin C23H2507 416.4642 | 0.81 1.017 | 2.1889

Taurolidine C7H16N404S2 | 284.3563 | 0.87 | 0.487 | 2.1889

alpha.-Pinene CI15H16CI3N302 | 376.6654 | 0.00 | 0.229 | 2.1889
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