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Abstract

Cancer can be described as a non-communicable disease that develops from defective
cells in the human body and grows uncontrollably. Globally in 2020, statistics revealed
that the disease had affected approximately 19.3 million people. With about 51% of
these cases resulting in death. Cancer treatments usually comprise surgery, chemotherapy,
radiotherapy, or a combination of the three. Traditional therapies such as chemotherapy
and radiotherapy drugs are effective at shrinking tumours. However, a key disadvantage
is that these drugs are unable to distinguish between cancerous and healthy cells.
Subsequently, the human body experiences many adverse side effects such as hair loss,
vomiting, lowered immunity, and a general deterioration of health. Drug resistance and
rejection are also major disadvantages of these traditional therapies. Alternative
therapies are required to mitigate these drawbacks. The vital factor to consider for
alternative treatments should be to selectively target cancer cells thereby alleviating the
unwanted side effects. Compounds derived from non-toxic edible plants have shown to
have bioactive potential. These plants are regarded as non-toxic to the human body
therefore they would be able to target the tumour cells alone. Plant compounds also
provide additional protection such as their antioxidant abilities and apoptotic potential.
Evidence suggests that bioactive peptides derived from legumes can act as both anticancer
agents and strong antioxidants. This study investigated the bioactive potential of peptides

derived from Lablab purpureus.

This investigation began by assessing the antioxidant capacity (2,2-diphenyl-1-picryl-
hydrazyl-hydrate  (DPPH), 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic  (ABTS),
superoxide radical scavenging and Ferric Reducing Antioxidant Power (FRAP) assays) and
antiproliferative abilities (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT)) of L. purpureus protein isolate and hydrolysates (alcalase, trypsin and pepsin). The
hydrolysate and fractions of interest were selected based on the MTT assay with the
pepsin hydrolysate selected for further apoptotic studies (caspase-3 and -7, and annexin
V-Pl). Thereafter, the pepsin hydrolysate was fractionated by ultrafiltration (molecular

weight cut-off: <1, 3, 5, 10, >10 kDa). The 3 kDa fraction was further fractionated by



RP-HPLC. Five peaks appeared on the chromatogram, however, fraction 2 was selected,

for apoptotic investigations (caspase -3 and -9, p53 and annexin V-PI).

Antioxidant studies are a good measure of the isolate or hydrolysate's ability to perform
as a bioactive compound. The 50% inhibitory concentration (ICso) observed for the
respective antioxidant studies showed the radical scavenging ability of the isolate and
hydrolysates to be 1.81-4.47 mg/mL (DPPH), 1.73-2.42 mg/mL (ABTS), 1.36-4.4 mg/mL
(superoxide radical scavenging) and 19.20-21.94 mg/mL (FRAP).

Anticancer activity was substantiated by the peptides' ability to induce apoptosis. The
pepsin hydrolysate was selected using the MTT assay (ICso values of A549, 119.6; MCF-
7, 9.80 and HEK293, 13.86 Ug/mL). Pepsin hydrolysate inhibited cancerous cells (A549
and MCF-7) while causing minimal damage to healthy cells (HEK293). Thereafter
apoptotic markers, caspase 3/7 and annexin V-Pl were quantified. Visualisation of cells
in different stages of apoptosis was investigated by Annexin V-PI staining quantified by
flow cytometry. During early apoptosis; A549, 42%; MCF-7, 17%; HEK293, 34%.
Caspase 3/7 assay verified that the pepsin hydrolysate caused an increase in apoptotic

activity.

Caspase-3 and -9 activity of cells, determined by ELISA showed that Fraction 2 treated
cancer cells (A549 - 0.067 ng/mL, 21.966 ng/mL, and MCF-7 - 0.137 ng/mL, 0.205
ng/mlL respectively) had a greater caspase concentration over camptothecin (A549 -
0.029 ng/mL, 20.486 ng/mL and MCF-7 - 0.051 ng/mL, 0.112 ng/mL respectively).
Tumour suppressor protein, p53, acts as a protective mechanism by initiating apoptosis in
‘suspicious’ cells. The A549 cell line showed the greatest p53 expression compared to
MCF-7 and HEK293. Increased p53 can regulate signalling pathways leading to targeted
apoptosis. Finally, annexin V-PI confirmed that Fraction 2 did induce apoptosis in the cells
(cells in early apoptosis, A549, 85%; MCF-7, 90%; HEK293, 94%). Results from this study
have shown that peptides derived from L. purpureus (specifically fraction 2) have potential

anticancer abilities which may be attributed to their antioxidant and apoptotic abilities.



Chapter 1: Introduction

The 215t century has seen an increase in terminal and chronic diseases such as heart disease,
cancer, diabetes, and hypertension. Lifestyle and environmental factors are the main
contributors to deterioration of human health. Conversely, nutritionally rich diets have been
linked with a reduced incidence of chronic diseases (Sanchez-Chino et al., 2015, Chen et al.,

2017).

Globally, 1 in 6 people die from cancer each year, with lifestyle and dietary factors
contributing to a third of these deaths (WHO, 2020). Conventional cancer treatments,
chemotherapy and radiotherapy, are associated with side effects such as lowered immunity,
memory loss, nausea, vomiting, and general deterioration of well-being (Avilés-Gaxiola et
al,, 2020; Sharma et al.,, 2020). The cytotoxic drugs used in conventional treatments are
delivered to cancerous cells, however, this approach is not targeted ultimately resulting in the
death of healthy cells (Thundimadathil, 2012; Sharma et al., 2020). Apart from selectivity,
patients can be resistant to chemotherapy thereby negating the efficacy of these drugs (Barari
et al.,, 2017). The use of bioactive peptides as potential anticancer agents would provide a
more targeted approach to cancer treatment with minimal side effects thereby enhancing a

patient’s recovery and overall quality of life (Avilés-Gaxiola et al., 2020).

For alternative cancer treatments to be successful, they are required to target cancerous cells
whilst leaving healthy cells relatively unaffected subsequently preventing unwanted side
effects. Furthermore, chronic diseases are triggered by the presence of free radicals. Free
radicals produced by cancerous cells can result in growth stimulation, cell survival, and
inflammation. Therefore, antioxidants, especially those derived from plants, are
advantageous in preventing and aiding in the treatment of cancers (Chi et al., 2015; Athreya

and Xavier, 2017).

Numerous research articles associated with traditional knowledge systems have shown how
populations have long used edible plants for disease prevention and treatment (Gupta,
2020). Modern science has provided evidence for the medicinal value of traditional medicine

leading to the notion of bioactive foods or nutraceuticals. A bioactive food is identified as



any substance, either a food or food component that delivers medicinal benefits (Gupta,
2020). One such group of plants with traditional medicinal value is leguminous crops. Proteins
and peptides derived from legumes have been shown to exhibit protective abilities against
chronic diseases (such as diabetes, cancer, and hypertension) (Korhonen and Pihlanto, 2006,
Udenigwe and Aluko, 2012, Herndndez-Ledesma and Hsieh, 2013, Singh et al., 2014, Barnes
et al.,, 2015 Erbersdobler et al., 2017).

Lablab purpureus is a legume found to be a good source of protein (18-25%) making it a
prospective source for bioactive peptides (Subagio, 2006; Hossain et al.,, 2016). Bioactive
peptides are protein fragments that provide increased bioactive potential when released
from the sequence of their source protein (Udenigwe and Aluko, 2012; Herndndez-Ledesma
and Hsieh, 2013). The aim of this study was therefore to investigate the anticancer and
antioxidant ability of bioactive peptides derived from L. purpureus. Specific objectives were
to:

e Determine the cytotoxic effect (MTT assay) of three hydrolysates (alcalase, pepsin
and trypsin) on selected cancer cell lines (A549 and MCF-7) and a healthy cell line
(HEK293).

e Assess the antioxidant effect of the three hydrolysates using DPPH, FRAP, ABTS and
superoxide radical scavenging assays.

o Determine the apoptotic potential of the most active hydrolysate by morphological
changes (ethidium bromide staining), Annexin V-PI (flow cytometry), and caspase 3/7
(fluorescence spectroscopy) analysis.

e Evaluate the cytotoxic effect (MTT assay) of ultrafiltration fractions derived from the
most active hydrolysate.

o Purify the most active peptide fraction by RP-HPLC and determine the cytotoxic effect
(MTT assay) of the collected fractions.

e Determine the apoptotic potential of the most active fraction derived from RP-HPLC

by Caspase3/9 (ELISA), Annexin V-PI (flow cytometry) and p53 (ELISA) analysis.



Chapter 2: Literature review

2.1. Prevalence of cancer

Cancer can be defined as a non-communicable illness where cells grow uncontrollably
subsequently altering the structure of neighbouring tissue (Jan and Chaudhry, 2019). In 2020,
worldwide statistics have estimated that 19.3 million people were diagnosed with various
types of cancers and approximately 10 million people succumbed to the disease (Sung et al.,
2021). In South Africa, specifically, it was reported that in 2020, there were 108 168
diagnosed cases and 56 802 deaths (WHOQO, 2020).

Statistically, cancers are diagnosed in approximately 20% (1 in 5 people) of people aged
75 years and younger while 10% (1 in 10 people) of those cancers result in death. Globally,
breast and lung cancers are the most diagnosed types of cancer with mortality most prevalent
in lung, liver, and stomach cancer patients (Ferlay et al., 2021). Women in South Africa are
at risk (1 in 7 women) of breast, cervical, colorectal, uterus and lung cancer. In the case of
men, they are more at risk (1 in 6 men) of prostate, lung, colorectal, non-Hodgkin's lymphoma

and bladder cancers (CANSA, 2021).

Primarily, cancer is caused by mutation of DNA that controls normal cellular functions such as
cellular growth, maturation, and apoptosis or programmed cell death (Kharb et al., 2012).
Several factors are responsible for mutations of cells, including genetic predisposition, chronic
diseases of infectious origin (e.g., viral hepatitis and HIV), the environment (exposure to
carcinogens in the air and water), and lifestyle choices (smoking, excessive alcohol consumption
and poor dietary habits) (Kharb et al., 2012; Sadnchez-Chino et al., 2015). The common thread
among these factors is exposure to carcinogenic substances. Many of these substances are
also found naturally e.g., ultraviolet radiation from the sun and aflatoxins present in certain

varieties of nuts (Sdnchez-Chino et al., 2015).

Carcinogens linked with the immune system's inability to trigger apoptosis in cancerous cells at
the beginning of the life cycle eventually result in the formation of tumours (Kharb et al., 2012;
Sdnchez-Chino et al., 2015). Altered cells multiply faster than healthy tissue without executing

their intended functions. Normal cells that have been exposed to carcinogens are unable to



trigger apoptosis or programmed cell death, creating neoplastic growths and subsequently

tumours (Luna-Vital et al., 2015).

During tumour development, metastasis can occur, where cancerous cells can invade blood
vessels and lymphatic nodes resulting in cells being transported to peripheral organs (Luna-
Vital et al., 2015). Figure 2.1 depicts the process of tumour formation and eventual metastasis.
Targeted treatments can be used to control and treat cancers which would in turn limit the

invasion of cells that ultimately result in metastasis (Zubair and Ahmad, 2017).

(® Tumour cells
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== Endothelial cells
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Figure 2.1: Cancerous cells have multiplied and formed a mass. Some of the tumour cells are freed
from the mass and end up in blood vessels that carry the cells to other parts of the body

resulting in metastasis (Novikov et al., 2021)



2.2. Physiology of cancer

In cancer cases, cells begin to proliferate rapidly causing several mutations to key genes that
are responsible for cell proliferation and survival. Steps involved in mutation include (1)
deactivation of DNA repair genes, (2) mutation of the protooncogene creating an oncogene

and (3) mutation of other tumour suppressor genes resulting in a tumour (Gupta, 2020).

Tumours can be classified as benign or malignant. Benign tumours are usually confined to their
original location and do not spread to surrounding tissue. They are not usually life-threatening
except when they grow in a restricted space such as the brain (Cooper, 2000; Alison, 2001).
However, these tumours can become malignant and therefore should be surgically removed
(Cooper, 2000; Alison, 2001). Conversely, malignant tumour cells replicate at a faster pace
and invade surrounding tissue via circulatory and lymphatic systems, resulting in metastasis,
(Cooper, 2000; Alison, 2001). Malignant tumours are life-threatening due to their ability to

invade and metastasise.

2.3. Classification of cancers

Cancers are divided into four main categories: carcinoma, sarcoma, leukaemia, and

lymphoma. Figure 2.2 showed the morphology of the cancer types.

2.3.1. Carcinoma

Carcinomas are formed in the epithelial cells and are the most common form of cancer that
usually forms solid tumours (Lin et al., 2019; CTCA, 2022). Carcinomas are classified into; (1)
in situ, tumour cells have not invaded surrounding tissue; (2) invasive, tumour cells have invaded
the surrounding tissue; and (3) metastatic, tumour cells have now disseminated to tissue and
organs throughout the body (CTCA, 2022). Common types of carcinomas include basal cell
carcinomas (developed in the basal cell layer of the skin or the lowest layer of the epidermis)
and squamous cell carcinoma (tumour cells start in the outmost layer of the epidermis).

In ductal carcinoma, the most common form of breast cancer, cells are restricted to the lining
of the milk ducts and have not spread into duct walls and nearby breast tissue (Lin et al.,
2019; CTCA, 2022). Some of the risk factors associated with carcinomas are excessive

exposure to ultraviolet radiation and chemicals as well as inherited genetic conditions and



gene mutations (CTCA, 2022). Conventional treatments for carcinoma include surgery,

chemotherapy, and radiation (CTCA, 2022).

2.3.2. Sarcoma

Sarcomas are a type of cancer that advances in the bones and soft tissue including; fat,
muscles, blood vessels and fibrous tissue. Soft tissue sarcomas are frequently found in the legs
or arms and can occur in both children and adults. Bone sarcomas, also referred to as bone
tumours are commonly prevalent in children (JohnsHopkinsMedicine, 2022). There are no
specific causes of sarcomas however there are associated risk factors. Including previous
exposure to radiation therapy, genetic disorders, exposure to toxic chemicals (such as dioxin
and arsenic, and lymphedema or long term swelling) (JohnsHopkinsMedicine, 2022). Early
symptoms of soft tissue sarcomas are presented as lumps or swelling. Later symptoms include
extreme pain on and around the areas of the tumour site. Symptoms of bone sarcomas include
pain and/or swelling, hindered range of motion, fever and weaker bone density resulting in
breakages (JohnsHopkinsMedicine, 2022). Although sarcomas are rare in human beings, they
are traditionally treated by a combination of chemotherapy, radiation, and surgery

(JohnsHopkinsMedicine, 2022).

2.3.3. Leukaemia

Leukaemia also known as cancer of the blood begins in the bone marrow. There are four types
of leukaemia namely acute lymphocytic, acute myelogenous, chronic lymphocytic and chronic
myelogenous (ClevelandClinic, 2022). Leukaemia results when there is a mutation in bone
marrow cells (ClevelandClinic, 2022). Risk factors for developing leukaemia are mutations in
DNA that have arisen from previous chemotherapy and/or radiation therapy and genetic
disorders such as neurofibromatosis and Klinefelter syndrome (ClevelandClinic, 2022).
Common symptoms include tiredness, frequent infections, tenderness in bones and joints and
swollen lymph nodes (ClevelandClinic, 2022).

Treatments include chemotherapy, immunotherapy, targeted therapy, radiation,
hematopoietic cell transplant (replacing cancerous cells with new hematopoietic cells that can
form new blood marrow and blood cells) and chimeric antigen receptor T-cell therapy (a

novel approach that adapts T-cells to fight the cancer cells) (ClevelandClinic, 2022).



2.34. Lymphoma

Lymphoma begins in the lymph system (the tissue and organs that produce, store, and carry
white blood cells). Hodgkin’s and Non-Hodgkin’s lymphoma are the two types of lymphomas
that can occur in children, teenagers, and adults. Hodgkin's lymphoma spread systematically
from one lymph node to the next while Non-Hodgkin’s spreads within the lymph nodes in a
haphazard manner (CDC, 2018). Risk factors associated with lymphoma include HIV infection,
family history and exposure to high levels of ionising radiation (CDC, 2018). Some of the
symptoms presented in patients with lymphoma include swollen lymph nodes and unexplained
tiredness and weight loss (CDC, 2018). Treatment options include chemotherapy,

radiotherapy, and monoclonal antibody therapy (a targeted approach) (NHS, 2022).

Carcinomas Sarcomas Leukemia

non-Hodgkin lymphoma Hodgkin lymphoma

Figure 2.2: Morphologies of cancer types (Lin et al., 2019)



2.4. Conventional cancer treatment and their disadvantages

Conventional oncology uses many different strategies for cancer therapy (Quintal-Bojérquez
and Segura-Campos, 2021). Common treatments for cancer are surgery, chemotherapy, and
radiotherapy (Marqus et al., 2017). Surgery is the first line of treatment for most benign, solid
tumours, largely used for diagnosis and tumour removal. Radiation therapy uses photons (i.e.,
gamma rays and x-rays) or particles (i.e., protons, neutrons, and electrons) to generate
negatively charged molecules (free radicals) when they interact with cells or tissue. The
resulting free radicals cause damage to the DNA of cancer cells thereby preventing
replication. Chemotherapy uses toxins that target tumour cells ultimately resulting in cell death
(Alison, 2001; Huang et al.,, 2011; Kharb et al.,, 2012). Chemotherapy drugs include
alkylating agents (affects reproduction by damaging its DNA), antimetabolites (interferes with
cell replication), antitumour antibiotics (hinders the DNA of the cell preventing cell division),
topoisomerase inhibitors (restricts topoisomerase enzymes), and mitotic inhibitors (mitosis/ cell

division inhibitors) (Stengler and Anderson, 201 8).

