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ABSTRACT 

Introduction: Artemisia afra (A. afra) is a widely used medicinal plant located in the southern 

African region. It is traditionally used to alleviate medical conditions such as coughs. Literature 

indicates a protective role by improving antioxidant capacity and reducing cell proliferation, which 

suggests anti-cancer potential. Colorectal carcinoma (CRC) is a global public health crisis and the 

second common cause of cancer-related fatalities. Current cancer treatment is deemed effective but 

not easily accessible and expensive in the southern African region. Therefore, the need for naturally 

derived anti-cancer agents remains to be investigated for accessible and affordable treatment. This 

study investigates the antiproliferative and antioxidant effects of A. afra crude aqueous leaf extract 

in the Caco-2 cell line. 

Materials and Methods: Caco-2 cells were treated with a range of A. afra concentrations (0-5000 

µg/ml) for 48 hours. An IC50 was derived from the MTT assay and all subsequent assays compared 

the IC50
-treatement to an untreated control. Mitochondrial integrity was luminometrically assessed by 

measuring JC-10 fluorescence and ATP. Free radical production (TBARS, NOS) and membrane 

damage (LDH cytotoxicity), together with GSH quantitation were used to infer the presence of 

oxidative stress; antioxidant enzymes (SOD2, GPx-1, catalase, Nrf2) were also detected by western 

blotting. Apoptotic induction was verified by measuring phosphatidylserine externalisation, 

quantifying caspase activities and detecting pro- and anti-apoptotic proteins (Bax, Bcl2, cIAP, xIAP) 

by western blotting. Single strand DNA fragmentation was evaluated via the comet assay. 

Additionally, relative expression of DNA repair, inflammation and stress markers were determined 

using western blotting and qPCR. 

Results: Crude aqueous leaf extract of A. afra induced a dose-dependent reduction in cell viability, 

yielding an IC50 of 250 µg/ml. Decreased mitochondrial integrity (p = 0.697) was associated with 

significant depletion of intracellular ATP (p = 0.0043) and increased ROS production as validated by 

increased lipid peroxidation (p = 0.1638) and DNA oxidation (amplified OGG1). In addition, increased 

iNOS contributed to the production of RNS. Artemisia afra induced an antioxidant response that 

elevated Nrf2 at the mRNA and protein level, causing increased GSH (p = 0.0001), GPx-1 (p = 

0.5067) and catalase, but SOD2 was decreased. Heightened levels of heatshock proteins (HSP27 and 

HSP70) correlate with increased ROS and upregulated phosphorylated p38 protein, but ERK and 

JNK protein expression was downregulated. Significant downregulation caspase-8 (p = 0.0252), 

caspase-9 (p = 0.0099) and caspases-3/7 (p = 0.0232) was associated with reduced Annexin-V) and 

extracellular LDH. In addition, the Bax/Bcl-2 ratio (p = 0.0033) and protein expression of inhibitors 

of apoptosis protein such as cIAP-1 and xIAP indicated reduced apoptotic activity in this study. 

Comet tail analysis indicated intact DNA, in congruence with decreased OGG1.  Both TNF-α (p = 



 

xv 

 

0.2323) and STAT-3 were upregulated, but NF-ĸB was decreased. In addition, cellular Myc and 

phosphorylated retinoblastoma were upregulated.   

Conclusion: The crude aqueous leaf extract of A. afra induced mitochondrial toxicity and ROS 

production. Despite a heightened antioxidant defense, ROS-mediated upregulation of TNF-, p38 

and STAT3 promoted cell proliferation and inhibited apoptosis in Caco-2 cells. Taken together, A. 

afra is a cytotoxic and genotoxic agent that may induce cancer in human colorectal cells. 

 

Keywords: Artemisia afra, Caco-2 cells, oxidative stress, apoptosis, inflammation, cell proliferation 
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CHAPTER 1 : INTRODUCTION 

 

1.1 Background 

The global use of medicinal plants from which most therapeutic agents are derived is entirely popular 

as most of Africa's population depends on it for primary health care (Organization, 2019). In southern 

Africa, approximately 80% of the population relies on plant-based medicine to relieve various animal 

and human infections (Mahomoodally, 2013, Organization, 2019). Increased growth in population, 

inadequate supply of medicine, high cost of treatment, adverse side effects associated with several 

synthetic therapeutic agents and the occurrence of drug resistance have prompted an increase in the 

use of medicinal plants to treat various ailments such as tuberculosis (TB), human immunodeficiency 

viruses (HIV/AIDS), diabetes and cancer (Hussein and El-Anssary, 2018). One of the advantages of 

using medicinal plants is the plethora of potential therapeutic phytochemicals contained within the 

plants (Abdel-Aziz et al., 2016). Studies report that approximately 15% of the world's plants have 

been examined for therapeutic efficacy (McGaw and Eloff, 2008). The active use of traditional 

medicine in healthcare presents side effects, which are not as severe or debilitating as those inflicted 

by synthetic medicine, but they may present adverse effects if misused. Therefore, the need for 

cytotoxicity screening of traditional medicinal remedies is of significant priority (Rabe and Van 

Staden, 1997, Mahmood et al., 2019).  

 

 Artemisia afra (A. afra) is a medicinal plant that belongs to the Asteraceae family. It is widely 

distributed throughout southern Africa, especially within the Cape region and some parts of East 

Africa (Van Wyk et al., 1997, Liu et al., 2009, Du Toit and Van der Kooy, 2019a). Decoctions of A.  

afra are expansively used within these tribal communities as a treatment to relieve common ailments 

such as coughs, colds, fever, loss of appetite, headache, earache, diabetes and parasitic intestinal 

worms (Hilliard, 1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 2009, Du Toit and Van der 

Kooy, 2019a). Past studies have identified A. afra to exhibit significant biological activities such as 

antimicrobial, antiviral, anti-bacterial, anti-plasmodial, anti-inflammatory and anticancer activities, 

prompting research into its role as a possible treatment for Mycobacterium tuberculosis (MTB), 

diabetes, cardiovascular diseases, HIV-AIDS and cancer (Liu et al., 2009, Du Toit and Van der Kooy, 

2019b). There is also evidence of cytotoxicity that results in mitochondrial-mediated caspase-

dependent apoptosis, which suggests anticancer potential in Hela and U937 cells (Spies et al., 2013). 

 

Inflammation is a physiological process that protects tissues from infection and helps them heal after 

they've been injured (Yan et al., 2015). Chronic inflammation, on the other hand, can lead to a number 
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of inflammatory illnesses such as cancer (Yan et al., 2015). Indeed, tumour necrosis alpha (TNF-) 

is a pro-inflammatory cytokine that plays a role in apoptosis and cell survival, two processes that are 

intimately linked to the progression of cancer. When TNF-α binds to its cognate receptor, TNF 

receptor 1 (TNFR1), its activation triggers signalling through several pathways that promote cell 

survival, including the p38 mitogen-activated protein kinase (MAPK) pathway through signal 

transducer and activator of transcription 3 (STAT3). Activated STAT3 dimers translocate to the 

nucleus and bind to specific DNA sequences to directly regulate expression of anti-apoptotic and pro-

survival genes (Cheng et al., 2017, Cruceriu et al., 2020). Anti-apoptotic proteins include Bcl-2 and 

Bcl-xl which act to prevent intrinsic/mitochondrial apoptosis by blocking mitochondrial outer 

membrane permeabilisation (MOMP). Thus, apoptosome formation does not occur, caspase-9 and 

caspases-3/7 are not activated and apoptosis is not executed (Cope and Tomei, 1991, Renault et al., 

2013). Cell proliferation and survival may be stimulated through transcription of c-Myc and cyclin 

D1, amongst others. A weak activation of the c-Jun N-terminal kinase (JNK) MAPK pathway has 

been noted in different breast cancer cell lines (Cheng et al., 2017, Cruceriu et al., 2020).  