Although chemotherapy and radiation therapy are effective against cancer cells, the
treatment is nonspecific resulting in many adverse side effects experienced by patients. Some
of the healthy cells that are commonly affected include hair follicles, mucous membranes,
erythrocytes and leukocytes (Alison, 2001; Rejhova et al., 2018). Side effects not only greatly
impact the patient’s quality of life but also have an adverse effect on treatment and prognosis
(Rejhova et al.,, 2018; Quintal-Bojérquez and Segura-Campos, 2021). Apart from the
mentioned side effects, chemotherapy has the ability to fail due to adverse reactions, drug
resistance and target specificity of the drugs (Aung et al.,, 2017; Gupta, 2020). Therefore,
there is growing interest in alternative therapies from natural sources (Aung et al.,, 2017;
Quintal-Bojérquez and Segura-Campos, 2021). Essentially, a successful anticancer agent
should have the ability to trigger cell death in cancerous cells while causing minimal harm to

healthy cells (Kharb et al., 2012; Letai, 2017).



2.5. In vitro cancer cell lines

Cancer develops when there is atypical proliferation of any type of cell in the body hence
the different distinct types of cancers. Outlined in Table 2.1 are some of the more common
types of human cancers and the cell lines associated with them. When cancers are investigated
in vitro, immortal cell lines are often used. Using cell lines in research is cost-effective, they
offer an unrestricted source of material, and are easy to use and maintain in a laboratory
environment. The use of these cell lines also allows for studies to be conducted without the
need for ethical clearance which is normally associated with in vivo studies (Kaur and Dufour,
2012). In this study Lung cancer cells (A549), Breast cancer cells (MCF-7) and a healthy cell
line, human embryonic kidney cells (HEK293) were chosen to be used as lung and breast

cancer are some of the more prevalent cancers.

2.5.1. Lung cancer cells (A549)

The human non-small cell lung cancer cell line, A549, developed in 1972 is a common cell line
used in research and drug. Pulmonary carcinoma tissue derived from the tumour of a 58-year-
old Caucasian male was removed and cultured to obtain the A549 cell line (Synthego, 2022a).
A549 cells are inherently squamous and allow diffusion of substances like water and
electrolytes across the alveoli of the lungs. When grown under in vitro conditions, the cells are
adherent and grow in a single layer. The A549 cells are hypotriploid human cells with a modal
chromosome number ranging between 64 and 67. Tested and approved by the FDA, the
A549 cell line has been used in adenovirus production, disease modelling, drug development

and CRISPR delivery (Synthego, 2022a).

2.5.2. Breast cancer cells (MCF-7)

The MCF-7 breast cancer cell line was isolated in 1973 by Dr Soule and his team at the
Michigan Cancer Foundation. The MCF-7 cell line was derived from the pleural effusion of the
breast adenocarcinoma of a 69-year-old female (Comsa et al.,, 2015). The cell line has a
modal chromosome number ranging between 60 and 140, depending on the variant. The
MCEF-7 cell line is primarily used in research in vitro for the development of anticancer drugs

and the understanding of drug resistance (Comsa et al., 2015).



2.5.3. Human embryonic kidney cells (HEK293)

The Human embryonic kidney cells, HEK293, were developed by Alex Van der Eb and Frank
Graham in the 1970’s. The cell line was isolated from a single healthy female foetus of
unknown parentage that was electively terminated. The cells were immortalised by adding
Ad5 ETA and E1B genes to the HEK genome. The hypohaploid human cell line has a modal
chromosome number of 64. When grown under in vitro conditions these cells grow in a
monolayer and are adherent. The HEK293 cell line has been applied in protein production,
the heterologous expression of cell membrane receptors and ion channels use this cell line to
study the signalling pathways of G protein-coupled receptors which are involved in diseases
and cancer research, cells have been observed for markers that exhibit anticancer potential

(Synthego, 2022b).
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Table 2.1: Types of cancer and the associated cell lines

Cancer type

Description

Cell line (s)

Breast cancer

- 2.26 million people (WHO, 2020)

Ductal carcinoma begins in the ductal cells and is
known as the most common form of breast cancer.
Other types of breast cancer can start in the
lobules and other breast tissue (NIH, 2017).

MCF-7
MDA-MB-231
BT549

Prostate cancer

- 1.41 million people (WHO, 2020)

Most prevalent in men. Triggered by cells that
produce and secrete mucus. Prostate cancer
affects males older than 65 years (NIH, 2017).

PC3
LNCaP
DU-145

Leukemia

- 475 thousand people (WHO, 2020)

Leukaemia is formed when immature blood cells
become cancerous and eventually overwhelm
healthy blood «cells in bone marrow.
Lymphoblastic leukaemia affects the
lymphoblast cells, white blood cells that are
responsible for fighting infections. White and red
blood cells can be affected; however, levkaemia
of white blood cells is the most common. More
prevalent in people older than 55 and younger
than 15 years (NIH, 2017)

THP-1

Lung cancer

- 2.21 million people (WHO, 2020)

Categorised into two main types, namely, non-
small cell lung cancer and small cell lung cancer.
Differentiated when the cancerous cells are
observed under a microscope. Most often lung
cancer is a result of lifestyle choices such as
smoking. Currently, no known treatments can cure
this cancer (NIH, 2017)

A549
H-1299
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2.6. Natural therapies

Approximately 80% of the global population use medicinal plants to treat a vast array of
ailments with dietary supplements derived from natural sources having earned traction over
the years as nutraceuticals (Aung et al., 2017). When carbohydrates, lipids, proteins, vitamins,
or minerals are consumed they are metabolised into monosaccharides, amino acids, or
peptides. These metabolites are then absorbed by the intestine and utilised by the body for
benefits beyond basic nutrition (Quintal-Bojérquez and Segura-Campos, 2021). Some of the

bioactive metabolites derived from these macronutrients include antioxidants.

Oxidative therapies employ oxidants to stimulate bodily processes that have the capability
to fight cancer cells and heal tissue concurrently. Antioxidants such as glutathione can be used
in conjunction with chemotherapy and radiation to minimise side effects (Stengler and
Anderson, 2018). While resveratrol has demonstrated antiproliferative abilities on prostate
and bowel cancer cells (Stengler and Anderson, 2018).

Curcumin derived from Curcuma longa or turmeric, suppresses proliferation and selectively
triggers apoptosis in tumour cells (Gupta, 2020). L-asparaginase is an enzyme that has been
utilised in the treatment of lymphoblastic leukaemia, acute myeloid leukaemia, and non-
Hodgkin's lymphoma (Sebastian et al., 2020). The common trend for natural therapies is for
apoptosis or programmed cell death to be triggered in a cell (Pfeffer and Singh, 2018). In a
normal cell cycle, apoptosis controls cell numbers and proliferation through checkpoints or
repair defects (Brown and Attardi, 2005; Zivny et al.,, 2010). When there is a defect in the
normal apoptotic mechanisms of cells, the development of tumours is allowed (Alison, 2001;

Zivny et al., 2010; Letai, 2017; D’Arcy, 2019).

Figure 2.3 depicts the effects that protons and hydrogen therapies have on oxidative stress
and inflammation in oncogenesis. The reactive oxygen species or ROS through oxidative stress
and inflammation stimulate oncogenesis in cells that have defective signalling pathways. The
interconnection between oxidative stress and inflammation is associated with the activation of
NRF2 and NF-xB.

Protons provoke distress in gene expression thereby inhibiting cancer cells from evading
progression, while hydrogen reduces oxidative stress, employs anti-inflammatory effects, and

acts as a modulator of apoptosis (Rochette et al., 2021).
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Figure 2.3: The effects of proton and hydrogen therapies on oxidative stress and inflammation in

oncogenesis (Rochette et al., 2021)
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2.7. Mechanisms of cell death

For tissue development and homeostasis of cells, timely death of the cell is a crucial process in
their lifecycle (Marqus et al.,, 2017; An et al.,, 2019; Jan and Chaudhry, 2019). Apoptosis
and necrosis are two mechanisms involved in cell death (Barrio and Anon, 2010; Zivny et al.,

2010; Marqus et al., 2017; Jan and Chaudhry, 2019; Sabbione et al., 2019).

27.1. Apoptosis

Conversely, apoptosis is a controlled process that does not induce inflammatory responses
(Zivny et al., 2010). Apart from cell regulation, apoptosis can be triggered by damage and
external stress on cells. Apoptosis is characterised by cell shrinkage, membrane blebbing,
chromatin material condensation, fragmentation of DNA in the nucleus, and loss of adhesion
to extracellular matrices (Figure 2.4) (Jan and Chaudhry, 2019). Biochemical changes in a cell
include externalisation of phosphatidylserine, and activation of caspases resulting in cell death
(Liv et al., 201 1; Jan and Chaudhry, 2019). Apoptosis is an essential mechanism that regulates
the balance between survival and death in cells for the prevention of cancer (Jan and

Chaudhry, 2019).

Chemotherapy is mainly based on promoting apoptosis however cancer cells have created
evasion mechanisms for survival. Cancer cells inhibit the activation of apoptotic signals by
increasing the expression of the anti-apoptotic gene, decreasing the expression of the pro-
apoptotic genes and/or causing the stabilisation or destabilisation of the anti-apoptotic and

pro-apoptotic genes respectively (Fernald and Kurokawa, 201 3).

Apoptosis is moderated by intrinsic and extrinsic signalling pathways which are mediated by
the cell’s environment and intrinsic signals (An et al., 2019; Jan and Chaudhry, 2019; Avilés-
Gaxiola et al.,, 2020). Intrinsic pathways involve mitochondria mediated pathways while
extrinsic pathways involve the death receptor pathway. Both pathways are linked and can

influence one another (Zivny et al., 2010; An et al., 2019).

The extrinsic pathway initiates apoptosis when the death ligand and the death receptor bind.

Ligations of the death receptor's cell surface with the tumour necrosis factor (TNF) receptor
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superfamily (such as CD95L, TRAIL and TNF-a), cause the receptor-ligand to activate caspase-
8 or -10. Exciting the transcription factor nuclear, factor-B (NF-kB) and mitogen-activated
protein kinases (MAPKs). These activities take place in the adaptive, non-apoptotic signalling
pathways associated with the regulation of developmental and inflammatory processes,

resulting in apoptosis (An et al., 2019).

The intrinsic pathway involves the discharge of apoptotic factors like cytochrome ¢ from the
mitochondrial membrane (Avilés-Gaxiola et al.,, 2020). Apoptosis can be triggered by a
positive or negative pathway (D’Arcy, 2019). The negative signal occurs when the cells lack
survival signals, cytokines, hormones, and growth factors. Consequently, the pro-apoptotic
molecules (puma, noxa, and bax) that are usually inhibited in the cells become activated
thereby inducing apoptosis (D’Arcy, 2019). Positive signals that stimulate apoptosis include

hypoxia, toxins, radiation, and oxidative stress (D’Arcy, 2019).

Peptide sequence, GEGSGA, from Phaseolus vulgaris beans and Gloriosa superba hydrolysate,
encouraged apoptosis by p53 upregulation against colorectal cancer. The apoptotic effect
of GEGSGA was attributed to the decreased expression of tumour necrosis factor receptor
type 1, a transmembrane receptor that induces the activation of anti-apoptotic proteins
through subunit nuclear factor-kB p65 signalling (Avilés-Gaxiola et al.,, 2020). Vglycin, a
polypeptide derived from pea seeds and sweet potato (lpomoea batatas) hydrolysates
reported apoptosis through increased expression levels of Bax (apoptotic protein).
Consequently, decreased expression levels of anti-apoptotic proteins, Bcl-2 and Mcl-1, were
also observed (Gao et al., 2017; Avilés-Gaxiola et al., 2020). Soybean lunasin and amaranth
(Amaranthus mantegazzianus) hydrolysates promoted caspase-3 activation and cleavage of
Poly (ADP-ribose) polymerase by functioning as an adapter molecule (Avilés-Gaxiola et al.,

2020).
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Figure 2.4: Stages of apoptosis in a cell (Amini-Sarteshnizi et al., 2014)

2.7.2. Necrosis

Necrosis is an uncontrolled cellular process that discards cells that are irreversibly damaged,
consequently causing inflammatory reactions. Necrosis occurs when cells are irreversibly
injured resulting in premature death (Zivny et al., 2010; Xu et al., 2019). The process is usually
stimulated by factors such as toxic trauma or physical injury. Morphologically, necrosis can be
characterised by the swelling of the cytoplasm and organelles, particularly the endoplasmic

reticulum and mitochondria (Jan and Chaudhry, 2019).

The release of lactate dehydrogenase (LDH) into cell media is a common marker for necrotic
cell death in vivo. LDH is detected when cells are harmed, subsequently damaging the integrity
of the membrane and cell lysis (Barrio and Anon, 2010; Marqus et al., 2017; Sabbione et al.,
2019).
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2.7.3. Apoptotic and necrotic pathways

Necrotic pathways are being explored as an alternative to overcome cancer cell resistance
as opposed to apoptotic mechanisms (D’Arcy, 2019). In a study by Sabbione et al. (2019), it
was reported that amaranth peptides were able to promote necrosis in colon cancer cells,
however further research was recommended on the mechanism of action. Anti-apoptotic
proteins of the Bcl-2 family showed inhibition of both apoptotic and necrotic pathways. The
two pathways are not independent and share some common messengers, activators, and
inhibitors (Figure 2.5). Specifically, an apoptotic response could turn necrotic if intracellular

ATP is depleted (Jan and Chaudhry, 2019).

Apoptosis and necrosis can be quantified by flow cytometry where cells are labelled with
Annexin V and Propidium lodide (PI). This protocol is based on the externalisation of
phospholipid phosphatidylserine by Annexin-V staining and permeabilization of nuclear
membrane for Pl staining. The lifecycle of the cell can then be differentiated i.e., healthy
(Annexin-V: positive /Pl: negative), dying (early apoptosis: Annexin-V: positive /Pl: negative)
and dead cells (late apoptosis/necrosis: Annexin-V: positive /Pl: positive) (D’Arcy, 2019;
Sabbione et al., 2019).
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Figure 2.5: Pathways of apoptosis and necrosis (Amgalan et al., 2017)

2.8. Caspases

The activation of caspases from cysteinyl aspartate-specific protease family is also
responsible for the triggering of apoptosis (An et al., 2019; D’Arcy, 2019). Caspases are
categorised into initiator caspases (caspase-2, -8, -9 -10 and -12) and effector caspases
(caspase-3, -6 and -7), both pathways are illustrated in Figure 2.6 (Saunders et al., 2000;
An et al.,, 2019; D’Arcy, 2019). Initiator caspases such as caspase-9 are activated from the
inactive procaspases when cell death is detected, consequently, executioner caspases
(Caspase-3 and -7) are then activated (Zivny et al., 2010; D’Arcy, 2019). This activation is
fundamental for DNA fragmentation, chromatin condensation, plasma membrane blebbing

and ultimately cell death (Brauchle et al., 2014).

Tumour cells are protected from apoptosis by overexpression of anti-apoptotic proteins and
have been noted in many human cancers such as prostate (Raffo et al., 1995), neuroblastoma

(Castle et al., 1993), kidney (Gobe et al., 2002), and breast cancer (DelBufalo et al., 1997).
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Activation of caspases is an effective approach used in the treatment of cancer and is

especially important when developing alternative treatment protocols (An et al., 2019).
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Figure 2.6: Caspase activation through intrinsic and extrinsic apoptotic pathways (Boland et al.,

2013).

Caspase activation can be measured by Enzyme-linked Immunosorbent Assays (ELISA),
fluorescent spectrophotometry and western blot. ELISA uses caspases labelled with
biotinylated inhibitors captured on an ELISA plate coupled with a caspase specific antibody.
The active caspase is detected by horseradish peroxidase (HRP)-streptavidin complex that

attaches to the biotinylated inhibitor which is covalently bound to the enzyme (Saunders et al.,
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2000). Fluorescent spectrophotometry measures activated caspases, the cleavage of the
substrate between DEVD (the tripeptide substrate specific to caspase-3) and AMC fluorophore
(7-Amino-4-methylcoumarin) generates extremely fluorescent AMC. Excitation of AMC is
identified at 380 nm and emission between 420-460 nm. Caspase activation determined by
western blot makes use of antibodies that can detect full-length caspases. Activation is
detected by the decrease in band length when compared to the full length pro-caspase as

well as the appearance of smaller cleaved products (Chehade et al., 2021).

2.9. Tumour suppressor proteins (p53)

Tumour suppressor protein, p53, takes on a protective role in decreasing the development of
cancers by initiating apoptosis in ‘suspicious’ cells (Brown and Attardi, 2005; Letai, 2017;
Marqus et al.,, 2017; Xu et al., 2019). However, a mutation in the gene makes the protective
mechanism useless against tumorigenesis resulting in different outcomes (Figure 2.7) (Brown
and Attardi, 2005; Jan and Chaudhry, 2019; Xu et al., 2019). Analysis of the DNA binding
capacity of p53 in cancer cells can be done by electrophoretic mobility shift assay (EMSA) on
polyacrylamide/ agarose gels, DNA footprinting and ELISA, with the latter being commonly

used to quantify the p53 protein present in cell samples.
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Figure 2.7: (a) Normal p53 triggering repair mechanisms when abnormal cells are discovered. (b)

Mutated p53 allows abnormal cells to continue growing resulting in cancerous cells (Rye et al.,,

2016).

DNA damage, hypoxia, and expression of oncoproteins (e.g. Myc and Ras) trigger the p53-

dependent apoptotic pathway. Subsequently, pro-apoptotic factors such as Bax are activated

while suppressing anti-apoptotic factors like Bcl-2 (Xu et al.,, 2019).

Intrinsic and extrinsic

stress signals can shift dormant p53 to an active form thereby promoting p53 accumulation in

a cell nucleus (Jan and Chaudhry, 2019). The main role of p53 is to stimulate apoptosis in a

transcription-dependent and transcription-independent approach. This function is performed

by transcription activation of pro-apoptotic Bcl-2 family proteins and transcription inhibition

of anti-apoptotic Bcl-2 family proteins. p53 also has the ability to interact directly with Bax

which in turn stimulates the release of cytochrome C by way of mitochondrial outer membrane

permeabilization (MOMP) and assists in initiating apoptosis (Jan and Chaudhry, 2019).
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p53 levels are usually low due to rapid degradation by ubiquitin-dependent proteolysis.
Increased p53 levels occur as a response to cellular stress and significant cell damage,
ultimately triggering apoptosis. The main cellular opponent of p53, murine double minute 2
(MDM2) oncogene, attaches to p53 and subsequently suppresses its activity as a transcription
factor. Peptides designed from the amino group of p53 were aimed to prevent interaction
between MDM2 and p53 thereby, inhibiting the swift degradation of p53 (Marqus et al.,
2017). The TIP peptide created from the N-terminal MDM2-binding domain region was shown
to hinder the interaction between p53 and MDM2. This resulted in accumulation of p53 in the

cells and stimulation of p53 transcription factor (Marqus et al., 2017).

Three peptides comprising 12 and 26 amino acid residues were synthesised from the MDMD2-
p53 domain: PNC-27, PNC-21, and PNC-28. These peptides showed in vitro cytotoxicity in
human metastatic colon adenocarcinoma cells, transformed rat brain capillary endothelial
cells, human cervical carcinoma, human metastatic breast carcinoma cells, human non-small cell
lung carcinoma and human osteosarcoma. However, they did not have a cytotoxic effect on

noncancerous cells such as rat pancreatic acinar cells (Marqus et al., 2017).

Cytotoxicity of PNC-27 was investigated in human breast cancer cell lines, namely, MDA-MB-
468 (mutant p53); MCF-7 (overexpressed wild type p53), and MDA-MB-157 (null p53).
Necrosis was induced in the three cell lines followed by cell lysis. In the null p53 cell line, K563,
treated with PNC-27 it was shown that the peptide caused pore formation in the membrane
thereby resulting in cell death (Marqus et al., 2017). Penetratin joined in the C terminal end
of PNC-28 induced necrosis in human pancreatic cell lines. PNC-28 on its own, allowed cells

to undergo apoptosis by deploying caspase-3 and -7 (Marqus et al., 2017).

2.10. Antioxidants

Cellular damage can be caused by an excessive amount of free radicals or oxidants in the
human body (Singh et al., 2014). Free radicals in the form of reactive oxygen species (ROS)
and reactive nitrogen species (RNS), are naturally created in the human body through
processes such as normal respiration (Olaguniju et al., 2018; Orona-Tamayo et al.,, 2018). In
some instances, free radicals are regarded as useful in cells for facilitating processes such as

cell proliferation, apoptosis, and defence against infections (Chahal et al.,, 2018; Orona-
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Tamayo et al., 2018; Chen et al., 2019). Under normal physiological conditions, cells control
ROS and RNS levels via scavenging systems (Chi et al., 2015). However, when cells undergo
oxidative stress, the production or accumulation of ROS and RNS has the ability to overload
antioxidant defences resulting in damage to cellular proteins, lipids, and DNA (Chi et al.,

2015).

Accumulation of ROS and RNS has the ability to trigger chronic illnesses such as hypertension,
cancer, cardiovascular disease and diabetes (Orona-Tamayo et al., 2018). Oxidative stress
in the human body performs the role of promoter rather than the initiator of chronic diseases
(Sarmadi and Ismail, 2010). The presence of free radicals in the body is attributed to
environmental (e.g. pollutants, heavy metals and UV radiation) and lifestyle (e.g. poor diet
and smoking) factors (Sarmadi and Ismail, 2010; Jahanbani et al., 2016). Although the human
body provides some defence against oxidative stress, it is still insufficient to fully protect the
body (Olaguniju et al., 2018). Diets rich in antioxidants are required to offer higher levels of
protection against oxidative stress and consequently, chronic diseases associated with ROS

(Chi et al., 2015; Olaguniju et al., 2018).

Synthetic and natural antioxidants are therefore required for the prevention of oxidative
stress. Although synthetic antioxidants have advantages such as cost-efficiency and efficacy,
they are also associated with toxic and hazardous effects. An example of a potentially
hazardous synthetic antioxidant is butylated hydroxytoluene (BHT) which is added to foods
as a preservative (Sarmadi and Ismail, 2010; Torres-Fuentes et al., 2015; Roy et al., 2021).
Although BHT shares some structural similarities to BHA (butylated hydroxyanisole) which has
shown potential toxigenic effects more research is required to substantiate claims as both BHT
and BHA are known additives within the food sector (Felter et al., 2021).

Natural antioxidants such as vitamins C and A as well as herbal and tea considered a safer
option as they are associated with little or no hazardous effects (Sarmadi and Ismail, 2010;
Torres-Fuentes et al., 2015; Roy et al., 2021). Studies have reported that the consumption of
fruits and vegetables can lower the risk of diseases related to oxidative stress as plants are
one of the leading natural sources of antioxidants (Torres-Fuentes et al., 2015). Plants are
also regarded as an abundant source of natural protein that may possess the ability to exert

antioxidant activity due to associated amino acids.
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Antioxidants are often used to supplement cancer treatment (Chahal et al., 2018). Oxidative
stress ensues when there is an imbalance between ROS being produced and the defence
antioxidants. The imbalance results in the overproduction of ROS thereby bringing about
oxidative stress causing inhibition of normal functioning of cellular lipids, proteins, DNA and
RNA being inhibited. Studies on application of natural antioxidant compounds for efficient
removal of free radicals are of growing interest (Gulcin, 2012). Defence mechanisms of
antioxidants are established by hydrogen-donating, electron-donating, metal-ion-chelating

and radial-scavenging abilities of the peptides (Matemu et al., 2021).

Amino acids from plants can act as metal chelating and hydrogen donors (Torres-Fuentes et
al., 2015). Control of oxidative stress can be a vital action in decreasing the progression of
illnesses and could be used to prevent complications that may arise (Sarmadi and Ismail,
2010). Peptides can be found in food sources that have high protein content (Paula et al.,
2020). Antioxidants are naturally present in legume seeds (Lépez-Cortez et al., 2016).
Legume proteins derived from soybean, chickpea, lentil, mung bean and cowpea have been

discovered as safer options than synthetic antioxidants (Matemu et al., 2021).

2.11. Antioxidant peptides

Antioxidant peptides from food sources are regarded as safe and healthy compounds.
Antioxidant peptides can be categorised as endogenous and exogenous peptides (Jakubczyk
et al.,, 2020; Wong et al., 2020). Endogenous peptides are naturally occurring in cells and
can exert cytoprotection through the detoxification of free radicals (Jakubczyk et al., 2020;
Wong et al, 2020). These include glutathione, carnosine, and human tripeptide GHK
(Jakubczyk et al., 2020; Wong et al., 2020).

Exogenous peptides are derived from food proteins which have undergone enzymatic
hydrolysis (Jakubczyk et al., 2020). Antioxidants from food usually have a lower molecular
weight, higher activity, and easier absorption (Sarmadi and Ismail, 2010). Enzymatic
hydrolysis of proteins results in the exposure of more active amino acid R groups resulting in
the higher antioxidant activity of a peptide compared to a protein (Singh et al., 2014; Wong

et al., 2020). The properties of a peptide are dependent on the amino acids present in its
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structure and hydrophobicity (Sarmadi and Ismail, 2010; Jakubczyk et al., 2020; Paula et al.,
2020).

Amino acids with antioxidative properties include tyrosine, tryptophan, methionine, lysine,
cysteine, and histidine (Sarmadi and Ismail, 2010; Wong et al., 2020). Aromatic amino acids
can donate protons to radicals that require an electron consequently providing the potential
to improve the radical scavenging activity of the amino acid (Sarmadi and Ismail, 2010).
Antioxidant peptides can be applied in food additives, health-promoting supplements, and
therapeutic agents with approximately 50 peptide drugs having already been developed
and marketed globally (Wong et al., 2020).

Antioxidant peptides derived from plant sources have also been studied in vitro using cellular
models and oxidative stress treatments (Wong et al., 2020). These studies assess a peptide's
capacity to reduce ROS, prevent oxidative stress and protect cellular redox balance (Wong
et al., 2020). Cancer cell lines hepatocarcinoma (HepG2), intestinal (Caco-2) and cervical

(Hela) have been used to analyse the effects of antioxidant peptides (Wong et al., 2020).

Soybean derived peptides, IYVVDLR and IYVFVR, showed a reduction in ROS generation in
a dose-dependent approach against hydrogen peroxide treated Caco-2 cells. The results are
in line with the ability of the peptides to improve cellular glutathione content and the activities

of catalase and glutathione peroxidase (Zhang et al., 2019).

2.12. Antioxidant activity assays

There are numerous methods for the determination of radical scavenging ability. Assays for
measuring antioxidant activity can be categorised into two groups namely, hydrogen atom
transfer (HAT) and single electron transfer (SET). HAT assays utilise a competitive reaction,
antioxidants and substrates contend for thermally created peroxyl radicals. The SET method
measures the capacity of an antioxidant in the reduction of an oxidant. It also behaves as the
probe for monitoring the reaction and indicator of the reaction endpoint (Sarmadi and Ismail,
2010). Several methods are therefore required to determine the mechanisms involved in free

radical scavenging capacity of a compound (Thumbrain et al., 2020).
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2.12.1. 2,2-dipheny-2-picrylhydrazyl Assay (DPPH)

The DPPH assay is rapid, simple, reliable and does not require any specialised equipment.
DPPH is a stable synthetic radical that does not deteriorate in water, methanol, or ethanol.
The DPPH free radical, at a maximum wavelength of 517 nm, can receive a hydrogen or an
electron easily from antioxidants. A DPPH radical made up in methanol is converted to DPPH-
H (diphenylhydrazine) molecules in the presence of an antioxidant agent. The resulting

discolouration of the DPPH demonstrates the radical scavenging activity (Aksoy et al., 201 3).

A study by Thumbrain et al. (2020) assessed protein isolates from cowpea cultivars where it
was found that the cultivars, Vegetable cowpea 3 (78.95%) and Embu buff (74.21%) had
comparable DPPH radical scavenging activity to the control, ascorbic acid (85.84%). In other
studies, Amaranthus cruentus protein isolates and hydrolysates showed that radical scavenging
activity increased after hydrolysis. Among the isolates, pepsin showed the lowest ICso value
of 23.06 ug/mL while trypsin showed the greatest of 34.41 ug/mL (Ramkisson et al., 2020).
Pigeon Pea isolate, and hydrolysates showed ECso values ranging between 0.91 and 2.44
mg/mL (Olagunju et al., 2018). The authors also reported higher activity on their fractions
suggesting that ultrafiliration improves DPPH radical scavenging activity (Olagunju et al.,
2018). The results observed by the authors indicate that hydrolysates and fractions derived

from legumes possess potent radical scavenging abilities.

2.12.2. Ferric Reducing Antioxidant Power Assay (FRAP)

FRAP, is a colourimetric assay that evaluates the capability of plasma to decrease the intense
blue ferric tripyridyltriazine complex to its ferrous form. The FRAP assay is simple, relatively
easy to use and inexpensive (Badarinath et al.,, 2010). In a study looking at antioxidant
capacity of protein hydrolysates, the ICso values of cowpea cultivars showed the following
results: Vegetable cowpea 3: 5.89; Vegetable cowpea 2: 3.22; Makhatini: 2.46; Embu buff:
1.71; Glenda: 1.13 and Ascorbic acid: 2.59 mg/mL.

The Glenda cultivar had the best activity indicated by the lowest ICs0 value (Thumbrain et al.,
2020). When compared with a known antioxidant, ascorbic acid, the cultivars proved to have

strong antioxidant potential.
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2.12.3. 2,2’azino-bis (3-ethylbenzothiazoline-6-sulfonic acid) Assay
(ABTS)

ABTS measures an antioxidant’s, hydrogen or electron donor, suppression of the radical cation
ABTS*+ based on single electron reduction of the reasonably stable radical cation ABTSe+
that was created by an oxidation reaction. When added to phosphate buffered saline (PBS)
medium that contains ABTSe+, the proteins in the hydrolysate and peptide fractions probably
acted as electron donors, altering this radical cation into the nonradical ABTS (Herndndez-
Ledesma and Hsieh, 2013). Walnut protein peptides showed decreased antioxidant activity
of the peptide fractions compared to the hydrolysate (Jahanbani et al., 2016). These results
show that smaller peptide fractions are not necessarily more potent that the hydrolysates. The
hydrolysate may cause a synergistic effect when exhibiting its radical scavenging abilities.
Bambara protein hydrolysates however showed superior antioxidant activity compared to the
isolate and glutathione (Arise, 201 6). Glutathione is a potent antioxidant, therefore the results
observed imply that the Bambara protein isolate would also be a potent antioxidant agent.
The authors of these studies have shown that hydrolysates have a high potential as radical

scavenging agents.

2.12.4. Superoxide radical scavenging activity

The superoxide radical is a toxic free radical that can be created through many biological
reactions (Olagunju et al,, 2018). In vivo, the superoxide radical has the capability to
encourage oxidative reactions because it can reduce transitional metals and react with
hydroxyl radicals subsequently causing damage to vital components in a cell (He et al., 201 3)
Bambara protein hydrolysates and peptide fractions showed lower superoxide radical
scavenging when compared to the standard, glutathione (Arise et al.,, 2016). Pigeon pea
ultrafiltration fractions showed improved radical scavenging over crude hydrolysates
(Olaguniju et al., 2018). It is vital to compare the protein isolates and hydrolysates with
known antioxidants such as ascorbic acid, gallic acid and glutathione to show the potential of
the sample. The Bambara hydrolysates proved to be less potent while the pigeon pea

ultrafiltration fractions were observed to be a good antioxidant agent.
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2.13. Amino acids and proteins

Amino acids are commonly referred to as building blocks of proteins. The basic structure
(Figure 2.8) consists of a carboxyl group (COO-) and an amino group (NH3") on either end of
the a-carbon atom and an ‘R’ group or side chain with the side chain giving the amino acid its

specific properties. These include whether the amino acid is acidic, basic, polar or nonpolar

(Yada, 2004; Buxbaum, 2007).

R
I

NH3+—(II— COO
H

Figure 2.8: General structure of an amino acid.

There are over 300 naturally occurring amino acids found in plants and animals however,
food proteins are composed of 20 amino acids (Yada, 2004). Amino acids are linked together
by peptide bonds developed between a-amino and a-carboxylic acid groups of adjacent

amino acids in the polypeptide sequence (Yada, 2004).

Proteins are a vital component of food and are essential for the functioning of the body
(Orona-Tamayo et al., 2018). They are a group of complex organic compounds, composed
of amino acids (Yada, 2004). Food proteins contain several biologically active peptides.
Peptides can make use of positive physiological reactions in the body, apart from the basic
nutritional roles of providing nitrogen and essential amino acids (Herndndez-Ledesma and
Hsieh, 2013). Legumes are regarded as a superior source of macronutrients when compared
to cereals due to their lower glycaemic indexes and fat, and higher protein, fibre, and

carbohydrate contents (Maphosa and Jideani, 2017).

2.14. Bioactive peptides
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Bioactive peptides are short-chain amino acid chains usually consisting of 20 to 50 amino acid
residues (Lopez-Barrios et al., 2014; Marqus et al.,, 2017; Avilés-Gaxiola et al., 2020).

When released from their parent protein, the bioactive potential of peptides have been shown
to become heightened (Korhonen and Pihlanto, 2006; Lopez-Barrios et al., 2014; Montoya-
Rodriguez et al.,, 2015; Daliri et al.,, 2017; Salampessy et al.,, 2017; Hsieh et al., 2020).
Peptides as therapeutic agents compared to proteins and antibodies hold many key
advantages. They are small, therefore able to penetrate the cell membrane and are easier
to synthesise. They also have a high affinity (the degree to which a substance tends to combine
with another), strong specificity for targets, lower toxicity (low/no accumulation in organs such
as kidneys or liver) and good penetrating ability of tissue (Herndndez-Ledesma and Hsieh,
201 3; Luna-Vital et al., 2015; Marqus et al.,, 2017; Avilés-Gaxiola et al., 2020; Thumbrain
et al.,, 2020). The toxicity of peptides is low as degradation would yield amino acids which

are innately used by cells (Avilés-Gaxiola et al., 2020).

The type of bioactive peptide released from an individual protein is reliant on factors such as
the main sequence of the parent protein together with specificity of the enzymes used to
produce the peptide (Herndndez-Ledesma and Hsieh, 2013; Chalamaiah et al.,, 2018).
Peptides composed of two or three residues have been reported to be useful after release
by proteolytic enzymes (Orona-Tamayo et al., 2018). Many biologically active peptides have
been determined through hydrolysis of plant proteins such as opioid, antihypertensive,
antioxidant, immunomodulatory or antimicrobial peptides (Herndndez-Ledesma and Hsieh,
201 3). Accurate characterisation of peptides is done by isolating and initial fractionation of
hydrolysates from the food source. Thereafter purification and characterisation with proteomic
techniques are essential in allocating the peptide to its specific bioactive properties (Kannan

et al., 2010).