 

Reactive oxygen species (ROS) can cause oxidative stress, a condition that occurs when oxidants 

overwhelm the body's antioxidant systems. Inflammation may be induced by ROS and oxidative 

stress, a condition that arises when oxidants overwhelm antioxidant systems in the body (Huang and 

Groves, 2018). Antioxidants are essential free radical scavengers, the molecules implicated as the 

body's primary cause of oxidative stress. It is anticipated that oxidative stress contributes significantly 

to the causation of several diseases, including cancer (Thanan et al., 2015). The role of oxidative 

stress in cancer pathophysiology occurs primarily through DNA damage induced by oxidation of 

DNA bases. In addition, protein carbonylation and lipid peroxidation are also associated hallmarks 

of oxidative stress (Gaschler and Stockwell, 2017). 

 

The production of ROS may take place through non-enzymatic or enzymatic reactions (Pizzino et al., 

2017a). Some endogenous sources of free radicals include oxidative phosphorylation in mitochondria 

for the production of adenosine triphosphate (ATP), NADH-oxidase and peroxidases. The superoxide 

radical (O2
•ˉ) produced in these reactions is necessary for the production of hydrogen peroxide 

(H2O2), which is a substrate for the non-enzymatic Fenton reaction that uses cations such as Fe3+ to 

produce the potent hydroxyl radical (•OH) (Thanan et al., 2015). The arginine nitric oxide (NO) 

radical is synthesised by the nitric oxide synthase (NOS) system (Thanan et al., 2015, Lin et al., 

2016). Exogenous sources of free radicals include environmental variables such as emissions and 

xenobiotic metabolism (Pizzino et al., 2017b). Physiological levels of free radicals are beneficial for 

processes such as cell signaling and are maintained at physiological concentrations by antioxidants 
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such as reduced glutathione (GSH), superoxide dismutase (SOD), catalase and glutathione peroxidase 

(Gpx-1) (Naregal et al., 2017). The nuclear factor-erythroid 2 related factor 2 (Nrf2) is a master 

regulator of antioxidant response elements (AREs); it is activated to transcribe antioxidants and 

cytoprotective genes (Ikwegbue et al., 2018). Stress response proteins such as heat shock protein 

(HSP70 and HSP27) protect proteins from damage and inhibit apoptosis. 

 

It has been noted that ROS are a double-edged sword causing both oxidative stress and inflammation 

that may predispose to the development of cancer. One such cancer is colorectal cancer (CRC), the 

3rd most common cancer worldwide and ranked as the 2nd most common cause of cancer-related 

mortalities (Rawla et al., 2019, Mathur et al., 2020). The fourth most diagnosed cancer is CRC within 

South Africa's borders and the sixth most lethal cause of mortalities (Brand et al., 2018). Men remain 

more susceptible to CRC; CRC is the second most common cancer in men, whereas it is the fourth 

most common in women. Ethnic differences also play a role in how CRC affects individuals in the 

southern African region (McCabe et al., 2019). Current treatment for CRC may include surgery, 

ablation, chemotherapy and radiation therapy, which are expensive and inaccessible to patients living 

in rural areas (Miller et al., 1981, Mokdad et al., 2015, Daher et al., 2018). The five-year survival 

rate of CRC varies given the CRC stage at diagnosis; 93.2% for stage I, 72.2-84.7% for stage II, 52.3-

83.4% for stage III and 8.1% stage IV (Brand et al., 2018). 

 

Given the involvement of inflammation and oxidative stress in the development of CRC, it is 

reasonable to suggest that amelioration of these detrimental processes may be a viable treatment 

option. Indeed, several studies have yielded promising in vitro activity of phytochemicals against 

cancer cells. Administration of A. afra is associated with anti-inflammatory, antioxidant and anti-

cancer effects. Therefore, this study evaluated the antioxidant and anti-proliferative potential of A. 

afra in colorectal cancer (Caco-2) cells. 

 

1.2 Problem statement 

Cancer incidence and mortality are increasing in South Africa (Motsuku et al., 2021). Colorectal 

cancer presents a challenge in therapeutics due to low efficacy and limited available treatment options 

(Organization, 2015, Mak et al., 2018). In addition, traditional cancer remedies present with 

debilitating side effects that often result in patients not being able to complete treatment and increases 

the risk of becoming drug-resistant (Sak, 2012, Xiang et al., 2019). The medicinal plant A. afra is 

used by South African traditional healers and has demonstrated potential as an anticancer agent (Liu 

et al., 2009, Mothibe and Sibanda, 2019, Du Toit and Van der Kooy, 2019a). To date, there is no 

information available on the biochemical effect of A. afra crude aqueous leaf extract on human Caco-
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2 cells. Therefore, the purpose of this study is to investigate the biochemical mechanisms of A. afra 

in human colon adenocarcinoma Caco-2 cells. 

 

1.3 Significance/implications   

An alternative treatment with fewer side effects and improved treatment efficacy will alleviate the 

high morbidity and mortality associated with colorectal cancer. Traditional medicines are easily 

obtainable and locally sourced making them cost-effective for poor communities. They also have 

been used by traditional healers with no known side effects. It is with great hope that the results 

produced from this study may provide a basis for developing cost-effective, easily obtainable, 

potently effective anti-CRC treatment, which may also be used to combat other forms of cancer. This 

will also provide a clear biochemical pathway for the first time, which will provide groundwork for 

drug discovery. Hence, specific proteins may be targeted to produce desired result.  

 

1.4 Research question   

Does the A. afra crude aqueous leaf extract exert cytotoxic effects or protective antioxidant, 

antiproliferative, and anti-inflammatory effects? 

 

1.5 Null hypothesis 

The crude aqueous leaf extract of A. afra does not have antioxidant, antiproliferative and anti-

inflammatory effects in Caco-2 cells following acute exposure.  

 

1.6 Hypothesis   

The crude aqueous leaf extract of A. afra extracts induces antioxidant, antiproliferative and anti-

inflammatory effects on in Caco-2 cells following acute exposure. 

  

1.7 Aim 

The aim of this study is to determine the antioxidant, antiproliferative and anti-inflammatory effects 

of a crude aqueous extract from A. afra leaves on human Caco-2 cells.  

 

1.8 Objectives 

The crude aqueous leaf extract of A. afra will be used to measure the cell viability and metabolic 

activity of Caco-2 cells using the methylthiazol tetrazolium (MTT) assay. The half-maximum 

inhibitory concentration (IC50) obtained will be used to  
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• determine the metabolic effect of A. afra by measuring mitochondrial membrane potential and 

quantifying intracellular ATP using luminometry. 

• assess the effect of A. afra on apoptosis by 

o luminometrically quantifying caspases-3/7, caspase-8, and caspase-9 

activity and phosphatidylserine externalisation (Annexin-V). 

o detecting protein expression markers of apoptosis (Bcl-2, Bax, cIAP and xIAP) via 

western blotting.  

• evaluate the antioxidant potential of A. afra by 

o quantifying ROS-induced lipid peroxidation and reactive nitrogen species (RNS) using 

the TBARS and NOS assays respectively. 

o examining membrane integrity through the lactate dehydrogenase assay, and DNA 

integrity via the comet assay and 8-oxoguanine glycosylase (OGG1) mRNA levels.  

o analysing the antioxidant response including GSH quantification by luminometry and 

antioxidant enzyme detection by western blotting (Nrf2, SOD2, Gpx1, and catalase). 

• investigating the anti-inflammatory potential of A. afra by 

o quantification of targeted proteins and genes such as iNOS, TNF-, p38, NF-B and 

STAT3 using the quantitative polymerase chain reaction (qPCR) assay.  

o considering expression of proliferative markers such as c-Myc and pRb. 
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CHAPTER 2 : LITERATURE REVIEW 

 

 2.1 Artemisia afra (Jacq.ex. wild) 

 

 2.1.1 Classification and appearance 

Artemisia afra is a medicinal plant classified in the magnoliophyte division, magnoliophyte class 

(Asteridae subclass) and the Asterales order (Mukinda, 2005). It is an erect, multi-perennial woody 

aromatic shrub that is hairy, contains leafy ridged stems (Figure 2.1A-C) and grows up to 2 meters 

(m) in height depending on its geographical location (Liu et al., 2009). The plant’s leaves are 

characterised by an oval shape and are dark green on the adaxial surface. The underside of the leaves 

along with stem are covered with small white hairs resulting in the characteristic of overall 

grey colour with a soft texture (Figure 2.1A-C). The tubular floret of A. afra comprising 

yellow butter-coloured flowers occurs as an elongated panicle (Figure 2.1D) that blossoms in summer 

between January and June (Hilliard, 1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 2009, 

Du Toit and Van der Kooy, 2019a).   The plant's fruit is 1 millimeter (mm) in length with silvery-

white coating and characterised by a 3-angled curved shape. The indigenous A. afra emits an 

aromatic odour with a pungent smell and when crushed, it releases a sweet-smelling aroma. 

Interestingly, during winter the plant is noted to generate branches rapidly from the base. The plant 

can be cultivated easily from seeds, cuttings and rooted pieces, and it grows well in the wilderness 

and household environment (Hilliard, 1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 2009, Du Toit 

and Van der Kooy, 2019a).   
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Figure 2.1: Characteristic features of A. afra (Jacq: ex. wild); (A) young leaves, (B) leaves on a woody stem, 

(C) fully grown mature tree and (D) flowers (Van Wyk et al., 1997).  

 

2.1.2 Distribution 

In South Africa, A. afra is located in Gauteng, Limpopo's northern regions and part of the Eastern 

and Western Cape (Figure 2.2) (Hilliard, 1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 

2009, Du Toit and Van der Kooy, 2019a). The plant is also found in Swaziland and Lesotho. 

Artemisia afra plant has also been discovered in the range of mountains in Kenya, Tanzania, Uganda, 

and Ethiopia (northern region) (Hilliard, 1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 

2009, Du Toit and Van der Kooy, 2019a). In KwaZulu-Natal, A. afra is found in abundance along 

the coast to the Drakensberg (Figure 2.2), where it is known as umhlonyane in isiZulu. It is usually 

located in mountainous areas, forest margins and near streams in these tribal communities (Hilliard, 

1977, Van Wyk et al., 1997, Mukinda, 2005, Liu et al., 2009, Du Toit and Van der Kooy, 2019a). 
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Figure 2.2: Geographical distribution of A. afra across South Africa (Van Wyk, 2011). 

 

2.1.3 Traditional medicinal uses 

Many Artemisia species, which are members of the Asteraceae family, have been studied for their 

medicinal potential. The decoctions containing extracts from stems, leaves and roots  are utilised as 

an analgesic (colic, headache and earache), anthelmintic (intestinal worms and malaria) and to treat 

various diseases (Watt and Breyer-Brandwijk, 1962). In South Africa, A. afra is used to treat 

respiratory dysfunction including coughs, colds, fever, asthma and influenza, as well as 

gastrointestinal disorders, loss of appetite and diabetes (Watt and Breyer-Brandwijk, 1962, Mukinda, 

2005, Thring and Weitz, 2006, Du Toit and Van der Kooy, 2019a). 

 

Although the leaves and flowers of A. afra are the main focus in traditional medicine, the leaves are 

the most utilised component of the entire plant. This is possibly due to leaves being easily accessible. 

In addition, tribal communities believe that the healing properties are in the leaves (Watt and Breyer-

Brandwijk, 1962, Mukinda, 2005, Thring and Weitz, 2006, Mahop and Mayet, 2007, Du Toit and 

Van der Kooy, 2019a). The leaves and stems, fresh or dried, are used in teas, decoctions and tinctures 

to make medicinal preparations. To prevent headaches, coughing, asthma, hay fever and sinusitis, the 

leaves and stems are boiled for the fumes to be inhaled (Watt and Breyer-Brandwijk, 1962, Mukinda, 

2005, Thring and Weitz, 2006, Du Toit and Van der Kooy, 2019a). In the Eastern Cape province of 

South Africa, the plant leaf or root infusion is used to treat diabetes mellitus (Du Toit and Van der 

Kooy, 2019a).  

 

When chewed, the bark of this aromatic perennial is reported to treat or prevent oral ailments (Rasul 

et al., 2013). The filtrate from A. afra preparation is used as a topical ointment for sores, rashes, bites, 
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stings, hemorrhoids and measles. In addition, the filtrate may be used to treat fevers or as an eye rinse 

to alleviate red, irritated eyes. Enemas made from ground leaves and hot water are administered to 

children suffering from the adverse effects of intestinal worms or constipation (Watt and Breyer-

Brandwijk, 1962, Mukinda, 2005, Liu et al., 2009, Du Toit and Van der Kooy, 2019a). 

 

Eardrops for earache prepared from A. afra also act as a mouthwash to ease pain from gumboils and 

oral ulcers. Coughs, colds, chest ailments, indigestion and stomach cramps are treated with an old 

remedy known as ‘Wilde als brandy’ (Liu et al., 2009, Braünlich et al., 2018a). Bronchitis, blocked 

nose, tight chest, asthma and chest colds are treated by inhaling the steam of boiled A. afra leaf 

infusion (Watt and Breyer-Brandwijk, 1962, Mukinda, 2005, Liu et al., 2009, Du Toit and Van der 

Kooy, 2019a). A poultice of A. afra leaves is used to treat neuralgic pain, mumps, tired muscles and 

to relieve colic; drawing out of pimples is also treated in this way (Watt and Breyer-Brandwijk, 1962, 

Mukinda, 2005, Liu et al., 2009, Du Toit and Van der Kooy, 2019a). 

 

2.1.4 Side effects of A. afra  

Ingestion of all Artemisia species should be avoided during pregnancy due to the thujone compound 

found in A. afra, which acts as an abortifacient and promotes menstruation. The effect of thujone is 

associated with gamma-aminobutyric acid (GABA) receptors and is thought to play a role in the 

inhibition of serotonin 5-HT3 receptors (Liu et al., 2009, Du Toit and Van der Kooy, 2019a). In 

addition, patients presenting with a dry cough and severe kidney disease should also keep away from 

the use of any Artemisia species (Watt and Breyer-Brandwijk, 1962, Mukinda, 2005, Liu et al., 2009, 

Du Toit and Van der Kooy, 2019a). Due to potential adverse side effects, the extract of A. afra should 

not be administered to children and patients suffering from duodenal ulceration or epilepsy. 