Peptides that have been released due to hydrolysis are not the same as naturally occurring
bioactive peptides like endorphins because they are produced by proteolysis of the parent
food proteins (Udenigwe and Aluko, 2012). Bioactive peptides can play a role in broadening
the use of crops and animal products that exceeds their basic nutritional uses. Peptides could
then be incorporated into food products to provide additional health benefits (Udenigwe and

Aluko, 201 2). The bioactivity of a peptide against a targeted disease will depend upon the
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structure of the peptides such as chain length and physiological properties of the amino acid
residues (e.g., molecular charge, hydrophobicity, and side-chain bulkiness) (Udenigwe and
Aluko, 2012; Chalamaiah et al., 2018).

The group of amino acids from food-derived anticancer peptides are hydrophobic in nature.
Hydrophobic amino acids include proline, leucine, glycine, and alanine as well as one or more
residues of lysine, arginine, serine, glutamic acid, threonine, and tyrosine (Chalamaiah et al.,
2018). Hydrophobic amino acids are advantageous in anticancer studies as they can improve
interactions between anticancer peptides and the outer membrane bilayer of tumour cells,
resulting in better selectivity and stronger cytotoxic activity (Chalamaiah et al., 2018). The
selectivity and susceptibility of cells to rupture when treated with peptides can be determined
by the composition of cell membrane bilayers and the distribution of phospholipids
(Chalamaiah et al., 2018). In vitro and in vivo investigations have shown that many naturally
occurring compounds found in diets could potentially lower cancer risk and even sensitise

tumour cells against anticancer therapies.

2.14.1. Bioactive peptides from food proteins

Peptides derived from food proteins have gained popularity because of their added benefits
to human health (Korhonen and Pihlanto, 2006; Martinez-Leo et al., 2019). Milk, seafood,
and leguminous crops are some of the protein sources that have been reported to exhibit
bioactive potential (Girén-Calle et al., 2010; Chang et al., 2014; Lopez-Barrios et al., 2014;
Kamran and Reddy, 2018). Some of the reported biological activities possessed by peptides
include anticancer, antioxidant, antihypertensive, antidiabetic, antimicrobial and
antithrombotic activities (Lopez-Barrios et al., 2014; Rocha et al., 2014; Lépez-Cortez et al.,

2016).

Twelve peptides were identified from mung bean protein hydrolysates with significant
antioxidant ability (Sonklin et al., 2021). Sesame seed protein hydrolysed by pepsin and
pancreatin showed hydrolysed protein to have enhanced antioxidant abilities compared with
the unhydrolyzed protein isolate (Idowu et al., 2021). Maize peptides also demonstrated that
strong antioxidants assist in inhibiting cancer cell proliferation (Diaz-Gémez et al., 2017).
Peptides derived from oysters inhibited cell growth and showed apoptotic morphological

changes and oxidative DNA damage (Umayaparvathi et al, 2014). Rohu egg protein
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hydrolysates exhibited antiproliferative activity on colon cancer cell line, Caco-2 (Chalamaiah

et al., 2018).

2.14.2. Bioactive peptides from legumes

For centuries, legume crops have been a staple food in many developing countries. These
crops are cost-effective, easily adaptable and a source of both protein and calories to the
consumer (Lopez-Barrios et al., 2014). Studies have observed that populations that consume
a larger amount of legumes in their diets have a decreased incidence of certain cancers
(Carbonaro et al., 2015). Soy, chickpea, cowpea, and lentils are some common legumes that
have been researched for their bioactive potential (Kamran and Reddy, 2018). Soy protein
that was hydrolysed by alcalase showed inhibition of liver, lung, and colon cancer cells

(Chatterjee et al., 2018).

2.14.3. Mechanism of action of legume derived peptides

In essence, effective alternate therapies should target cancer cells without causing excessive
harm to healthy cells (Huang et al., 2011). Positively charged peptide membranes interact
with the negatively charged membranes of cancer cells subsequently destroying them by
micelle formation. Healthy cells should not be affected by peptides as they are neutrally

charged (Barari et al., 2017; Avilés-Gaxiola et al., 2020; Sharma et al., 2020).

The anticancer potential of a peptide is also reliant on its amino acid sequences (Avilés-
Gaxiola et al., 2020). Peptides with hydrophobic amino acids interact intracellularly as they
are soluble across cancer cell membranes. Additionally, aromatic and negatively charged

amino acids can aid peptides in the penetration of cancer cells (Avilés-Gaxiola et al., 2020).

2.14.4. Current Status of Bioactive Peptides Studies

Most in vifro studies assess cytotoxicity using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
2H-tetrazolium bromide (MTT) assay. Cell morphology is also a tool used for visually depicting
the cell, with dyes such as ethidium bromide, Hoechst and DAPI stains allowing for cells to be
viewed under a microscope. The mechanisms of apoptosis such as Annexin V-PI, caspases-3, -

7 and/or -9 and p53 can also be quantified. Outlined in Table 2.2 are some of the recent
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studies associated with the inhibition of cancer cells using proteins/ peptides from different
leguminous sources. In a study by Thumbrain et al. (2020), protein isolate derived from
cowpea was shown to inhibit A549 and MCF-7 cancerous cell lines while minimally affecting
the healthy HEK293 cell line. The isolate induced apoptosis was supported by caspase 3/7,
Annexin-V FITC and morphology. Amaranthus cruentus hydrolysates were also able to induce
apoptosis on A549, MCF-7 and HEK293 (Ramkisson et al., 2020). Amaranthus mantegazzianus
isolates, MW>3 kDa (MPIl) and MW<3 kDa (MPI-UF) were able to inhibit MC3T3-E1,
UMR106, Caco-2, TC7 cells (Barrio and Anon, 2010).
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Table 2.2: Current studies on the apoptotic activity of protein isolates and peptides from legumes

Source Cell lines Evidence Reference
Cytotoxicity (MTT) exhibited consistent inhibition (ICs0) on A549 (245.6 [g/mL) and MCF-7 (16.63 jg/mL) while having the
least harmful effect on HEK293 (317.90 ug/mL).
Cell morphology (acridine orange staining). Untreated controls appeared well-shaped while treated cells appeared
rounded. Necrotic cells were not observed.
Cowpea (Vigna HEK293,  Annexin-V FITC by flow cytometry. Camptothecin was effective against MCF-7 cells due to the lowered apoptotic activity .
- .. . . . - (Thumbrain et
anguicuilata) var. A549, however toxicity to normal cells is a primary reason for alternative treatments. Embu buff isolate proved to have a better effect al., 2020)
Embu buff isolate MCF-7 on MCF-7 cells rather than A549 cells. N
Caspase 3/7 activity by fluorescence spectrophotometry. Normal cells (HEK293) showed a higher caspase 3/7 activation
as compared to cancerous cells (MCF-7 and A549). The disproportionality of normal cells being sensitive to change in growth
parameters resulting in cells being stressed while cancerous cells are more resistant to change. Embu buff isolates possess
anticancer activity on cancerous cells and a protective effect on normal cells.
Cytotoxicity (MTT). ICso of MCF-7 cells treated with Isolate (3.55 pg/mlL), alcalase hydrolysate (965.50 pg/mL), Trypsin
hydrolysate (3.87 pg/mL), pepsin hydrolysate (173 pg/mlL) and camptothecin (9.35 pg/mL). A549 cells treated with Trypsin
hydrolysate ICso of 14.10 ug/mL and camptothecin 304.9 pg/mL. ICso of HEK293 cells treated with isolate (8.57 pg/mL),
Amaranfl}us HEK293,  glcalase hydrolysate (11.07 tg/mL) Camptothecin (9.10 pg/mL). (Ramkisson et
cruentus isolate A549, Annexin-V FITC by flow cytometry. The majority of untreated cells were alive. Cells treated with the isolate and trypsin ) 2020)
and hydrolysates MCF-7 hydrolysate showed an increase in early apoptotic (cells are apoptotic but still alive) and late apoptotic cells (dead cells). N
Trypsin hydrolysate treated MCF-7 (38.5%) and A549 (28.7%) during early apoptosis.
Caspase 3/7 activity by fluorescence spectrophotometry. Higher caspase activity was exhibited by the isolate and trypsin
hydrolysate when compared to the control, camptothecin. HEK293 cells showed greater sensitivity to environmental changes.
Cell proliferation (crystal-violet bioassay). MPI and MPI-UF treated cells revealed an antiproliferative effect on both cell
lines. However, growth inhibition was shown to be greater with UMR106 cells (ICs0 1.0 mg/mL) compared to MC3T3-E1 cells
Amaranthus (ICs0 2.5 mg/mL). Caco-2 and TC7 cells treated with MPI showed ICso of 1.5 and 2.5 mg/mL, respectively.
. MC3T3-  Cell morphology (Giemsa staining). UMR106 cells treated with MPl appeared as multilateral morphology with well-stained
mantegazzianus . . . .. . . .
. E1, irregular-shaped nuclei and a well-defined vacuole-containing cytoplasm before incubation. After 24 h, condensation was .
isolates, MW > 3 R . . X (Barrio and
kDa (MPI) and UMR106, noted MPI at 1 mf‘y/mL. At 2 rng/mL, cells appeared to be undergoing apoptosis due to the observation of cellular pykonosis, Anon, 2010)
MW <3 kDa Caco-2, frqg.:jnje.nted nuclei and u.ndeflned cell borders.
(MPI-UF) TC7 Inhibition of cell adhesion (PROBIT). UMR106 cells treated with MPI showed 50% inhibition at a 0.5 mg/mL concentration.
Annexin-V Pl and LDH. Lactose dehydrogenase (LDH) activity was increased as the MPI concentration increased (up to 7-fold
at 2 mg/mL). Annexin-V Pl labelled cells treated with MPI showed an increase in apoptotic cells as the concentration increased
(up to 5-fold at 2 mg/mL)
Soybean (SB),
Black soybean SKOV3
(BSP), Adzuki SMMC-, Cell proliferation (MTT). SKOV3 cell-treated SP, BSP, ABP, and MBP showed ICso values 431.0, 327.9, 720.4, and 505.1 (Chen et al.,
bean (ABP), and 7791 pg/mL, respectively. SMMC-7721 cells treated with isolates were 143.5, 88.9, 391.0, and 323.6 pug/mL, respectively. 2017)

mung bean
(MBP) isolates
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2.15.Protein and Peptide isolation, purification, and identification
2.15.1. Protein extraction

Plant proteins are extracted through methods such as isoelectric precipitation, salt
extraction and acid/ alkaline extraction-isoelectric precipitation (IEP). Acid/ alkaline
extraction-isoelectric precipitation (IEP) employs acidic or alkaline conditions to dissolve
proteins followed by isoelectric precipitation (Han and Hamaker, 2002). Isoelectric
precipitation is a widely used protocol where plant proteins are solubilised at alkaline pH
conditions (pH 8-10) and thereafter precipitated at isoelectric point (pH 3-5) (Wong et
al.,, 2020). Water and salt extraction methods are based upon ionic strength to dissolve
and fractionate storage proteins, albumin, and globulin (Boye et al., 2010). Once proteins
are isolated, hydrolysis is carried out to break amino acid bonds and liberate peptide

sequences.

2.15.2. Enzyme hydrolysis

Controlled enzymic hydrolysis is one of the common methods employed for the release of
peptides from their parent protein (Rayaprolu et al.,, 2017; Jakubczyk et al., 2020; Wong
et al., 2020). Microbial fermentation, food processing and chemical synthesis are
alternative methods (Jakubczyk et al., 2020; Yeo and Shahidi, 2021). Proteases, alcalase,
flavourzyme, pepsin, trypsin and pancreatin are enzymes commonly used for hydrolysis
(Wong et al., 2020; Quintal-Bojérquez and Segura-Campos, 2021). They can be utilised
both individually or in combination, depending on the type of peptides required
(Herndndez-Ledesma and Hsieh, 2013; Wong et al., 2020; Yeo and Shahidi, 2021).

Hydrolysis requires appropriate reaction conditions such as time, temperature and
enzyme-substrate ratio for peptide chains to be adequately released from their parent
protein (Yeo and Shahidi, 2021). Shorter chain peptides can be obtained by longer
cleavage times and the use of broad-spectrum proteases. Shorter chained peptides are
favoured as they hold many advantages such as inexpensive synthesis, ease of
modification and superior bioactivity, selectivity, and specificity (Apostolopoulos et al.,
2021). However, a drawback of enzyme hydrolysis is that peptide sequences and sizes
can differ even when the same protease is used (Tacias-Pascacio et al., 2020). Therefore
the potential of bioactive peptides is dependent on amino acid sequence and peptide

length (Karami and Akbari-adergani, 2019; Yaghoubzadeh et al., 2020).
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Alcalase, produced from Bacillus licheniformis, is a broad-spectrum protease thereby
hydrolysing most peptide bonds. However, preference is given to aromatic and
hydrophobic amino acids like phenylalanine, tyrosine, tryptophan, leucine, isoleucine,
valine and methionine (Herndndez-Ledesma and Hsieh, 2013; Olagunju et al.,, 2018).
Flavourzyme, a fungal protease complex, also has broad-spectrum specificity (Herndndez-

Ledesma and Hsieh, 201 3).

Pepsin hydrolyses peptide bonds with hydrophobic amino acid residues, particularly
aromatic amino acid residues such as phenylalanine, tryptophan, and tyrosine. During
hydrolysis, bonds are cleaved, releasing the bioactive hydrophobic peptides veiled within
the inner core of the protein (Chalamaiah et al.,, 2018; Taniya et al., 2020). Trypsin
cleaves proteins at the C-terminal of the amino acids lysine and arginine (Luna-Vital et al.,
2015). Pancreatin is a serine protease released by the pancreas in the small intestine such

as trypsin, chymotrypsin, and elastase (Olaguniju et al., 2018).

The resultant peptides are reported to be unaffected by pancreatin thereby suggesting
that they could be absorbed by digestive epithelial cells in the small intestine (Herndndez-
Ledesma and Hsieh, 2013). Peptides achieved from hydrolysis can be purified and
identified by techniques such as selective protein precipitation, membrane filtration, ion
exchange, gel filtration and liquid chromatography (Herndndez-Ledesma and Hsieh,

2013).

2.15.3. Purification and identification

Identification of peptide structure and amino acid sequence can give valuable insight into
their functional properties (Rayaprolu et al., 2017). Analytical separation and purification
techniques can be used to distinguish important biological modulators (Rayaprolu et al.,
2017). Separation techniques like microfiltration, ultrafiltration, nanofiltration and reverse
osmosis are used to separate peptides according to defined molecular weight ranges
(Rayaprolu et al., 2017; Wong et al., 2020; Yeo and Shahidi, 2021). Reverse Phase High
Performance Liquid Chromatography (RP-HPLC) with ion exchange, size exclusion or gel
filtration chromatography can be utilised for peptide purification (Lopez-Barrios et al.,

2014; Singh et al., 2014; Li-Chan, 2015; Rayaprolu et al.,, 2017; Wong et al., 2020).
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RP-HPLC can «also be wused for fractionating peptides based on their
hydrophilic/hydrophobic properties (Yeo and Shahidi, 2021). However, the most efficient
method for determining peptide purity is liquid chromatography coupled with mass
spectrometry (LC-MS) (Rayaprolu et al.,, 2017). lonisation techniques can also be
employed, electrospray and matrix-assisted laser desorption/ionisation (MALDI) can be
used to determine the purity of pure peptides and fragmenting patterns (Lopez-Barrios et
al,, 2014; Singh et al.,, 2014; Li-Chan, 2015; Rayaprolu et al., 2017; Matemu et al,,
2021). Low selectivity when separating biomolecules of similar sizes or properties creates

a challenge when purifying peptides (Wong et al., 2020).

2.16. Legumes

Globally, 33% of dietary plant proteins are provided by leguminous crops (Matemu et
al.,, 2021). Legumes are characterised by edible seeds grown in pods (Lépez-Cortez et
al., 2016). The crop is cost-effective, easily adaptable and a source of both protein and
calories for the consumer (Lopez-Barrios et al.,, 2014; Lépez-Cortez et al.,, 2016). The
average protein content of legumes ranges between 20 to 40% protein in dry weight
while cereals contain 10-15% (Lopez-Barrios et al.,, 2014; Erbersdobler et al., 2017;
Matemu et al., 2021). In the modern world, food is not just a means of calories. Healthy
diets have a part in the prevention of diseases (Orona-Tamayo et al.,, 2018). A German
clinical study assessed the effect of diabetes and the consumption levels of legumes such
as lentils, peas, beans, and chickpeas. The group that consumed a legume-rich diet had a
lower incidence of diabetes (Erbersdobler et al., 2017). Proteins derived from legumes
can counteract the oxidative effects of free radicals (Lopez-Cortez et al., 2016).

The growing world population calls for more plant-derived proteins (Erbersdobler et al.,
2017). Plant-based proteins are an alternative to animal proteins which assist with food

insecurity because of the increasing world population.

2.17. Lablab purpureus

Lablab purpureus commonly known as lablab, hyacinth bean, bonavist, Pharao, shink or
Indian bean is a drought-tolerant leguminous crop (Subagio, 2006; Naiker et al., 2020q¢;
Roy et al.,, 2021). Consumed for thousands of years, the crop is mostly cultivated in the
Middle East, Asia, Africa, Europe and North and South America (Subagio, 2006). In
Bangladesh, the crop is the third most cultivated legume with cultivated lands spanning

48 000 ha (Maass et al.,, 2010). Lablab purpureus is a climbing herbaceous plant that
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grows 3-6 m in height. Seeds are white, dark brown or black in colour and oval-shaped

(Figure 2.9).