Prolonged ingestion or excessive use results in absinthism, which manifests as convulsive symptoms, 

sleeplessness, tremors, vertigo and fatty degeneration of the liver (Watt and Breyer-Brandwijk, 1962, 

Mukinda, 2005, Liu et al., 2009, Du Toit and Van der Kooy, 2019a).  

 

2.1.5 Phytochemistry   

A vast number of active compounds have been identified and isolated from the oil, leaves, stem and 

roots of A. afra. There is also a high content of essential and volatile oils, depending on the plant's 

geographical location (Patil et al., 2011). Anti-microbial and antioxidant effects have been attributed 

to the volatile oil. Other standard active compounds found in the plant include 1.8-cineole 

(eucalyptol), alpha-thujone, beta-thujone, camphor, borneol sesquiterpenoids such as chrysanthenyl 

acetate and devannone (Figure 2.3) (Silbernagel et al., 1990, Afolayan and Sunmonu, 2013). There 
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are also several non-volatile constituents found in the plant, which include triterpenes (amyrin and 

friedelin), alkanes (ceryl cerotinate and N-nonacosane), flavonoids (methyl ethers of luteolin), 

coumarins (scopoletin) and polyacetylenes (Figure 2.3) (Viljoen et al., 2006, Liu et al., 2009, Du Toit 

and Van der Kooy, 2019a). A new isoalantoctone was isolated by Venable et al. (2016) following the 

study on the main types of polysaccharides that also reported the presence of pectin (Venables et al., 

2016, Braünlich et al., 2018b, Du Toit and Van der Kooy, 2019a).  

 

 

Figure 2.3: Phytochemicals isolated from A. afra. Two-dimensional chemical structures of isolated 

cytotoxic/antitumour compounds from A. afra species (Liu et al., 2009). 

 

The plant also contains monoterpenes, sesquiterpenes, triterpenoids and flavonoids (Liu et al., 2009). 

The aerial part of the plant is also known to produce sesquiterpene lactones such as 

guaianolides and glucosides (Jakupovic et al., 1988, Du Toit and Van der Kooy, 2019a, Moyo et al., 

2019b). In Zimbabwe, most of the plant’s oil content consists of β-thujone, whereas in Kenya the oil 

is rich in 1,8-cineole, β-thujone and camphor. In South Africa, several compounds were identified 

such as α-pinene, β-pinene, terpineol, chrysanthenyl acetate, camphene, myrcene, and trans-β-
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ocimene, thus demonstrating the effect of geographical distribution on phytochemical content (Liu et 

al., 2009, Du Toit and Van der Kooy, 2019a).  

 

2.1.6 Pharmacological activities  

Antioxidant, anti-inflammatory, cardiovascular and spasmolytic activities are exhibited by 

pharmacological components of A. afra extracts. Sedative and antidepressant effects are associated 

with the central nervous system. In addition, A. afra is considered as folk medicine in Zimbabwe, 

where the extracted plant oil was screened for significant activity against Aspergillus ochraceus,  

Aspergillus niger, Aspergillus parasiticus, Candida albicans, Alternaria alternate, Geotrichum 

candidum, and Penicillium citrinum (Liu et al., 2009, Du Toit and Van der Kooy, 2019b). The 

essential oil of A. afra showed high antimicrobial activity, with specific anti-mycobacterium potential 

against respiratory pathogens as observed against Mycobacterium smegmatis at a minimum inhibitory 

concentration (MIC) value of 1.57 mg/ml. In vitro antibacterial activity was also observed in the 

traditional extract of the South African A. afra plant (Mativandlela et al., 2008, Liu et al., 2009, Du 

Toit and Van der Kooy, 2019a). The A. afra extract has thus demonstrated antimicrobial and 

antifungal capabilities against gram-positive and negative bacteria, fungi and protozoa (Graven et al., 

1992, Suliman et al., 2010). 

 

The oil obtained from selected aromatic plants, including Agathogsma betulina, Eucalyptus globulus 

and Osmitopsis asteriscordes can be combined with A. afra for therapeutic purposes (Suliman et al., 

2010, Du Toit and Van der Kooy, 2019b). The essential oil obtained from these plant 

concoctions demonstrated the ability to prevent lipid oxidation and elicit free radical scavenging, 

chelating metal ions and acts as a reducing agent (Liu et al., 2009, Du Toit and Van der Kooy, 

2019b). The oil of A. afra has antioxidant potential as elucidated by Burits and co-investigators 

(2001) in a study for non-enzymatic lipid peroxidation in liposomes (Burits et al., 2001). In the study, 

A. afra acted as a non-specific donor of hydrogen atoms or electrons in the diphenyl 

picrylhydrazyl assay. Furthermore, it was effective as a hydroxyl radical scavenging agent in the 

deoxyribose degradation assay (Konishi et al., 2002, Liu et al., 2009). 

 

Several compounds were isolated from the crude leaf extract of A. afra, but only a few were noted to 

have high antioxidant activity such scopoletin and betulinic acid. Sesquiterpenes have high 

antioxidant activity and are known to cause the generation of reactive oxygen species (ROS) in 

various cancer cell lines, making it a potential bioactive compound in cancer treatment (Liu et al., 

2009, More et al., 2012, Du Toit and Van der Kooy, 2019b). Isoalantolactone is shown to protect 

against Staphylococcus aureus pneumonia. Phenolic compounds found in the A. afra were found to 
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exhibit protective activities against degenerative diseases such as cancer and cardiovascular diseases 

(Magalhães et al., 2009, Du Toit and Van der Kooy, 2019a, Moyo et al., 2019a). The phenolic groups 

of the plant are known to chelate metals by inhibiting lipoxygenase and scavenging free radicals 

(Martínez-Valverde et al., 2000, Du Toit and Van der Kooy, 2019a). 

 

Treatment of various inflammatory diseases such as rheumatism, fever and other inflammatory-

related diseases involves the use of A. afra (Halliwell and Gutteridge, 1989, Naidoo et al., 2008, Liu 

et al., 2009, Du Toit and Van der Kooy, 2019a). Scopoletin isolated from A. afra exhibited 

cardiovascular and hypotensive effects, resulting in potential therapeutic options for cardiovascular 

diseases (Guantai and Addae-Mensah, 1999, Liu et al., 2009, Du Toit and Van der Kooy, 2019a). 

The plant also possesses anti-convulsive and GABA-benzodiazepine receptor-binding activity due to 

active flavonoids as isoalantolactone within the plant, enabling sedative and CNS-acting activities 

(Liu et al., 2009, Du Toit and Van der Kooy, 2019a). Two studies by Nielsen et al. (2004) and Liu et 

al. (2009) both indicated the use of ethanolic A. afra extract for the treatment of depression  (Nielsen 

et al., 2004, Liu et al., 2009).  

 

2.2 Cancer   

Cancer is a broad group of diseases that begins when abnormal cells divide uncontrollably in almost 

any organ or tissue of the body, go beyond their natural limits to invade adjoining parts of the body 

and spread to other organs (Auyang, 2006, Edge et al., 2010, Jiang et al., 2015). There were 19.3 

million cases in 2020, and the incidence rate is growing throughout the world due to socioeconomic 

burden, late diagnosis and poor prognosis (Bray et al., 2018, Mathur et al., 2020). Cancer is the 

second leading cause of death in the world with almost 10.0 million cancer-related deaths reported in 

2020; the mortality rate also remains high in South Africa (Brand et al., 2018, Mathur et al., 2020).  