Pod

Figure 2.9: Lablab purpureus plant [A] (Vaijayanthi and Chandrakant, 2019) and seed [B]
(Feedipedia, 2016).

2.17.1.  Nutritional profile of Lablab purpureus

The legume is regarded as a suitable source of functional protein, containing 18-25%
protein. The legume is also comprised of 54-63% carbohydrates and 1.1% lipids (Roy et
al.,, 2021). Lablab purpureus has a good balance of amino acids, particularly, lysine and
leucine (Subagio, 2006). A study by Naiker et al. (2020b), reported L. purpureus protein
isolates contained relatively higher amounts of the essential amino acids leucine,
phenylalanine and valine (10.20, 6.26 and 4.69 g/100 g respectively), all of which are
hydrophobic amino acids. This crop is regarded as a suitable source of edible protein
because of its amino acid composition and enhanced level of protein bioavailability (Roy

et al.,, 2021).

2.17.2. Uses of Lablab purpureus

Lablab purpureus can be described as a multipurpose legume as all of its components are
consumed. The undeveloped seeds, pods and young leaves are consumed as vegetables
(Subagio, 2006; Hossain et al.,, 2016). As an additive, the protein isolate has been used
to improve the quality of cakes (Subagio and Morita, 2008). Lablab purpureus has been
used traditionally for its medicinal properties. Therapeutic analysis has highlighted
phytochemical, antibiotic and flavonoid abilities on various human diseases (Naeem et al.,

2020). However, little attention has been given to the nutraceutical and pharmaceutical

37



abilities of protein isolates and peptides derived from the crop (Hossain et al., 2016; Roy
et al, 2021). Genistein flavonoid has shown potential in cancer prevention
(Umayaparvathi et al., 2014). While, Verma and Singh (2020) studied the apoptotic cell
death pathway, mitochondrial membrane potential and expression levels of apoptosis
inducing proteins of extracted phytochemicals. Morris (2009) showed vitamin C
concentrations of extracted phytochemicals to reach 1063 ppm. Roy et al. (2021)
reported greater radical scavenging ability in the L. purpureus protein hydrolysate

compared to the flour.
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Chapter 3: In vitro antioxidant and apoptotic activity of Lablab purpureus

(L.) Sweet isolate and hydrolysates

Abstract

Cancer is a disease that invades the lives of millions of people each year. Chemotherapy
is currently the most effective treatment however resulting in many adverse effects on the
human body. Alternative treatments are being explored to overcome this obstacle.
Peptides that possess radical scavenging activity and bioactive properties can be
advantageous in the prevention and treatment of chronic diseases. In this study, Lablab
purpureus isolate and its hydrolysates (trypsin, pepsin and alcalase) were analysed for
radical scavenging potential (DPPH, ABTS, superoxide radical scavenging and FRAP) and
antiproliferative activity. Antiproliferative activity was confirmed with the peptides' ability
to induce apoptosis (Caspase 3/7 activity and Annexin V-Pl). The lowest inhibitory
concentrations (ICso) for DPPH, ABTS and Superoxide radical scavenging ranged between
1.81-4.47, 1.73-2.42 and 1.36-4.41 mg/mL, respectively. FRAP ranged from 19.20 to
21.94 mg/mL. Generally, it is considered that a good antioxidant encompasses
antiproliferative potential. Cell lines, A549, MCF-7 and HEK293, treated with pepsin
hydrolysate showed (ICs0 values of 119.6, 9.80 and 13.86 Ug/mL). The isolate and pepsin
were chosen for apoptotic studies. The pepsin hydrolysate showed the highest inhibition in
the cancerous cell lines (A549 and MCF-7) without greatly affecting normal cells (HEK293),
and the isolate was selected for comparative analysis. Annexin V-PI staining showed cells
in different stages of apoptosis (cells during early apoptosis; A549, 42%; MCF-7, 17%;
HEK293, 34%). Caspase 3/7 assay demonstrated that the peptide causes an increase in
caspase activity. Peptides have the potential to act as chemopreventative agents due to

their antioxidant and apoptotic abilities.

Practical application

Bioactive peptides derived from the hydrolysis of Lablab purpureus protein induces
apoptosis in cancer cells. Peptides can target cancer cells due to their small size thereby
allowing them to enter the cell and trigger apoptosis serving as an effective
antiproliferative agent capable of inducing apoptosis in cancer cells while leaving healthy

cells relatively unharmed.

Keywords

Lablab purpureus, apoptosis, antioxidants, caspase activity
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3.1. Introduction

The World Health Organisation (WHQ) reports that cancer cases will rise from 14 million
in 2012 to 22 million within two decades (Chalamaiah et al., 2018, Sharma et al., 2020).
Chemotherapy is still regarded as the most effective treatment for cancers even though it
is costly and has many unavoidable side effects (Chen et al., 2019). Antioxidants can be
described as an agent that can protect cells from the damaging effects caused by free
radicals. Free radicals are natural by-products of cell metabolism, ageing and
environmental factors (Badarinath et al,, 2010, Jahanbani et al.,, 2016). Diets rich in
antioxidants have been reported to reduce the risk of many developing diseases
(Jahanbani et al., 2016, Chen et al., 2019). Legumes with high antioxidant potential like;
Phaseolus vulgaris L. (common beans), Glycine max (L.) Merr. Fabaceae (Soybean) and
Phaseolus lunatus L. (Lima beans) have been reported to be beneficial in inhibiting cancers

(Lopez-Cortez et al., 2016; Guleria et al., 2020).

Cancer can be triggered or catalysed by the presence of free radicals; therefore,
antioxidants can be useful in the prevention and treatment of cancer (Athreya and Xavier,
2017, Chi et al.,, 2015). An effective antiproliferative agent should be able to induce
apoptosis in cancerous cells while leaving healthy cells relatively unharmed. Apoptosis in
multicellular organisms is demarcated as the process of programmed cell death (Wang et
al., 2012). Effector caspases (caspase 3/7) are responsible for morphological and
biochemical changes during the degradation phase of apoptosis (Brentnall et al., 2013).
Alternative treatments from natural sources such as food proteins could provide a better

option to induce apoptosis and treat cancer cells efficiently.

Legumes have been regarded as a significant source of plant-based protein, containing
between 20-40% protein in dry weight (Erbersdobler et al.,, 2017, Lopez-Barrios et al.,
2014). Apart from being a cost-effective and adaptable crop, in recent years, legumes
have been utilised for more than their nutritional benefits (Lopez-Barrios et al., 2014).
Legume proteins and peptides have been studied for their effects against chronic diseases
such as diabetes, inflammation, hypertension, and cancer (Barnes et al., 2015,
Erbersdobler et al., 2017, Korhonen and Pihlanto, 2006). Numerous reports specify that
diets rich in legume crops are correlated with lower cancer mortality rates (Duranti, 2006;

Sdénchez-Chino et al., 2015).
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Proteins and peptides from legume sources such as soybean and black Jamapa bean have
been reported by Torres-Fuentes et al. (2015) and Carrasco-Castilla et al. (2012), to
have potent antioxidant capacity. Soybean peptides have been reported to have
approximately 3 - 5 times more antioxidant activity as compared to the parent protein
(Kamran and Reddy, 2018). The authors isolated and characterized a novel anticancer
pentapeptide derived from rice bran hydrolysate. The peptide is resistant to
gastrointestinal juices and possesses inhibitory properties on colon, breast, lung, and liver
cancer cell lines. Peptides are specific protein fragments that are inactive within the
sequence of the parent protein (Herndndez-Ledesma and Hsieh, 2013, Udenigwe and
Aluko, 2012). These peptides can be liberated from the parent proteins by fermentation,
food processing and enzyme hydrolysis (Udenigwe and Aluko, 2012). Girén-Calle et al.
(2010) assessed peptides derived from chickpea hydrolysed by pepsin and pancreatin.

The hydrolysates inhibited colon and leukaemia cell lines.

Lablab purpureus also referred to as hyacinth bean or Lablab is regarded as an
adaptable and drought-tolerant crop that grows throughout the year. This legume contains
between 18-25% protein (Hossain et al.,, 2016, Subagio, 2006). Lablab is regarded as
a rich source of essential amino acids, particularly lysine and leucine (Hossain et al., 2016).
There is continuous interest in peptides for their use as nutraceuticals, particularly in cancer
therapy (Chen et al., 2019). The protein content and under-utilisation of Lablab would
make this a suitable source for peptides. Therefore, this study aimed to determine the
antioxidant effects of L. purpureus isolate and hydrolysates. It is generally considered that
a good antioxidant encompasses antiproliferative potential. Hence, this study also
assessed the antiproliferative effect of the isolate as well as the hydrolysate on cancerous

and non-cancerous cell lines.

3.2. Materials and Methods
3.2.1. Sample preparation

Lablab purpureus seeds were collected in Durban, Kwazulu Natal, South Africa. Lablab
purpureus seeds were soaked in water (16-20 h), dehulled and dried for 20 h at 50°C.
Seeds were milled into flour and sieved through a 180 PUm sieve and then defatted with
hexane at a ratio of 1:5 (flour: hexane; w/v). The defatted flour was stored in a cool, dry

environment until required for analysis.
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3.2.2. Protein extraction

Protein was extracted according to the method of He et al. (2013) with minor
modifications. Briefly, defatted flour was reconstituted in distilled water (1:5; w/v) and
the pH was adjusted to pH 10. The solution was stirred for 2 h at 37°C and centrifuged
at 10 000 x g for 45 min (Eppendorf, AG, Germany). Thereafter the supernatant was
adijusted to pH 5 (pellet discarded) and centrifuged at 10 000 x g for 45 min (Eppendorf,
AG, Germany). The supernatant was discarded, and the pellet was resuspended in
distilled water. Finally, the pH was adjusted to pH 7 and the protein extract was freeze-

dried.

3.2.3. Preparation of protein hydrolysates

Protein hydrolysates were prepared using the method of Tang et al. (2009) with some
modifications. Three proteases were used; pepsin (Sigma Aldrich - 561 U/mg): 37°C; pH
2, alcalase (Sigma Aldrich - > 0.75 U/mL): 50°C; pH 8 and trypsin (Sigma Aldrich -
13 000-20 000 BAEE U/mg): 37°C; pH 8. The substrate was prepared by reconstituting
protein isolates in distilled water (1:20; w/v). For all reactions, enzymes were added at
5% of the substrate ratio on dry basis. Each substrate was incubated for 4 h, with the pH
monitored regularly and adjusted when required. Thereafter, the substrate was heated at
100°C for 10 min, to stop the reaction, and subsequently cooled on ice to 37°C and

centrifuged (10 000 x g for 30 min) with the supernatant then freeze dried.

3.2.4. SDS-PAGE

The SDS-PAGE of L. purpureus isolate and hydrolysates were analysed according to
Invitrogen (2010) under reducing conditions. Novex™ Bolt Bis-Tris gels were used with the

Invitrogen Mini Gel tank under a constant voltage (200 V).

3.2.5. Antioxidant potential
3.2.5.1. DPPH (2,2-diphenyl-1-picrylhydrazyl) radical scavenging assay

DPPH radical scavenging assay was done according to the method of He et al. (2013)
with modifications. Samples were prepared in distilled water containing 1% triton X-100
(1-5 mg/mL). Briefly, 100 UL of DPPH (100 UM) was added to 100 L of the sample in
96-well plate.
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The plate was then incubated in the dark for 30 min and the absorbance read at 517 nm
(Multiscan Go, Thermo Scientific, USA) using glutathione as the positive control with the
blank containing distilled water and DPPH. The free radical scavenging capacity was

calculated using the following equation:

Absorbance (blank)—Absorbance (sample)
Absorbance (blank)

Radical Scavenging activity =

3.2.5.2. ABTS (2,2’-azino-bis (3-ethylbenzothiazoline-6-sulphonic acid) radical scavenging

assay

The ABTS radical scavenging assay was conducted according to the method of Lee et al.
(2015) with modifications. Briefly, 7 mM ABTS and 2.45 mM potassium persulfate were
combined in a ratio of 1:1 (v/v) and stirred for 16-20 h under dark conditions. The ABTS
stock solution was diluted with 10 mM potassium phosphate buffer (pH 7.4) to an
absorbance of 0.700+0.020 (734 nm). Thereafter, 100 UL ABTS reagent was added to
100 YL of sample (1-5 mg/mL) in a 96-well plate and incubated at 30°C for 4 min. The
absorbance was read at 734 nm (Multiscan Go, Thermo Scientific, USA). The positive
control was glutathione and buffer was used as the blank. The scavenging capacity was

calculated using the following formula:

Absorbance (blank)—Absorbance (sample)
Absorbance (blank)

Scavenging capacity =

3.2.5.3. Superoxide radical scavenging assay

The superoxide radical scavenging activity was assessed using the method of He et al.
(201 3) with modifications. The samples and standards (1-5 mg/mL) were prepared in 0.1
M NaOH. Briefly, 80 PL of 50 mM Tris-HCI (pH 8.3) containing 1 mM EDTA was added to
80 L of the sample. Thereafter, 40 UL of 1.5 mM pyrogallol prepared in 10 mM HCI
was added and the absorbance read at 420 nm (Multiscan Go, Thermo Scientific, USA)
within 4 min using glutathione as the positive control and 50 mM Tris-HCI as the blank.

Scavenging capacity was calculated using the following formula:

AADbScontrot—AAbSsampie %

Superoxide radical scavenging activty (%) = A bs
control
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3.2.5.4. Ferric Reducing Ability of Plasma (FRAP) assay

The FRAP assay was conducted according to the method of Benzie and Strain (1996) with
modifications. The FRAP reagent was prepared by combining 300 mM acetate buffer, 10
mM TPTZ prepared in 40 mM HCl and 20 mM ferrous chloride in a ratio of 10:1:1 (v/v/v).
Briefly, 3 mL of FRAP reagent was added to 100 WL of the sample (1-5 mg/mL) and
incubated at 37°C for 4 min. The absorbance was then read at 593 nm (Multiscan Go,
Thermo Scientific, USA) at O and 4 min respectively. The FRAP value was determined by

an iron sulphate standard curve with glutathione as the positive control.

3.2.6. Cell culture

The cells of human embryonic kidney (HEK293 - P10), breast cancer (MCF-7 - P9) and
human lung cancer (A549 - P10) were obtained from the Department of Human Physiology
at the University of KwaZulu-Natal, Westville campus. The cells were grown at 37°C, 5%
CO:2 in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% foetal bovine serum

(FBS) and antibiotics (penicillin; 10 000 U/mL and streptomycin sulphate; 10 000 U/mL).

3.2.6.1. Cytotoxicity

Cytotoxicity was determined by the 3-(4,5 dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) assay (Dwarka et al., 2017). Briefly, cells (1x10¢ cells/mL) in 50 JL DMEM
were seeded in a 96-well flat bottom plate and incubated for 24 h at 37°C, 5% CO..
Cells were then treated with 50 UL of isolate and hydrolysates prepared in 5% DMSO
(1000-7.8 ug/mL) and incubated for 24 h. Camptothecin was used as the positive control
with the negative control containing untreated cells. A 20 PL aliquot of MTT (5 mg/mL)
solution prepared in PBS was added to the cells and incubated for 4 h at 37°C, after
which, 100 YL of DMSO was added to solubilise the formazan salt formed. The
absorbance was read at 570 nm on a microplate spectrophotometer (Multiscan Go,
Thermo Scientific, USA) and percentage viability was determined using the following

formula:

Absorbance of treated cells

% Cell viability =

Absorbance of untreated cells
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3.2.6.2. Annexin V-PI

The FITC Annexin V apoptosis detection kit 1l (BD Bioscience) assay was conducted
according to the manufacturer’s specifications. Briefly, cells were seeded into a 24-well
flat bottom plate (1x10° cells/mL) and incubated overnight to adhere. Cells were then
treated with 100 UL of isolate (ICs0 of 255.0, 31.5 and 49.0 for A549, MCF-7 and
HEK293 respectively) and pepsin (ICso0 of 119.6, 9.8 and 13.9) for each of the cell lines.
Camptothecin was used as the positive control. After 24 h, cells were trypsinised and
centrifuged to obtain a pellet. Cells were then resuspended in 100 [L of 1X binding buffer.
Thereafter, 5 UL of FITC Annexin V and 5 UL Pl were added and incubated for 15 min at
25°C in the dark. Finally, 400 L of 1X Binding buffer was added. Samples were analysed
using flow cytometry (BD FACSAria ll, BD Bioscience) within 1 h.

3.2.6.3. Caspase-Glo 3/7 assay

The Caspase-Glo 3/7 kit [Promega Corporation (2019) Cat no. G8090] was used to
determine the presence of caspase 3/7 with the assay conducted according to the
manufacturer’s protocol. Cells were seeded (1x10¢ cells/mL) and incubated for 24 h. Cells
were then treated with isolate (ICso of 255.0, 31.5 and 49.0 for A549, MCF-7 and
HEK293 respectively and pepsin (ICs0 of 119.6, 9.8 and 13.9) for each of the cell lines
respectively). For the reaction, 100 L of Caspase-Glo reagent was added and incubated
for 1 h. The blank contained 5% DMSO and DMEM while the negative control contained
treated cells and the positive control was camptothecin. Samples were analysed using a

fluorescence spectrophotometer (GloMax, Promegal).

3.2.7. Statistical analysis

Results were analysed by ANOVA (Graph Pad Prism software, San Diego, CA, USA). All
analysis was done in triplicate and mean * standard deviation was calculated. ICs0 was
also calculated using Graph Pad Prism. The lower the ICs0 concentration on the cancerous

cells, the more potent the isolate is as a therapeutic agent.
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3.3. Results and Discussion
3.3.1. SDS-PAGE

Lablab purpureus isolate and hydrolysates ranged between 198 and 14 kDa (Figure 3.1)
with the SDS-PAGE result confirming that samples were hydrolysed. Naiker et al. (2020b)
assessed L. purpureus isolates and reported bands between 200 and 24 kDa with
dominant bands at approximately 55 kDA. These findings were consistent with the proteins

that were hydrolysed in this study.

198 kDA

98 kDA

62 kDA

49 kDA

38 kDA

28 kDA

17 kDA

14 kDA

6 kDA

Figure 3.1: SDS-PAGE of Lablab purpureus isolate and hydrolysates under reducing
conditions. Lane M-Molecular weight marker, 1-Isolate, 2-Pepsin hydrolysate, 3-Trypsin

hydrolysate and 4-Alcalase hydrolysate.

3.3.2. Antioxidant activity

The inhibitory concentration (ICso0) of DPPH, ABTS and superoxide radical scavenging
activities of L. purpureus isolate and hydrolysate are shown in Table 3.1. ICso values
indicate the lowest inhibitory concentration of the samples. The DPPH radical scavenging
activity showed that the isolate has the lowest ICs0 (1.81 mg/mL) which was significantly

different (p<0.05) to the hydrolysates.

46



Glutathione, a known antioxidant was 1.8-fold greater than the isolate. ICs0 of
hydrolysates ranged between 2.76-4.47 mg/mL. Lablab purpureus isolate was similar in
comparison with the radical scavenging activity of soybean protein (ICs50 2.11 mg/mL) and
mung bean protein (ICso 1.47 mg/mL) (Chen et al., 2017). The DPPH assay favoured the
isolate which contradicts most studies that have found that hydrolysates have higher
antioxidant activity while the ABTS assay showed greater activity in the hydrolysates
(Singh, 2011; Ramkisson et al.,, 2020). This could be attributed to the mechanisms
employed by each assay. Therefore, their radical scavenging capabilities could be
different (Thumbrain et al.,, 2020). The ABTS radical scavenging activity resulted in 1Cso
for L. purpureus isolate and hydrolysates ranging from 1.73-2.42 mg/mL. The pepsin and
alcalase hydrolysates had higher activity with ICso values of 1.73 mg/mL and 1.72 mg/mL
respectively, as compared to the isolate (ICso 2.03 mg/mL). When compared to
glutathione, the samples showed greater antioxidant potential (2.6-3.7-fold greater).
Similar findings were reported by a study conducted on Bambara groundnut (Arise et al.,

2016) and Okra (Sbroggio et al., 2016).

The ICs0 values corresponding with the superoxide radical scavenging activity ranged
between 1.36 and 4.51 mg/mL. Alcalase was significantly (p<0.05) more potent against
the superoxide radical (ICs0 1.36 mg/mL). Glutathione had significantly lower antioxidant
activity (ICs0 2.74 mg/mg) when compared with the alcalase hydrolysate indicating that
the hydrolysate has good antioxidant potential. Higher peptide chain lengths can result in
lower antioxidant activity making them less effective in scavenging the ABTS radical

(Ramkisson et al., 2020).

The FRAP assay showed no significant (p<0.05) difference between the isolate and
hydrolysates (Table 3.2). Results ranged between 19.20 and 21.94 mg/mL. Lower activity
was reported for pigeon pea (Sekhon et al., 2017), lentil, pea, and cowpea (Marathe et

al., 2011).

A strong reducing power of protein hydrolysate could be attributed to the increase in
available hydrogen ions because of the breaking of peptide bonds (Sbroggio et al.,
2016). Antioxidant activity is generally used for preliminary screening of bioactivity.
Overall, the isolate and hydrolysates proved to be good antioxidants as they possessed

activity comparable to glutathione.
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Table 3.1: Radical scavenging activity (ICso) of Lablab purpureus isolate and hydrolysates was

determined by DPPH, ABTS and Superoxide radical scavenging activity

DPPH radical

ABTS radical scavenging

Superoxide radical

Sample sca;l;r;gj(:g/t::‘:[i)\liiy activity 1Cso (mg/mL) scavenging ICso (mg/mL)
Isolate 1.812+2.94 2.03¢+ 1.75 3.17¢ £+ 1.09
Trypsin 4.474¢+0.14 2.424 + 241 3.79e + 0.83
Pepsin 276+ 0.14 1.73«d + 0.50 4.5190 + 0.56
Alcalase 3.81<= + 0.29 1.82> + 0.39 1.36¢k + 0.81
Glutathione 0.98< + 1.08 6.442 + 0.35 2.74k + 0.30

Data represent meantSD (n=3). Values with different superscripts are significantly different (p<0.05).

Table 3.2: Ferric reducing ability of Lablab purpureus isolate and hydrolysates determined by FRAP

Sample mM FeSOa/mg protein
Isolate 19.20b + 5.49
Trypsin 20.57¢b + 4.11
Pepsin 21.94¢k + 3.88
Alcalase 27,43 + 3.88
Glutathione 855,710 + 24.68

Data represents mean = SD (n = 3). Values with different superscripts are significantly different (p<0.05).

3.3.3. Cytotoxicity

The MTT colourimetric assay was conducted to assess whether L. purpureus isolate and
hydrolysates had the ability to inhibit the proliferation of cancerous cell lines A459 and
MCF-7 and healthy cells HEK293 (Figure 3.2). A549 cells treated with pepsin hydrolysate
had the lowest ICs50 of 119.60 ug/mL which was 2.5-fold greater than camptothecin, a
chemopreventative agent. Cell viability of pepsin and camptothecin treated at a
concentration of 125 [Hg/mL was 48.37% and 57.11% respectively. MCF-7 cells treated
with pepsin had the lowest ICs0 of 9.8 Ug/mL while the isolate had the highest ICso of
31.54 pug/mL. Cell viability respectively was 55.34% and 51.56% at a concentration of
31.25 pg/mL. Peptides had lower ICso values in MCF-7 treated cells suggesting sensitivity
in these cells as compared to A549 and HEK293 (Fan et al., 2016; Khangebam and
Chakrabarti, 201 8).
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HEK293 cells treated with Pepsin had the lowest ICso of 13.86 ug/mL. Cell viability of
pepsin ranged between 62.77 and 91.65% across the concentrations. The cell viability of
the cancerous cell lines was lower than that of the healthy cell line. The isolate and pepsin
hydrolysate were chosen for apoptotic studies as the pepsin hydrolysate showed the
highest inhibition in the cancerous cell lines (A549 and MCF-7) while not affecting normal

cells (HEK293) immensely, with the isolate selected for comparative analysis.

3.3.4. Quantification of apoptosis

Annexin V-Pl staining separates cells according to stages of apoptosis i.e., living cells or
healthy (Q4), dying or early apoptotic cells (Q3) and dead or late apoptotic (Q2) and
necrotic cells (Q1) (Sabbione et al.,, 2019). Assessment of early apoptosis in A549 cells
treated with the isolate (26.4%) and pepsin (41.5%) could be compared with
camptothecin (31.6%). MCF-7 cells that were treated with the isolate and pepsin showed
33.4 and 17.4%, respectively, in early apoptosis while late apoptosis showed 18.4 and
17.9% (Figure 3.3). Overall, the pepsin hydrolysate was more effective in initiating
apoptosis in cancerous cell lines. A study by (Fan et al.,, 2016) reported that 13% and
18.2% of MCF-7 cells treated with a peptide conjugated with a viral protein were in late
apoptosis. The isolate and pepsin treated HEK293 cells showed healthy cells of 77.2 and
64% as depicted in Figure 3.3. Studies by Dia and Mejia (2010), Dia and Gonzalez
(2011); McConnell et al. (2014) showed that anticancer activities of different peptides

induce pro-apoptotic activity on selected cell lines.

The induction of apoptosis was also evaluated by measuring caspase 3/7 activation
(Figure 3.4). Cell viability is indirectly proportional to fluorescence units (FU) (Butterick et
al, 2014). HEK293 treated cells showed the greatest fluorescence units, this result is
largely due to cells undergoing stress during transportation for analysis. Cancerous cell
lines are hardier than healthy cells which are very sensitive to environmental changes. The
cell lines treated with pepsin hydrolysate showed no significant difference (p<0.05) when
compared with camptothecin. Thereby confirming that the pepsin hydrolysate is inducing
apoptosis. These results are supported by Annexin V-PI. Burz et al. (2009) confirmed that
bioactive peptides exert antitumor activity via apoptosis induction which involves the
activation of specific caspases. Studies on whey isolates and fractions (Castro et al., 2009)
and amaranth proteins (Sabbione et al., 2019) both showed higher caspase 3 activity

compared to the control.
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isolate, pepsin hydrolysate, Camptothecin and untreated cells at ICso values determined by the MTT assay.

Figure 3.3: Flow cytometry analysis showing the externalisation of phosphatidylserine in A549, MCF-7 and HEK293 cells treated with Lablab purpureus
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Figure 3.4: Caspase 3/7 activity measured as fluorescence units emitted by the cleavage of
peptide DEVD. Cell lines, A549, MCF-7 and HEK293 were treated with Lablab purpureus isolate
and pepsin hydrolysate at ICso values obtained by MTT assay. Camptothecin was the positive
control and untreated cells were the negative control. Data represent meantSD. Values with

different superscripts are significantly different (p<0.05).

3.4. Conclusions

Peptides have attracted attention as drug candidates for cancer therapy because they
offer certain key advantages over alternative molecules. In contrast to traditional drugs,
peptides have high affinity, strong specificity, low toxicity, and adequate tissue
penetration. This study showed that protein isolates and hydrolysates from L. purpureus
had positive antioxidant potential, especially when compared to glutathione, a known
antioxidant. As a potential chemopreventative agent, the isolate and pepsin hydrolysate
exhibited the best antiproliferative activity at the lowest concentrations. Results were
confirmed by apoptotic studies (Annexin V-Pl and Caspase 3 /7 analysis). Further research

must be performed to determine the peptides that provide antiproliferative effects.
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Chapter 4: In vitro apoptotic activity of Lablab purpureus (L.) Sweet low

molecular weight Peptides

Abstract

Cancer prevalence is a growing concern globally with a rapid increase in cases.
Radiotherapy and chemotherapy are current treatment protocols however they have
adverse effects on the human body. Peptides from leguminous protein are known for
exhibiting positive biological activity. This study assesses the apoptotic ability of peptide
fractions derived from Lablab purpureus by identifying apoptotic markers (caspase-9 and
-3, p53 and annexin V-Pl). Caspase-9 and -3 showed activity to a greater degree in
cancerous cell line A549 (2.3-fold and 1.1-fold) and MCF-7 (2.7-fold and 1.8-fold),
respectively, compared to camptothecin (control). Expression of p53 on cancerous cell lines
demonstrated greater ability over HEK293 and camptothecin with A549 showing the
highest activity at 29.923 Yg/mL. Finally, annexin V-PI staining sorted cells into phases of
apoptosis. Treated A549 and MCF-7 cells detected 85.4% and 89.6%, respectively, of
cells undergoing apoptosis. Overall, Fraction 2 triggered apoptosis in cancer cell lines

while minimally harming healthy cells.

Keywords

Lablab purpureus, caspase-3, caspase-9, p53

4.1. Introduction

Globally, cancer affects approximately 19.3 million people and it is one of the leading
causes of death (Rayaprolu et al.,, 2017; WHO, 2020; Quintal-Bojérquez and Segura-
Campos, 2021). Traditional cancer therapies, chemotherapy, and radiotherapy are
effective at attacking cancer cells. However, side effects are experienced because the
drugs also affect normal cells in the body (Huang et al., 2011; Orona-Tamayo et al.,
2018; Chen et al., 2019; Quintal-Bojérquez and Segura-Campos, 2021). An alternative
anticancer agent should therefore have a targeted approach and be nontoxic to healthy
cells (Sipahli et al., 2022). Apoptosis or programmed cell death is a normal process that
occurs in the lifecycle of a healthy cell. Damaged cells evade this process resulting in the
development of tumours (Alison, 2001; Zivny et al., 2010; Letai, 2017; D’Arcy, 2019).

Tumour suppressor protein, p53, plays a protective role in decreasing the development of

cancers by initiating apoptosis in ‘suspicious’ cells (Brown and Attardi, 2005; Letai, 2017;
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Marqus et al.,, 2017; Xu et al,, 2019). Subsequently, the expression of pro-apoptotic
proteins (annexin v and caspases) is induced (Bowne et al.,, 2007). Caspases from the
group of cysteinyl aspartate-specific proteases are responsible for the disassembly of
cells during apoptosis (An et al.,, 2019; D’Arcy, 2019). Annexin V, from the phospholipid-
binding annexin family, can bind to a marker of apoptosis, phosphatidylserine, therefore
Annexin V-Pl staining determines apoptotic cells by their ability to bind to
phosphatidylserine (Logue et al., 2009). Nutraceuticals have been studied for their ability
to induce apoptosis in cancer cells (Gupta and Bhagyawant, 2021). Bioactive peptides
derived from legumes have been associated with lower risk cancers (Barman et al., 2018;
Orona-Tamayo et al.,, 2018). A study according to Tak et al. (2021) suggests that
bioactive peptides can halt cancer development by hindering specific pathways or
inhibiting inflammation and cell proliferation thereby inducing apoptosis. Lablab purpureus
is an underutilised crop cultivated in Africa. The legume has a protein content of 18-25%
with a good balance of essential and nonessential amino acids (Cheng et al., 2019; Naiker

et al., 2020b).

Enzymatic hydrolysis is commonly preferred for the extraction of bioactive peptides as
toxic secondary metabolites are not produced during the process. It also stimulates
gastrointestinal digestion subsequently allowing for a shorter reaction time (Quintal-
Bojérquez and Segura-Campos, 2021). Pepsin hydrolysate from L. purpureus exhibited
potential chemopreventative activity. Lung cancer cell line, A549, showed 2.5-fold greater
cytotoxicity compared with the chemopreventative agent, camptothecin (Sipahli et al.,
2022). The pepsin hydrolysate was also found to be more effective in initiating apoptosis
in the A549 and MCF-7 cancer cell lines. Annexin V-Pl staining showed that 41.5% (A549)
and 33.4% (MCF-7) of cells experienced early apoptosis while the control (camptothecin)
showed 31.6%. The healthy cell line (HEK293) showed 77.2% of cells in early apoptosis
indicating that healthy cells were least affected by the pepsin hydrolysate (Sipahli et al.,
2022). The present study assesses the apoptotic activity of the pepsin hydrolysates from

L. purpureus that have been fractionated using ultrafiltration and RP-HPLC.
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4.2. Materials and Methods
4.2.1. Sample preparation

Lablab purpureus (L.) Sweet samples were collected in Durban (KZN, South Africa), with
seeds dehulled, dried, milled and sieved (180 Um sieve). Flour prepared from the seeds
was then defatted with hexane at a 1:5 (w/v) ratio for 16-24 h. Excess hexane was
removed, and flour was left to dry under a fume hood overnight and stored at 4°C until

analysis.

4.2.2. Protein exiraction

Protein isolate samples were prepared using defatted flour reconstituted in distilled water
(1:5; w/v) and adjusted to pH 10 (He et al., 2013). The solution was then stirred at 37°C
for 2 h and centrifuged (Eppendorf, Hamburg, Germany) at 10 000 x g (45 min at 4°C).
The supernatant was then adjusted to pH 5 and centrifuged and the pellet resuspended
in distilled water (pH 7). The protein isolate was subsequently freeze-dried and stored in

a biofreezer at -80°C until required.

4.2.3. Preparation of protein hydrolysates and fractions

Protein isolate was reconstituted in distilled water (1:20; w/v), adjusted to pH 2,
preincubated for 20 min at 37°C, thereafter pepsin was added at 5% of the substrate
(dwb) (Tang et al., 2009). Substrate-enzyme solution was then incubated at 37°C for 4 h,
with the pH monitored and maintained at pH 2. Thereafter, to stop the reaction, the solution
was heated (100°C; 10 min), cooled on ice to 37°C and centrifuged at 10 000 x g [30
min at 4°C]. The supernatant was fractionated by ultrafiltration stirred cell Amicon 8400
(Merck Group, Darmstadt, Germany). Collected fractions (<1, 3, 5, 10 and >10 kDa)

were freeze dried, with samples stored in a biofreezer at -80°C until required for analysis.

4.2.4. Cell culture

The cell lines used in this study (Human embryonic kidney (HEK293), breast cancer (MCF-
7) and human lung cancer (A549)) were grown at 37°C in a 5% CO2 incubator using
Dulbecco’s modified Eagle’s medium (DMEM) supplemented with Foetal Bovine Serum (FBS)
(Dwarka et al., 2017).
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4.2.5. Cytotoxicity assay

Cytotoxicity was measured using the MTT assay with 50 PL of cells (1x10¢ cells/mL) in
DMEM supplemented with Foetal Bovine Serum (FBS) seeded in a 96-well flat-bottom
plate and incubated for 24 h at 37°C in 5% COa. Cells were then treated with 50 L of
the sample prepared in 5% DMSO (1000-7.8 Pg/mL) and incubated for 24 h with
camptothecin was used as a positive control and untreated cells served as the negative
control. An aliquot of MTT solution (20 ML; 5 mg/mL) was then added to cells and incubated
for 4 h at 37°C in 5% CO2. One hundred microlitres (100 L) of DMSO was then added
and absorbance read at 570 nm (Multiscan Go, Thermo Scientific, Waltham, MA, USA).
Percentage viability was determined using Equation 1 with the most active ultrafiltration

fraction further purified by RP-HPLC.