 

2.2.1 Colorectal cancer 

2.2.1.1 The colon 

The colon (Figure 2.4) is part of the digestive system and is also referred to as the large intestine, 

which has 3 primary functions: absorbing water and electrolytes, producing and absorbing vitamins 

and forming propelling faeces toward the rectum for elimination (Sulaiman and Marciani, 2019). By 

the time indigestible materials have reached the colon, most nutrients and up to 90% of the water 

have been absorbed by the small intestine (Azzouz and Sharma, 2018, Sulaiman and Marciani, 2019). 

The undigested and unabsorbed nutrients are retained within the large intestine. The ascending colon's 

function is to remove the indigestible material's remaining water and nutrients before solidifying it 
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into a stool. Faecal material that will gradually be drained into the rectum are locally contained in the 

descending colon (Azzouz and Sharma, 2018). To raise the colon's pressure, the sigmoid colon 

contracts, allowing the stool to pass into the rectum. The rectum houses the faeces pending removal 

by defecation (Click and Regueiro, 2019).  

 

Figure 2.4: Structural overview of the human colon (www.Fascrs.org: The colon).  

 

2.2.1.2 Consequences of the colon damage  

The build-up of toxic agents or xenobiotics within the colon leads to intestinal damage, which may 

cause cell lining injury ultimately leading to the formation of small cancerous tumours. This may be 

due to DNA mutations that allow cancerous cell replication to occur (Cooper and Hausman, 2000). 

The cancerous tumours grow over time in the surface and block nutrients from entering the large 

intestine leading to pain and discomfort (Shadad et al., 2013).   

 

Colorectal carcinoma (CRC) is a malignant tumour that affects the colon and the rectum (Figure 2.4). 

It occurs as a result of inherited or acquired mutations within the large intestine (Armaghany et al., 

2012). There are vast types of tumours that include neuroendocrine neoplasm, haematomas, 

mesenchymal tumours and relatively unusual lymphomas. Adenocarcinomas account for 90% of 

carcinoma usually found in the  colon and rectum (Gill et al., 2001, Armaghany et al., 2012). 

Adenocarcinoma is initiated by the growth of polyps on the inner lining of the colon and rectum. The 

polyps arise over time from the pre-cancerous colon that progressively grows and turns into cancer 

cells. The polyps have invasion and expansion properties due to their conformational morphological 

patterns (Gill et al., 2001, McCabe et al., 2019). In fact, approximately 90% of adenocarcinoma 

cancer metastasizes to the liver if diagnosis does not occur at an early stage  (Valderrama-Treviño et 
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al., 2017). In addition, more than half of CRC patients have metastases and recurrent CRC disease 

(Ueda et al., 1994, Chung et al., 2017). 

 

2.2.1.3 Incidence 

There are over 1.9 million cases of CRC reported annually and 935000 deaths estimated to have 

occurred in 2020 alone (Bray et al., 2018, Mathur et al., 2020). On a global scale, CRC ranks third 

in cancer incidence and second in mortality (Figure 2.5A); this is a reflection of westernized nations 

where CRC is the second leading cause of death amongst cancer patients (Sung et al., 2021). 

However, the global trend differs in Africa where CRC is ranked 5th in terms of cancers with high 

incidence and 4th for mortality rate (Figure 2.5B) (Sung et al., 2021). It is also the 5th most diagnosed 

cancer with 108168 cases in  2020 and the  4th most lethal cause of mortalities within South Africa's 

borders (Figure 2.5C) (Sung et al., 2021). Men are more susceptible to CRC; although CRC is 

currently the 3rd most common cancer in men and women, it accounts for 7.3% of cases in men and 

6.3% of cases in women. Different ethnicities in South Africa are also impacted differently by CRC. 

The most affected are White (Caucasian (52-54%)), followed by Black (African (26-28%), Coloured 

(mixed ancestry (14-15%)) and Asian (Indian (4-7%)) populations (McCabe et al., 2019, Motsuku et 

al., 2021). There is a growing risk for Black South African males to be affected by CRC (Motsuku et 

al., 2021).  

 

2.2.1.4 Risk factors 

There are various risk factors associated with the diagnosis of CRC, which includes a diet that is high 

in fat and low in fiber, excessive consumption of red meat or processed foods; family history: age, 

race, gender, and inherited gene mutation; and lifestyle with relation to lack of exercise, alcohol abuse 

and tobacco use. Other factors that contribute to CRC include alcohol consumption and cigarette 

smoking (Armaghany et al., 2012, Hughes et al., 2017). The pathogenesis of CRC remains complex 

despite the effectiveness of current CRC treatment (Hughes et al., 2017). 
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Figure 2.5: Incidence and mortality associated with colorectal cancer. (A) The percentage distribution of 

various cancer incidence and fatalities throughout the world, showing the contribution of the CRC to the global 

incidence and death rates associated with cancer. (B) Cancer incidence and mortality in Africa showing 

colorectal cancer ranked 5th and 4th, respectively. (C) The South African statistics shows incidence and 

mortality rate of colorectal cancer similar to the continent statistics [Data source: GLOBOCAN 2020 Graph 

production (Global, Africa and South Africa): IARC (http://gco.iarc.fr/today) World Health Organisation]. 
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2.2.1.5 Treatment 

Depending on each patient’s significant exposure and severity, care plans can be used in conjunction 

with first-line therapy such as radiation, surgery, chemotherapy and radiation (Chabner and Longo, 

2011). Radiation has the limitation of killing healthy cells in the surrounding region, which has 

adverse side effects in the patient, such as weakened skin and intestinal cells and other undesirable 

implications (Moding et al., 2013). Chemotherapeutics can destroy cancer cells by causing DNA 

damage or triggering multiple signaling pathways, such as cell cycle arrest, global translation 

inhibition and DNA repair (Skeel and Khleif, 2011). The critical issues associated with chemotherapy 

are cytotoxicity, drug resistance and adverse reactions. Localized malignant tumours are eligible for 

surgical removal and care, but metastatic cells pose a risk since the cancer may spread throughout the 

patient's body (Tohme et al., 2017). Surgery remains the most effective method for both late and early 

diagnosis of CRC. The prevention of CRC typically relies on screening techniques to detect 

adenomatous polyps that are precursor lesions of colon cancer. In addition to these therapies, 

antiangiogenic agents are also used to treat and monitor cancer progression (Simon, 2016). However, 

due to current treatment being expensive and requiring well-equipped medical facilities, research is 

ongoing into the use of naturally occurring plants and their active compounds to treat CRC. Some are 

in clinical trials and remain to be approved if found to be safe (Greenwell and Rahman, 2015).  

 

2.2.1.6 Human adenocarcinoma (Caco-2) cells 

The Caco-2 cells were isolated from the human colon adenocarcinoma of a 72-year-old Caucasian 

male and shown to be a good prediction model for human intestinal absorption of drugs and other 

compounds as a human colon epithelial cancer cell line (Hidalgo et al., 1989). As a result, Caco-2 

cells are useful cell model system for investigations on drug design and development, endothelial 

carcinogenesis processes, xenobiotic metabolism, cytotoxicity, and genotoxicity. (Hidalgo et al., 

1989, Lea, 2015).  

 

2.3 Inflammation  

Inflammation is a complex biological response that serves as a defense mechanism to damage induced 

by injury or infection (Fiers, 1991, Chung et al., 2017). Chronic inflammation in the 

microenvironment is required for the induction and progression of cancer (Grivennikov et al., 2010). 