% Cell viability =~ —asorbanceof freated cells o (1) | tuviuiinrerneenerneeneeeneeneenns [1]

Absorbance of untreated cells

4.2.6. Peptide fractionation using Reverse Phase-High Pressure Liquid

Chromatography (RP-HPLC)

RP-HPLC (Shimadzu Corporation, Kyoto, Japan) coupled with a Photodiode array detector
was used to further fractionate the selected sample. Sample was passed through a Zorbax
300SB-C8 column (9.4 x 250 mm ID, 5 Um particle size, 300-A pore size) (Agilent
Technologies, Santa Clara, CA, USA). Mobile phase A contained 0.1% Trifluoroacetic acid
(TFA) in water while mobile phase B contained 0.1% TFA in acetonitrile. Flow rate was
maintained at 1 mL/min with a fixed column temperature of 32°C. Separation was
performed with a stepwise gradient, 10-60% of mobile phase B (increasing 10% every
10 min) over 60 min. Fractions at each major peak were collected, freeze dried, and

stored at -20°C until required for analysis.

4.2.7. Caspase -3 and -9 assay

The Human Caspase-3 and -9 ELISA kits (Cat no. E-EL-H0663 and E-EL-HOO17,
Elabscience, Wuhan, China) were used according to the manufacturer’s protocol. Briefly,
cells were seeded (1x10° cells/mL) into a T25 cell culture flask and incubated at 37°C in
5% COx2 for 24 h. The selected fraction and camptothecin were then used to treat cells at

ICs0 concentrations determined by the MTT assay and incubated at 37°C in 5% CO2 for
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24 h. Treated cells were lysed using the freeze-thaw method and analysed according to

the manufacturer’s protocol with the absorbance read at 450 nm.

4.2.8. p53 ELISA

The p53 Human SimpleStep ELISA kit (Lot no. GR3221726-1, Abcam, Cambridge, UK,)
was used according to the manufacturer’s protocol. Cells were seeded (1x10° cells/mL)
into a T25 cell culture flask, incubated at 37°C in 5% CO2 for 24 h and subsequently
treated with the selected fraction and camptothecin at ICs0 concentrations determined by
the MTT assay and incubated at 37°C in 5% COx2 for 24 h. Treated cells were lysed using
an extraction buffer and analysed according to the manufacturer’s protocol with the

absorbance read at 450 nm.

4.2.9. Annexin V-PI

The FITC Annexin V apoptosis detection kit | (Cat no.556547, BD Bioscience, Franklin Lakes,
NJ, USA) assay was conducted according to the manufacturer’s specifications. Cells were
seeded intfo a 24-well flat bottom plate (1x10¢ cells/mL), incubated overnight, and
treated with 100 UL of the selected fraction for each of the cell lines and analysed using

flow cytometry (BD LSRFortessa, BD Bioscience, Franklin Lakes, NJ, USA).

4.2.10. Reverse Phase - Liquid Chromatography Mass Spectroscopy

Purity and molecular weight of the selected fraction were analysed by RP-HPLC. The
Prominence-i LCMS coupled with a Refractive Index Detector (RID-20A) (Shimadzu
Corporation, Kyoto, Japan) was used with a Phenomenex Yarra 3um SEC 3000 (300 x
7.8 mm) column (Torrance, CA, USA). The mobile phase comprised 50 mM Na phosphate
buffer with 300 mM NaCl [pH 6.8] at a flow rate of 1 mL/min and a fixed column
temperature of 30°C. Molecular weight standards were used to achieve a standard curve

which was then used to calculate the unknown molecular weight.

4.2.11. Statistical analysis

Data was analysed using One-way and Two-way ANOVA (GraphPad Prism software,
San Diego, CA, USA) with all analyses in triplicate and results presented as
meanztstandard deviation. Inhibitory concentrations (ICs0) were also determined using

GraphPad Prism
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4.3. Results and Discussion
4.3.1. Cell viability (MTT Assay) of peptide fractions

An effective anticancer agent should inhibit cancer cells at the 50% inhibitory concentration
(ICs0) while leaving healthy cells relatively unharmed. The MTT assay confirms that the
ultrafiltration fractions do not have a cytotoxic effect on the cells (Figure 4.1). At
concentrations between 7.81 and 250 Pg/UL cells remained 90-50% viable across the
cell lines. Indicating that the fractions were non-toxic to the cells. The ICso values were then
established to determine the concentration at which 50% of the cells were inhibited. Lower
molecular weight fractions showed better inhibition of cancer cells as seen by the low 1Cso
values while minimally affecting healthy cells as observed by the higher ICs0 values (Table

4.1).

Compared with the control, camptothecin, the 3 kDa fraction exhibited lower ICso values
in cancer cells, A549 (13.6 JUg/UL) and MCF-7 cells (20.48 ug/ML). Cell viability for the
cells was 55.49% and 56.11%, respectively, at a concentration of 15.63 Hg/UL. The
healthy cell line, HEK293 (145.10 Pg/ML), was 2.5-fold greater than camptothecin. The
cell viability was 84.31% and 68.16% at concentrations of 15.63 and 125 g/l
respectively. Chen et al. (2019), corroborated that lower molecular weight peptides
showed improved anticancer activity. Their <4 kDa derived from black soybean had the
highest anticancer activity compared to their larger factions (4-6 kDa and >6 kDa). The
4 kDa fraction displayed 2.28, 5.91 and 1.96-fold inhibition on HepG2, MCF-7 and Hela
cells respectively (Chen et al.,, 2019). This study selected the 3 kDa fraction for further

purification by RP-HPLC because it showed the best fit for each of the cell lines.
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Figure 0.1: Cell viability of A549 [A], MCF-7 [B] and HEK293 [C] cell lines treated with Lablab
purpureus fractions. Data represent mean




Table 4.1: Inhibitory concentrations (ICso) of A549, MCF-7 and HEK293 cell lines treated with

Lablab purpureus fractions

Fraction A549 (pg/HL) MCF-7 (Mg/ML) HEK293 (pg/pL)
<1 kDa 20.20¢ 16.45¢ 181.60¢

3 kDa 13.60¢ 20.48« 145.10e

5 kDa 15.27« 14.29« 36.30¢

10 kDa 14.12¢ 15.54¢« 19.76¢

<10 kDa 18.45¢ 51.40¢ 168.2¢
Camptothecin  19.73¢ 44.60¢ 40.51¢«

Data represents meantSD (n=3). Values with different superscripts are significantly different (p<0.05).

4.3.2. Cell viability (MTT) RP-HPLC Fractions

Cells treated with Fraction 2 exhibited ICso values for A549 and MCF-7 of 141.80 and
250.00 g /ML, respectively (Table 4.2). The A549 cell line showed a significant (p<0.05)
increase from the control, camptothecin (Figure 4.2). The healthy cell line, HEK293,
exhibited an ICs0 of 179.00 ug/HL compared to camptothecin which was 126.80 ug/ML.
The purified kla-TAT peptide showed the lowest ICso value on the A549 cell line while the
highest ICs0 was observed on the healthy cell line HaCat. This supports the findings in this
study as the cancerous cell line was more sensitive to the peptide and had lower toxicity
than the healthy cell line (Chen et al., 2019). Fraction 2 was selected for further analysis
because the results showed the best fit for each of the cell lines. After RP-HPLC, collected
fractions were run on SDS-PAGE, and no bands were visible in the lanes with fractions. The

low molecular weight of the peptides could have run out of the gel (Taniya et al., 2020).

Table 4.2: Inhibitory concentrations (ICso) of A549, MCF-7 and HEK293 cell lines treated with
Lablab purpureus RP-HPLC fractions

Sample A549 (ug/HL) MCF-7 (4g/pL) HEK293 (ug/HL)
Fraction 2 141.80¢ 250.00¢ 179.00¢
Fraction 3 542.60¢ 235.00¢ 299.90¢
Fraction 4 712.70¢ 265.00¢ 190.70¢
Fraction 5 373.30¢ 350.90¢ 174.30¢
Camptothecin 255.20¢ 239.40¢ 126.80¢

Data represents meantSD (n=3). Values with different superscripts are significantly different (p<0.05).
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4.3.3. Caspases -3 and -9

When caspase-9 is triggered, caspase-3 is activated thereby signalling a caspase
cascade ultimately leading to apoptosis (Jan and Chaudhry, 2019). Cells treated with
Fraction 2 were analysed for their caspase 3 and 9 activity by ELISA (Figure 4.3). Caspase
3, the executioner caspase, showed the highest caspase concentration in MCF-7 cells
(0.137£0.0015 ng/mlL). Cell lines, A549 and MCF-7 showed 2.3-fold and 2.7-fold
greater activity compared to camptothecin. Conversely, camptothecin showed 0.63-fold
greater activity than the healthy cell line (HEK293). Analysis of caspase 9 activity
produced a similar trend by HEK293 cells as they exhibited 0.9-fold lower activity. It can
therefore be deduced here that Fraction 2 did not harm the cells to a great degree. The
cancer cells, MCF-7 and A549, showed 1.8-fold (0.205 ng/mL) and 1.1-fold (21.966
ng/ml) greater caspase-9 activity. Comparatively, purified peptides from kidney beans
were also able to induce apoptosis in MCF-7 cells via the extrinsic pathway. This involved

the upregulation of caspase 3 and 9 in cells (Rao et al., 2018).

Table 4.3: Caspase 3/9 activity on A549, MCF-7 and HEK293 cells treated with Lablab
purpureus RP-HPLC Fraction 2 derived from pepsin hydrolysate

MCF-7 A549 HEK293
Sample Caspase 3 Caspase 9 Caspase 3 Caspase 9 |Caspase 3 Caspase 9
(ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml) (ng/ml)

Treated 0.1379v£0.015 0.205¢+0.065 | 0.067°£0.032 21.966°10.302| 0.076°£0.003 0.191+0.064
Camptothecin 0.051¢6+0.002 0.112°+0.014 | 0.0299+0.017 20.486°1+0.172|0.121t+0.015 0.220°+0.036

Untreated 0.04191£0.002 0.1559+0.020 | 0.016°+0.007 20.1489+0.496|0.0129*+0.010 0.249+0.050

Data represents meantSD (n=3). Values with different superscripts are significantly different (p<0.05).

4.3.4. Annexin V-PI

Based on results, cell death induced by Fraction 2 was studied for apoptotic activity by
observing phosphatidylserine (PS) translocation using the annexin V-FITC/PI assay.

Quadrants (Figure 4.3) are labelled as viable (lower left), early apoptosis (lower right),
late apoptosis/dead (upper right) and necrotic (upper right). Cancerous cell lines, A549
and MCF-7, treated with peptide Fraction 2 reported 85.4% and 89.6% of cells in early
apoptosis respectively. Early apoptosis is distinguished by translocation of PS from the

inner layer of the plasma membrane to the outer surface (Kwan et al., 2016).

62



Cells in late apoptosis were 14.2% and 10.4% respectively for each of the cancer cell
lines. The healthy cell line comparatively showed a larger population in early apoptosis
of 93.9% however 0.3% of the cells were still viable. The cancer cell lines did not show
any viable cells. When compared to camptothecin, the cell lines showed equal or better
ability than the peptide Fraction 2. The cell lines did not exhibit necrosis thereby indicating

that the peptide Fraction 2 and camptothecin were not toxic to the cells.
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Figure 0.3: Flow cytometry analysis showing the externalisation of phosphatidylserine in A549, MCF-7 and HEK293 cells treated with Lablab purpureus

peptide Fraction 2, camptothecin and untreated cells.



4.3.5. p53

The p53 ELISA kit was used to verify the apoptotic ability of the fractions and to determine
whether the peptide sequence can specifically bind to p53 (Xue et al., 2015). When p53
becomes activated in cancer cells, apoptosis is also activated by inducing and activating
the expression of pro-apoptotic proteins (Bowne et al., 2007). Bioactive compounds have
been reported to reduce p53 degradation and assist in the activation of p53 (Xue et al.,
2015). The synthetic peptide derived from chickpea exhibited an increase in p53 protein
compared to its control (Xue et al., 2015). This study also observed higher p53 expression
levels in cells treated with the peptide fraction compared to the controls, camptothecin and
untreated cells. MCF-7 and A549 showed a 1.03 and 1.97-fold increase, respectively,
when compared with camptothecin. Under normal conditions, p53 levels are low because
of ubiquitin-dependent proteolysis. However, levels increase when cells undergo stress and
eventually lead to apoptosis (Marqus et al., 2017). Results show a similar trend. Therefore,
the increase of p53 could regulate signalling pathways resulting in targeted apoptosis
and mitochondrial oxidative phosphorylation (Quintal-Bojérquez and Segura-Campos,

2021). Heathy cell (HEK293) observed low p53 levels.

Table 4.4: Human p53 activity on A549, MCF-7 and HEK293 were treated with Lablab
purpureus RP-HPLC Fraction 2 derived from pepsin hydrolysate

Sample MCF-7 (ng/mL) A549 (ng/mL) HEK293 (ng/mL)
Treated 9.021°£0.024 29.923b11.661 0.762°10.216
Camptothecin 8.697910.252 15.195+0.128 0.650+0.152
Untreated 6.776°£0.080 21.8889+0.735 0.538210.008

Data represents meantSD. Values with different superscripts are significantly different (p<0.05).

4.3.6. RP LCMS

The purity of Fraction 2 was determined by passing the sample through RP LCMS (Figure
4.4). The fraction seems to be fairly pure as there is one large peak that appears on the
chromatogram at the retention time of 11.85 min when detected at 214 nm. Fraction 2
was achieved by further purifying the 3 kDa fraction by RP-HPLC. The determined
molecular weight of the largest peak was 13.01 Da. Further analysis would be required

to determine the peptide sequence and structure.
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Figure 4.0: LCMS chromatogram of Fraction 2 from Lablab purpureus purified by RP-HLPC

4.4. Conclusions

The development of a new class of anticancer agents that is not toxic to healthy cells is of
utmost importance. Food derived peptides, particularly, have become desirable as
nutraceuticals because of their enhanced bioactive abilities and their low toxicity. The
peptide fraction derived from L. purpureus has demonstrated the ability to induce
apoptosis. Caspases-3 and -9 are markers of apoptosis which were observed by the
cancerous cell line A549 and MCF-7. The healthy cell line, HEK293, showed lower caspase-
3 and -9 activities. Similar findings were observed for the presence of p53. Finally,
annexin V-PI staining confirmed that Fraction 2 induced apoptosis in the cancer cells.
Although this fraction can induce apoptosis in cancer cells and has minimal impact on
healthy cells, further analysis is required to determine the peptide sequence and the

structure of this peptide.
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Chapter 5: General Discussion

Legumes form an essential part of the human diet, regarded as an excellent source of
proteins (16-50%), vitamins, minerals, and bioactive compounds (Hou et al.,, 2019;
Matemu et al., 2021). Globally, legumes provide approximately 33% of dietary proteins
to millions of people, especially in developing countries (Matemu et al.,, 2021). Human
diets are slowly moving away from consumption of animal-based proteins and toward a
plant rich protein diet as an alternative. Apart from basic nutrition, legumes also serve as
a source of bioactive components. Antioxidants are one such class of compounds naturally
present in legumes. Proteins and peptides from food legumes are known to have good
antioxidant potential. Peptides liberated during enzymatic hydrolysis of proteins have
been reported to enhance antioxidant abilities (Lopez-Cortez et al.,, 2016). Peptides
derived from the enzymatic hydrolysis of varieties of Phaseolus vulgaris L. beans,
chickpeas, lentils and mung beans have demonstrated antioxidant ability (Lopez-Cortez

et al., 2016).

Although antioxidant activity has been reported as a common factor in peptides with
multifunctional abilities, most peptides are studied for their singular bioactivity (Daliri et
al., 2017). Peptides with multifunctional abilities should be able to provide more than one
bioactive role. A peptide derived from chickpea albumin has been shown to possess both
strong antioxidant and anticancer abilities in MCF-7 cancer cell line (Daliri et al., 2017).
Low molecular weight peptides, in general, have been shown to exert multifunctional
bioactive activity (Daliri et al., 2017). The results of L. purpureus Fraction 2 which was

derived from this study have proved to possess both antioxidant and anticancer abilities.

Enzymatic hydrolysis is the most common method used for the breakdown of proteins (Yeo
and Shahidi, 2021). Enzymatic hydrolysis leads to structural changes, reduction of
molecular size, higher accessibility of hydrophobic regions and the generation of ionisable
groups (Yeo and Shahidi, 2021). The resultant structural changes subsequently lead to a
wide spectrum of bioactivities (Yeo and Shahidi, 2021). Specific and nonspecific proteases
are used for the hydrolysis of crude proteins to release bioactive peptides with consistent
molecular weights and peptide composition (Olaguniju et al., 2018). This study observed
the in vitro anticancer and antioxidant capabilities of peptides derived from pepsin

hydrolysis.
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Chickpea proteins hydrolysed with neutrase protease recorded a higher degree of
hydrolysis over 4 h when compared with trypsin, alcalase and papain proteases. The
relatively high degree of hydrolysis suggests that smaller peptides are cleaved (Wali et
al.,, 2021). SDS-PAGE serves as a visual representation that proteins have been
hydrolysed as well as their respective molecular weights. Figure 3.1 confirms that L.
purpureus peptides have been hydrolysed where it was observed that the pepsin
hydrolysate had a greater number of bands at lower molecular weights. Pepsin is a
broad-spectrum enzyme and therefore the resultant peptide chain will be shorter thereby

resulting in many bands.