Indeed, it has been estimated that 15–20% of cancer types have direct origin from chronic 

inflammation in the same tissue or organ prior to the development of the malignancy (Greten and 

Grivennikov, 2019). The likelihood of getting cancer as a result of inflammation is often time-

dependent and specific to the type of cancer. The inflammatory response is linked to cancers such as 
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2016, Chung et al., 2017). TNF-α is produced by macrophages or monocytes during acute 

inflammation and is responsible for a variety of signaling events within cells that may culminate in 

the induction of cell death. This pro-inflammatory cytokine is a 157-amino-acid that stimulates the 

immune system in the presence of cancer, infection, endotoxins, bacteria, viruses, parasites or 

inflammatory agents (Figure 2.6) (Roitt and Delves, 1992, Makamure et al., 2016). According to 

studies, the inflammatory response is linked to cancers such as prostate, breast, and lung carcinoma. 

Furthermore, TNF-α remains a major catalyst for cancer progression and metastasis and is associated 

with a poor prognosis because overexpression causes tumours to grow larger. In addition, TNF-α 

together with other growth hormones and cytokines has also been shown to increase ROS generation 

(Ueda et al., 1994, Kulinsky, 2007). 

 

2.3.2 Cell signaling cascade – MAPK 

Mitogen-activated protein kinases are protein kinases that activate or deactivate their target by 

phosphorylating their own dual serine and threonine residues (auto phosphorylation) or those located 

on their substrates (Cargnello and Roux, 2011). They control key cellular functions such proliferation, 

stress responses, apoptosis, and immunological defense (Cargnello and Roux, 2011). The activation 

of a MAPK cascade happens in a module of consecutive phosphorylations, in which each MAPK is 

phosphorylated by an upstream MAPK following a previous stimulation. A MAPK module consists 

of a MAP3K that triggers a MAP2K, which activates a MAPK in turn (Soares-Silva et al., 2016). In 

mammalian cells, the three well-known MAPK pathways are ERK1/2, c-JUN N-terminal kinase 1, 

2, and 3 (JNK1/2/3), and the p38 MAPK pathways (Figure 2.6 and 2.7) (Cargnello and Roux, 2011). 

Stress and cytokines both activate p38 MAPK isoforms, which are involved in inflammatory 

responses (Raman et al., 2007). The production of immunomodulatory cytokines such as TNF-α, IL-

1, IL-10, and IL-12, which are triggered by the activation of the p38 MAPK, JNK, and ERK 

pathways, is one of numerous critical functions regulated by MAPKs. Radiation, environmental 

stressors, and growth hormones stimulate the JNK pathway, which regulates stress, inflammation, 

and apoptotic responses. Chemical stressors, hormones, and cytokines such as IL-1 and TNF-1,3 

activate p38 MAPKs, which target many transcription factors (TFs), including NF-ĸB (Cargnello and 

Roux, 2011). 
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Figure 2.7: Overview of MAPK signaling. The MAPK’s including p38, JNK, and ERK1/2 are involved in 

various cell responses (Soares-Silva et al., 2016). 

 

2.3.3 Nuclear factor kappa -light-chain-enhancer of activated B cells (NF-B) 

NF-ĸB is a transcription factor that regulates genes that control survival and cell proliferation in 

eukaryotic cells. Activated NF-B is required for the expression of genes that keep the cell 

functioning and protects it from events that would otherwise cause programmed cell death (Beinke 

and Ley, 2004, Albensi, 2019). NF-ĸB is also implicated in the immune response and inflammation; 

many proinflammatory stimuli can activate NF-B. Activation is principally by phosphorylation of 

the inhibitory kappa B proteins (I-B) by IB kinase (IKK), followed by ubiquitination and eventual 

degradation of IBs as possible outcomes (Ben-Neriah and Karin, 2011, Liu et al., 2017b). Free of 

IB, NF-B translocate to the nucleus where it stimulates the transcription of cytokines, chemokines 

and antiapoptotic genes (Figure 2.6 and 2.8). The regulation of cell survival as well as apoptosis is 

linked to NF-B target genes, and most lymphoid and solid tumours have constitutively active NF-

B (Ben-Neriah and Karin, 2011). NF-B activation is maintained in the majority of cancer cells as 

a response to external stimuli in the tumour microenvironment or by alterations in signaling molecules 

upstream of active NF-B (Liu et al., 2017b).  
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Figure 2.8: The signalling pathway that mediates NF-B inflammatory effects. When attached to DNA, NF-

B promotes the production of pro-inflammatory cytokines. Immune cells will be drawn to the location by 

pro-inflammatory cytokines. The presence of immune cells also produces pro-inflammatory cytokines, which 

may bind to the cytokine receptors that activate NF-B, resulting in a never-ending cycle of inflammation (Liu 

et al., 2017a). 

 

2.3.4 Signal transducer and activator of transcription 3 (STAT3) 

The STAT proteins are implicated in cytokine signaling pathways that control cell growth, 

proliferation, and differentiation. Seven members of the STAT family identified include STAT1, 

STAT2, STAT3, STAT4, STAT5a, STAT5b, and STAT6 (Yu et al., 2009). These proteins are unique 

in that they serve as transcription factors in the nucleus, while also transmitting signals through the 

cytoplasm. In particular, STAT3 has prompted a lot of attention among STAT members because of 

its position in oncogenic signaling pathways and its regulatory influence on the pro-inflammatory 

cytokines involved in hepatic damage and repair mechanisms (Bishayee, 2014). The internal and 

extrinsic mechanisms of STAT3 activation is linked to inflammation and cancer. The intrinsic 

pathway, also known as the oncogenic pathway, is activated in transformed cells by epigenetic or 

genetic alterations such as persistent activation or overexpression of cytokine receptors with 

accompanying Janus kinase (JAK) family of tyrosine kinases and growth factor receptors with 

intrinsic tyrosine kinase activity. (Schmidt-Arras and Rose-John, 2016). Extrinsic or environmental 

pathway inducers include cigarette smoking, stress, UV radiation, and carcinogens. When IL-6 binds 

to its corresponding receptor, the IL-6-STAT3 signaling pathways are activated (Figure 2.9). When 

the IL-6/IL-6R combination binds to the glycoprotein receptor GP130, signaling is initiated. The 

GP130 receptor dimerises, activating the tyrosine kinase JAK1 and triggering the activation of the 

STAT3 protein (Yu et al., 2009). Furthermore, STAT3 promotes the expression of inflammatory 
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mediators such as cyclo-oxygenase 2, IL-10, and IL-6, the latter of which causes STAT3 to become 

even more activated, resulting in genetic alterations and the advancement of cancer-related 

inflammation(Yu et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.9: STAT3 in inflammation. Inflammation and cancer are linked by the intrinsic and extrinsic 

pathways of STAT3 activation (Yu et al., 2009). 

 

2.3.5 Inducible nitric oxide synthases (iNOS) 

Nitric oxide synthases  are a group of enzymes that catalyze the conversion of L-arginine to NO, a 

crucial free radical involved chemical in cellular signaling (Stuehr, 2004). The calcium-calmodulin-

controlled isozymes endothelial NOS (eNOS) and neuronal NOS (nNOS) mediate NO synthesis in 

mammals (Anavi and Tirosh, 2020). However, iNOS stands out among the three NOS enzymes in 

mammalian systems because it produces more NO than the constitutive members nNOS or eNOS as 

an immune defense mechanism (Kröncke et al., 1998). Several inflammatory mediators including 

cytokines (TNF-α; IL-1, interferon (IFN-ꝩ), lipopolysaccharide (LPS) and others regulate the 

expression of the iNOS gene in macrophages (Figure 2.6), dendritic cells, neutrophils, epithelial cells 

of the gut and lung mucosa, smooth muscle cells and stromal cells of secondary lymphoid organs 

(Geller et al., 1993). These cells use different transcriptional and post-transcriptional pathways that 

result in the induction of iNOS expression; the NF-ĸB and JAK-STAT pathways are the most 

significant intracellular signal transduction pathways (Figure 2.6 and 2.9) (Geller et al., 1993, 

Kröncke et al., 1998, Anavi and Tirosh, 2020). Hypoxia and oxidative stress are also involved in the 

regulation of iNOS expression. More recently, heat shock protein (HSP) 70 (HSP70) has been shown 
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to regulate iNOS expression. Many stages of carcinogenesis involve NO, including DNA damage, 

oncogene activation, inhibition of DNA repair enzymes and tumour suppressor genes, as well as 

apoptosis and metastasis (Torgovnick and Schumacher, 2015). 

 

2.4 Oxidative stress   

Oxidative stress is an imbalance between oxidant and antioxidant levels due to excess free radical 

formation in the cell, which overwhelms the antioxidant capacity of the body (Rahal et al., 2014, 

Romani, 2018). The exogenous sources of reactive oxygen species (ROS) include the mitochondrial 

electron transport chain (ETC), NADPH-oxidase, xanthine oxidase, NO synthase and intracellular 

xenobiotic mechanisms (CYP450) (Figure 2.10). When the concentration of ROS is not managed 

adequately through defense mechanisms such as antioxidant systems involving tocopherols, ascorbic 

acid and glutathione or key enzymes catalase (CAT), glutathione peroxidase (GPx) and superoxide 

dismutase (SOD) that are involved in free radical scavenging (Figure 2.12); the resulting oxidative 

stress disrupts redox signaling  (Thanan et al., 2015). This culminates in promotion of cell growth 

and inhibition of cell death. The activation of proliferation pathways with corresponding inhibition 

of repair mechanisms leads to the enhancement of DNA damage. This damage often results in 

cytotoxicity, genotoxicity and carcinogenesis (Poljsak et al., 2013).  

 

 

Figure 2.10: Schematic diagram show factors that induce oxidative stress and the associated cytotoxic effects 

(Sharifi-Rad et al., 2020). 

 

2.4.1 Electron transport chain as a source of ROS 

Metabolism of molecular oxygen results in low ROS levels in aerobic cells, but exposure 

to toxic stimuli can generate excessive amount of ROS (Zorov et al., 2014, Snezhkina et al., 
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2019). Mitochondria function to generate energy in adenosine trisphosphate (ATP) within 

mammalian cells through oxidative phosphorylation, a process of electron transfer in the transport 

chain (Figure 2.11). The electron transport chain (ETC) is made up of series of complexes that are 

enzyme dependent including complex I (NADH-Q oxidoreductase), II (succinate-Q reductase), III 

(Q-cytochrome C oxidoreductase), IV (cytochrome c oxidase) and V (mitochondrial ATP synthase) 

ATP (Schieber and Chandel, 2014, Choi and Kim, 2019). However, nicotinamide 

adenine dinucleotide (NADH) is oxidised to NAD+, making the complex supercharged due to the 

presence of electrons entering. This results in the accumulation of electrons in the 

intermembrane space (Ahmad and Kahwaji, 2018).  

 

 

Figure 2.11: Formation of ATP through the electron transport chain and oxidative phosphorylation (Image 

modified from "Oxidative phosphorylation: Figure 1", by OpenStax College, Biology (CC BY 3.0)). 

 

Complex 1 passes electron to coenzyme A and flavin adenine dinucleotide (FADH2) becomes 

oxidized to FAD+. Electrons are passed from complex II to coenzyme Q, resulting in the enzyme 

supercharging by creating enough energy potential to pump protons from the mitochondrial 

matrix through complex III to the intermembrane space. Complex III passes electrons to cytochrome 

c (cyt c) and supercharge complex IV and create gradient energy potential. Complex IV 

gives electrons to the electron acceptor oxygen, which is reduced to two molecules of water. ATP 

synthase uses the proton gradient in the intermembrane space by passing through to phosphorylation 

of ADP to ATP (Schieber and Chandel, 2014, Choi and Kim, 2019).   
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However, studies report that 1-3% of oxygen consumed is discharged from system due to incomplete 

reduction within complex I and II resulting in formation of superoxide anion radicals (O2
•-) (Turrens, 

2003, Krumova and Cosa, 2016, Collin, 2019). The superoxide radical result in the formation of other 

forms of ROS species production as it a precursor. The dismutation of O2
•- by SOD ends 

in production of hydrogen peroxide (H2O2) (Krumova and Cosa, 2016, Sharma et al., 2012). 

Conversely, H2O2 is used in Fenton reaction (in the presence of Fe2+) to produce hydroxyl radicals 

(•OH). The •OH radical remains unremovable by enzymatic enzymes as the precursor that generate 

•OH is eliminated when GSH-PX metabolises the reduced glutathione to its oxidised form (Reiter et 

al., 1995). Other radicals formed are RNS including nitrogen dioxide (NO2), peroxynitrite (ONOO-) 

and nitrosoperoxycarbonate (ONOOCO2
-). Bioavailability •NO and activity are influenced by its 

swift response with the superoxide radical, which produces a basic and reactive peroxide, 

Peroxynitrite, which represents the fusion of the oxygen and •NO pathways (Radi, 2018). Altered 

levels of NO result in cancer as it plays a role in cellular signaling and immune response (Lloyd et 

al., 1997, Choi and Kim, 2019).                                                                                                                    

 

2.4.2 Antioxidant response  

The antioxidant response element (ARE) is a regulatory element that mediates the transcriptional 

activation of antioxidant enzymes in cells exposed to oxidative stress. It is activated when a stress 

signal leads to Nrf2 translocation to the nucleus (Baird and Dinkova-Kostova, 2011, Jaiswal, 2004). 

The stress signals that affect cellular component include oxidative stress, reduction of antioxidant 

capacity of the cell (GSH), xenobiotics that affect homeostasis (redox cycle) and biotransformation 

(Nguyen et al., 2009). The production of several enzymes that play a crucial role in protecting the 

cell oxidative stress induced by a toxic insult results from interactions of Nrf2 and the ARE (Ma, 

2013). As a result of ROS-associated toxicity in the tissue, the cell manifest an antioxidant defense 

mechanism to protect itself. Several enzymes are involved including SOD, CAT, along with non-

enzymatic compounds ascorbic acid and glutathione that maintain redox state and optimum 

detoxification of ROS (Weydert and Cullen, 2010). There are two types of SOD that are important in 

the detoxification of O2
•- to H2O2. SOD1 is found in the cytoplasm and exists as dimer, thus a 

dinuclear metal cluster which consists of copper and zinc at the active site in each subunit of the 

dimer and SOD2 which is localised in the mitochondrial matrix and is a homotetrameric that 

accommodates one manganese per subunit (Candas and Li, 2014). 
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Figure 2.12: A mechanism of how antioxidants detoxify ROS produced (Hermes-Lima, 2004). (Note: NO•- 

nitric oxide, O2
•-—superoxide radicals, ONOO—peroxynitrite, •OH- hydroxyl radicals, H2O2- hydrogen 

peroxide, CAT- catalase, SOD- superoxide dismutase, GSH- reduced glutathione, GSSG- glutathione 

disulphide, GR- glutathione reductase, GPx-1 glutathione peroxidase). 