Oxidative stress has been noted to promote cell proliferation in different types of cells,
consequently playing a role in the carcinogenic process. Therefore ROS-eliminating
approaches have been developed to decrease ROS levels in cancer cells. This can be
actioned by employing antioxidant-based anticancer agents (Chi et al., 2015). Bioactive
peptides derived from dietary sources and possessing antioxidant potential have an
increased physiological response to reducing the risk of developing diseases caused by
oxidative stress (Heredia-Rodriguez et al., 2016). Low molecular weight peptides, in
particular, have been observed to hold stronger antioxidant activity (He et al., 2013). The
antioxidant activity of the peptide is also associated with its amino acid composition,

structure, and molecular weight (Wali et al., 2021; Sosalagere et al., 2022).

Half-maximal inhibitory concentration or ICso is used to measure the efficacy of a drug
(Aykul and Martinez-Hackert, 2016). It is indicative of the concentration of drug required
to inhibit a biological process by 50% thereby measuring the potency of the drug (Aykul
and Martinez-Hackert, 2016). The lowest inhibitory concentration (ICso) values and radical
scavenging ability (%) were used to evaluate the radical scavenging abilities of the isolate
and hydrolysates. Radical scavenging ability is inversely proportional to the ICso values.

he hydrolysates exhibited greater ABTS radical scavenging ability, among the three
hydrolysates, the pepsin hydrolysate proved to have a higher radical scavenging ability.
These findings could be attributed to the mechanisms of action used by DPPH and ABTS to
scavenge free radicals. DPPH measures the scavenging capacity of antioxidants towards
DPPH and ABTS evaluates the decomposition of the ABTS cation in the presence of an

antioxidant agent.
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Olagunju et al. (2018) reported that hydrolysates with a higher degree of hydrolysis
exhibit increased exposure to hydrophobic side chains resulting in increased DPPH radical
scavenging activity. However, findings in this study contradict most other studies as L.
purpureus hydrolysates were shown to possess superior radical scavenging ability.
Changes to the composition and amino acid sequence of the peptide can affect the
antioxidant activity (Hamzeh et al., 2016). The isolate showed 0.5-fold greater DPPH
radical scavenging activity than the pepsin hydrolysate (the highest radical scavenging
ability among the hydrolysates). Adzuki bean protein isolate also reported higher radical
scavenging activity compared to hydrolysates. The authors attributed their findings to the
presence of hydrophobic amino acid residues (Chen et al., 2017)The authors also suggest
that hydrogen atoms were readily donated to neutralise DPPH. However, the strength is
dependent on the peptide size as well as the enzyme used for hydrolysis (Olagunju et al.,
2018). The higher radical scavenging activity could also be attributed to a synergistic

effect of the proteins present in the isolate (Floegel et al., 2011).

The ABTS radical scavenging assay found that the pepsin hydrolysate showed greater
radical scavenging ability over the other hydrolysates and the isolate. Similar findings
were observed on pepsin hydrolysates derived from chickpeas (Faridy et al., 2020).
Compared with a strong antioxidant, glutathione, the pepsin hydrolysate showed a 2.6-
fold greater ability. The comparison between glutathione, a known powerful antioxidant,
is indicative that a compound would be a good antioxidant. Thereby proving the potential
of the pepsin hydrolysate as a strong antioxidant. While the pepsin hydrolysate was
observed to have greater antioxidant activity overall, the other hydrolysates also showed

superior ability over glutathione.

The superoxide radical is a toxic radical species that can be created through biological
reactions. They are also precursors to other reactive species such as hydrogen peroxide
and hydroxyl radicals (Olagunju et al.,, 2018). Amongst the hydrolysates, the alcalase
hydrolysate proved to have higher radical scavenging activity. This hydrolysate showed
2-fold greater activity than glutathione.

The FRAP assay evaluates the antioxidants’ ability to donate hydrogen atoms or electrons
(Olaguniju et al., 2018). The ability to donate hydrogen atoms is usually dependent on the
presence of antioxidant activity (Olaguniju et al., 2018). This assay differs from the other
assays as it directly measures the antioxidants or reductants present in the sample (Payne

et al., 201 3). Unlike other assays, free radicals are not involved during the reaction. Rather
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the reduction of ferric iron to ferrous iron is observed (Floegel et al., 2011). There was no
significant difference observed between the isolate and hydrolysates. Although one
hydrolysate did not show dominance over the others, the hydrolysates still showed superior
radical scavenging ability over glutathione. This observation is indicative that L. purpureus
isolate and hydrolysates are strong antioxidants. While the antioxidant ability was
determined, the radical scavenging ability was not employed as the deciding factor when
selecting the hydrolysate that would be further fractionated. Rather, the MTT assay was

utilised as the determining factor.

Based on the MTT assay, the pepsin hydrolysate was selected for apoptotic studies (i.e.,
morphology (ethidium bromide staining), caspase-3 and -7 and annexin V-PI). The pepsin
hydrolysate was thereafter fractioned by ultrafiltration to separate the hydrolysate into
molecular weight fractions. The 3 kDa ultrafiltration fraction was then further fractionated
by RP-HPLC. Five main peaks were observed in the RP-HPLC chromatogram (Appendices
Figure 7.2). Each peak was collected and analysed for the fraction with the best cell
viability. Each of the collected fractions was passed through RP-HPLC to determine their
purity (Appendices Figures 7.3-7.7). Finally, fraction 2 was selected for apoptotic analyses
and analysed by RP-LCMS (Figure 7.8, appendix 1). The calculated molecular weight of
Fraction 2 was 13.01 Da. Common bean cultivars that were cultivated in regions of Mexico
and Brazil identified peptides by HPLC-MS/MS with molecular weights between 300 and
1950 kDa (Lépez-Cortez et al., 2016; Yaghoubzadeh et al., 2020).

The MTT colourimetric assay was used to determine whether L. purpurues isolate and
hydrolysates were able to inhibit the proliferation of cancerous cell lines, A549 and MCF-
7, while resulting in minimal harm to the healthy cell line, HEK293. The assay also
determined whether the hydrolysates and fraction were toxic to the cells. The toxicity of
the compounds would be established by the immediate death of the cells, especially at
the lowest concentration. Again, the most active hydrolysate was determined by the
process of elimination. The process of elimination determined by the MTT assay was
carried through when selecting the prominent ultrafiltration and RP-HPLC fractions. The
selection was based on the hydrolysate /fraction with the lowest ICso value for cancer cells

and the highest for the healthy cell line.

The lowest and highest ICso values were not always observed by the same

hydrolysate /fraction therefore the hydrolysate /fraction with the best fit was selected for
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further analysis. This is due to cancer treatment not following a uniform approach. Peptides
differ in their ability to inhibit cancerous cells. Differences include the type of cells as well
as the treatment conditions (Heredia-Rodriguez et al.,, 2016). Peptides derived from
hydrolysis showed enhanced bioactive abilities compared to their parent proteins (Hsieh
et al.,, 2020). The A549 and MCF-7 cell lines treated with the pepsin hydrolysate showed
2.5-fold greater inhibition compared to camptothecin, the anticancer agent that served as
the control. This comparison shows that the pepsin hydrolysate has the potential to be a

strong anticancer agent.

The whole concept of alternative anticancer agents is to induce apoptosis in cancerous cells
while causing the least amount of harm to healthy cells. As stated earlier, traditional cancer
treatments induce apoptosis or inhibit cell proliferation in cancerous cells however the
drugs are also toxic to normal cells. Consistently through this study, it was observed that
the hydrolysate and fractions did not cause great harm to the healthy cell line, HEK293.

The compounds however did inhibit proliferation in both cancer cell lines.

The mechanism used in alternative treatments is also required to be investigated to
determine to give more insight into the agent. Although not extensively reviewed, the
anticancer potential of plant peptides can be exerted through many mechanisms such as
inducing apoptosis, cell cycle arrest and damage to the cell cycle (Heredia-Rodriguez et
al., 2016; Hsieh et al., 2020). Chickpea protein hydrolysed by pepsin exhibited inhibitory
effects against colorectal cancer cells (Caco-2). Mung bean isolates showed
antiproliferative activity on MCF-7 cells (Rao et al., 2018; Hou et al., 2019). However,
the specific regulatory mechanisms related to the inhibition of cancer cells have not been
fully understood (Hou et al., 2019). This study revealed that caspases -3, -7 and -9 and
p53 markers were present during apoptosis of the cancer cells to some degree or the

other and to a lesser extent in the HEK293 cell line.

Cancerous cells are characterised by a large nucleus, irregular size and shape and
predominant nucleoli (Baba and Céatoi, 2007). Apoptosis occurs naturally in the lifecycle
of a cell, the cell stops all essential functions and consequently, dies. This process is
triggered by activating genetic self-destruction programs present in the cell’s genome
(Baba and Catoi, 2007).

Characterised by biochemical and morphological processes like chromatin concentration,

poly-nucleosomal DNA fragmentation and the fragmentation of the cell into apoptotic
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bodies (Baba and Céatoi, 2007). Visually, cells undergo morphological changes such as
shrinkage, blebbing of the plasma membrane, cell detachment, externalisation of
phosphatidylserine and finally DNA fragmentation (Brauchle et al.,, 2014). These

morphological changes can be seen in Figure 7.1 (Appendices)

Although the mechanisms of inhibition are not fully understood, apoptosis is the key marker
for an effective anticancer agent. Five peptides derived from the hydrolysis of common
bean exhibited antiproliferative effects against human colon cells; HCT-116, RKO and
KM12L4 through the modification of proteins that are involved in cell cycle arrest or
induction of apoptosis (Quintal-Bojérquez and Segura-Campos, 2021). Peptides derived
from rapeseed protein showed potent antiproliferative activity against MCF-7 cells (Yeo

and Shahidi, 2021).

p53, the tumour suppressor gene or oncogene, has a significant role in the prevention of
tumours (Liang et al., 2013). The oncogene works by blocking mitogenic signals in the
nucleus of a cell. The expression of p53 is stimulated when cells are stressed, there is
damage to DNA or when reacting to oncogene activation (Jan and Chaudhry, 2019).
While normal cells in normal conditions are deficient in p53 (Jan and Chaudhry, 2019).
Intracellular and extracellular stress signals activate dormant p53 causing p53
accumulation in the cell nucleus (Jan and Chaudhry, 2019). DNA mutations occur in over
50% of approximately every type of tumour (Jagelska et al.,, 2002; Liang et al., 2013;
Marqus et al.,, 2017). The disruption of normal cell functions is usually a prerequisite for
the initiation and/or progression of tumours (Liang et al., 201 3). Fraction 2 showed higher
p53 expression levels in both the cancer cell lines while lower levels were noted in the
healthy cell line. The increased p53 expression levels in the cancer cell lines show that
fraction 2 was targeting cancerous cells. The isolate and pepsin hydrolysate observed
more viable cells in the HEK293 cell line. This trend was also noted in fraction 2. Again,

this indicated that peptide fraction 2 has more of an effect on cancerous cells.

During apoptosis, caspases are triggered. Firstly, caspase-9, the initiator caspase is
activated and later caspase-3 and -7, the executioner caspases, leading to the cleavage
of many cellular targets ultimately resulting in cell death (Marqus et al., 2017; Mohamed
et al., 2017).

Initiation of the executioner caspase 3 is responsible for the cleavage of many cellular

proteins which leads to biochemical and morphological characteristics of apoptosis (Boland

72



et al, 2013). When cells undergo stress, apoptosis is mainly facilitated by caspase-3
(Boland et al., 2013). Mohamed et al. (2017) reported that their compounds induced

apoptosis through the upregulation of caspase-3.

Badmus et al. (2015) reported an increase in caspase-3 activity in Hela cells in a
concentration-dependent manner while MCF-7 and HT-29 cells had decreased activity.
Caspase-9 on the other hand had decreased activity in all three of the cell lines. The
increased caspase activity in Hela cells can be attributed to apoptosis being triggered by
caspases while the decrease in MCF-7 and HT-29 cells could involve the degradation of

proteases.

Caspase-3 and -7 levels were lower in A549 and MCF-7 cells that were treated with the
isolate and pepsin hydrolysate than HEK293 cells that were treated in the same manner.
Although lower levels were observed in the cancerous cell lines, when compared with
camptothecin, the cells showed no significant difference in activity thereby showing that
the isolate and pepsin hydrolysate were capable of inducing apoptosis in cells. Higher
levels of caspases in HEK293 cells were attributed to these cells being more sensitive than
cancerous cells. After fractionation, the caspase -3 and -9 activity was more than two times
greater in cancer cells treated with fraction 2 compared to camptothecin. The A549 cell
line responded to fraction 2 to a greater degree (more than 100-fold) than the MCF-7

cell line.

Once markers of apoptosis are established, annexin V-PI staining can be conducted to
confirm whether the peptide fraction, although initiating apoptosis, is not toxic to the cell
as well as to differentiate the stages of apoptosis. A single anticancer agent is unable to
target every type of cancer. Therefore, fraction 2 may have a better affinity to lung
cancer cells (A549). This finding is attribute can be confirmed by the caspase-3 and -9
and p53 activity of the A549 cell line showing increased activity over the MCF-7 cell line.
However, overall, it appears that L. purpureus derived fraction 2 has the ability to induce

apoptosis in the cancer cell lines while leaving the healthy cells relatively unharmed.

Future perspectives from peptides as therapeutic adjuvants for cancer
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Alternative therapies have many supporting benefits such as improved organ or tumour
permeability, lowered production and synthesis costs, lower toxicity since the principal
components are amino acids. Peptides are also less immunogenic and more stable at room

temperature allowing for a longer shelf-life.

Many peptides exhibit anticancer and antioxidant potential. However, the drawbacks of
peptide therapies include the lack of appropriate and scalable production methods,
satisfactory analysis of mechanisms of action and only a small number of these peptides
reach clinical trials (Quintal-Bojérquez and Segura-Campos, 2021; Sosalagere et al.,
2022). Further studies are necessary to define the future of bioactive peptides for their
use as chemopreventative agents (Quintal-Bojérquez and Segura-Campos, 2021). In-

depth, studies are required for a better understanding of the mechanisms.

Conclusion and Recommendations

The most important concept when developing a new class of anticancer agents is for the
agent to be nontoxic to healthy cells. The purified peptide derived from L. purpureus was
able to achieve this outcome. Furthermore, peptides that have not been used for their
anticancer potential will be utilised by the body as an antioxidant. An anticancer agent
with antioxidant abilities makes a good treatment protocol for cancers. Understanding the
antioxidant potential of fractions in vifro would be advantageous.

The enhanced antioxidant ability of both the isolate and hydrolysates provided a
foundation for exploring the anticancer potential of the hydrolysates. As it is generally
accepted that good antioxidants would make effective anticancer agents. The pepsin
hydrolysate while non-toxic, was able to induce apoptosis in the cancer cell lines while
leaving healthy cells minimally harmed. After further fractionation, fraction 2,
demonstrated the ability to induce apoptosis in cancerous cells. The cancer cell lines
observed a higher level of caspases while the healthy cell line observed low levels. A
similar trend was observed for p53. The peptides' ability to selectively downregulate anti-
apoptotic proteins and consequently upregulate pro-apoptotic proteins and p53 in
cancerous cells verify the potential as an anticancer agent. Annexin V-Pl staining confirmed
that cells were undergoing apoptosis in the cancer cells. Overall, peptide Fraction 2
showed low toxicity in healthy cell lines and exhibited antiproliferative abilities on

cancerous cells.
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Chapter 7: Appendices

(a) Isolate (b) Pepsin (c) Camptothecin (d) Untreated cells

(ii) MCF-7 (i) A549

(iii) HEK293

Figure 7.1: Observations of cell membranes by fluorescent microscopy of (i) A549, (ii) MCF-7
and HEK293 cells treated with (a) Isolate, (b) Pepsin hydrolysate; (c) Camptothecin and (d)
Untreated cells at ICso values determined by MTT assay. Observations were made at 10X

under green light.
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RP

igure 7.2:

F

ultrafiltration (F1 — Fraction 1, F2 — Fraction 2, F3 — Fraction 3, F4 — Fraction 4, F5 —

Fraction 5)
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Fraction 1 (F1) derived from L. purpureus 3 kDa molecular weight fraction collected

Figure 7.3

by RP-HPLC.
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Figure 7.4: Fraction 2 (F2) derived from L. purpureus 3 kDa molecular weight fraction collected

by RP-HPLC.
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Figure 7.5: Fraction 3 (F3) derived from L. purpureus 3 kDa molecular weight fraction collected

by RP-HPLC.
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Figure 7.6: Fraction 4 (F4) derived from L. purpureus 3 kDa molecular weight fraction collected

by RP-HPLC.
mAU
] é PDA Multi 1 254nm 4nmy
] F5 2
20+
10
] g3
J . I
. B o = 8 w gﬁ g
1 S~ R e 288 =l
| T e o RS 8dg ol
1 I': 3 | | |_~:r L o ]
] \s A Y S A
] e
T T T T I T T T T I T T T T I T T T T | T T T T | T T T T I T T T T
0 10 20 30 40 50 60
min

Figure 7.7: Fraction 5 (F5) derived from L. purpureus 3 kDa molecular weight fraction collected

by RP-HPLC.
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Figure 7.8: RP-LCMS Chromatogram of fraction 2 derived from L. purpureus 3 kDa molecular

weight to confirm purity of the sample
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