 

The products of detoxification by SOD is H2O2 and oxygen (Figure 2.12), thus H2O2 remain toxic to 

the cell and needs to be removed. Detoxification of H2O2 is carried out by two enzyme families, GPx-

1 and CAT in mammalian cells (Davies, 2000, Weydert and Cullen, 2010). There are three fates for 

H2O2 (Figure 2.12); it can be detoxified by CAT, detoxified by GPx or form •OH in the Fenton 

reaction. Catalase is found in high concentration in peroxisomes in several tissues where it catalyses 

the decomposition of H2O2 into water and gaseous oxygen. The enzyme's reactivity with H2O2 is 

facilitated by each subunit of the four polypeptide chains of CAT with a porphyrin haem (Gutteridge, 

1995, Alfonso-Prieto et al., 2012). GPx facilitates the mitigation of H2O2 and lipid hydroperoxide to 

water, where GSH act as an electron donor. However, the altering of GSH to its oxidised form to 

glutathione disulphide (GSSG) or glutathione reductase (GR) reprocess GSSG back to GSH which 

avert depletion and the reaction is regulated by NADPH-dependent (Zitka et al., 2012, Milisav et al., 

2012). The GSH/GSSG ratio is a major determinant of the measure of oxidative stress (Lobo et al., 

2010, Zitka et al., 2012). (ii) H2O2 can be detoxified through the Fenton reaction ends from hydrogen 

peroxide and an Iron (II) catalyst, forming hydroxyl radicals. This, in turn, causes DNA to respond 

(Collin, 2019). (iii) The combination of ROS should cause the metal-catalysed Haber-Weiss reaction 

to occur in the presence of iron ions, resulting in the formation of hydroxyl radicals (Kehrer, 2000). 
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2.4.3 Consequences of oxidative stress 

Failure of antioxidant defense mechanism system causes oxidative modification of macromolecules 

that alter cellular processes' function and structure (Kurutas, 2015). Free radical-mediated damage to 

the cell's lipid component, induced by oxidative stress, may lead to lipid peroxidation. The oxidation 

of polyunsaturated fatty acids lipids into polar lipid hydroperoxide propagation of free radical 

reaction during lipid peroxidation often impairs the cell (Halliwell and Chirico, 1993, Betteridge, 

2000).  

 

Oxidised product that causes modification of DNA, protein and other macromolecules are products 

of lipid peroxidation. Malondialdehyde (MDA) and 4-hydroxy-2-nonenal (4-HNE) provides clear 

example of how MDA acts with nucleic acid bases for the formation of adducts, that are mutagenic 

(Halliwell and Chirico, 1993, Chan and Murin, 2011, Deavall et al., 2012). Lipid peroxidation-

induced oxidative damage to lipid component may alter cellular functions, thus increasing membrane 

permeability due to altered membrane fluidity, decreased membrane potential, and rapture of the 

membrane by inactivating membrane-bound receptors and enzymes (Zhang et al., 2013, Ayala et al., 

2014).  

 

The maintenance of overall cell homeostasis relies entirely on essential mitochondrial mechanisms. 

As a method of action, certain xenobiotics have been reported to specifically target the mitochondria, 

causing process dysregulation and generating mitochondrial toxicity (Liu and Wang, 2016, Tsai et 

al., 2016). Although these mitochondria are still a toxicity target, mitochondrial malfunction has been 

linked to a variety of diseases, including Alzheimer's, Parkinson's, cardiomyopathy, cancer, and 

diabetes (Wang et al., 2014). Reduced energy generation is the most-early consequence of 

mitochondrial malfunction. During dysfunction, however, there are significant increases in 

mitochondrial catalysed side processes. These include the formation of free radicals and the 

exothermic burning of oxygen, both of which cause cellular damage (Wang et al., 2014). When the 

respiratory chain ATP synthase is inhibited and OXPHOS is uncoupled, primary toxicity might result. 

Interference with mitochondrial biogenesis, protein synthesis, gene expression, and membrane 

transporter inhibition are all examples of secondary mitochondrial toxicity (Wallace and Starkov, 

2000). Interference with the ETC, which results in increased ROS generation, is the most common 

mechanism of mitochondrial toxicity. Oxidative stress is caused by an imbalance of ROS and 

antioxidants within cells. Reactive nitrogen species can interact with macromolecules like proteins 

and lipids, creating conformational changes that cause further stress (Kowaltowski and Vercesi, 1999, 

Picard et al., 2011). Cell death occurs when oxidative stress is not alleviated. In other circumstances, 
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tampering with mitochondrial apoptotic pathways results in uncontrolled cell death, which has been 

seen in a variety of malignancies (Reed, 1999). 

 

2.4.5 Cellular repair pathway  

When cells are exposed to ROS oxidative DNA damage results in base lesions such as 8-oxoguanine. 

Various repair mechanisms may be implemented, and if that fails the cells induce cellular death 

(Davies, 2000). In the base excision repair (BER) pathway, the glycosylase (OGG1) removes the, 

highly mutagenic base, thus preventing mispairing with adenine residues, which result in a G:C to 

T:A transverse mutation. Thus, OGG1 prevents mutations that promote carcinogenesis brought on by 

ROS (Cooke et al., 2003, Boldinova et al., 2019). In the event of base lesion (8-oxoguanine) 

accumulation due to OGG1 downregulation, the probability of transformation that leads to 

carcinogenesis is high. A decrease in DNA-binding is caused by a reduced OGG1, which increases 

base mutations and serves as a marker for cancer susceptibility (Jaiswal et al., 2001, Cooke et al., 

2003, Boldinova et al., 2019). 

 

2.5 Apoptosis 

When the cellular defense mechanism fails, cell death is induced to target damaged cells for 

elimination. There are different kinds of cells death, including apoptosis or necrosis depending on the 

exposure time and severity of the toxic insult (Tsujimoto, 1997, Van Cruchten and Van Den Broeck, 

2002). Apoptosis is a cell death program initiated by extracellular or intracellular signals that activate 

a cascade of events that culminates in the ordered degradation of the cell (Elmore, 2007, Kerr et al., 

1972, Green, 2019). Excessive apoptosis results in neurodegeneration, while inadequate apoptotic 

cell death may result in cancer, autoimmune or chronic inflammatory diseases (Saraste and Pulkki, 

2000, Elmore, 2007, Zhang et al., 2018).   

 

A family of cysteine proteases is activated to carry out apoptosis (Figure 2.13). Caspases are inactive 

zymogens (procaspases) that require activation to facilitate proteolytic cleavage of cellular 

proteins.  Caspases are classified into two groups, initiator and executioner caspases (Franco et al., 

2009, Salvesen, 2010, Danial and Hockenbery, 2018). Initiator caspases such as caspase-8 and 

caspase-9 become active through homodimerisation causing cleavage and activation of executioner 

caspases-3/7 that are responsible for the execution of cell death (Chang and Yang, 2000, Danial and 

Hockenbery, 2018).   
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Apoptosis occurs in two pathways, viz. extrinsic and apoptotic pathway. Both pathways ultimately 

lead to end stage cell death. The intrinsic pathway is mitochondrial dependent and requires various 

stimuli, including hypoxia, radiation, growth factor deprivation, DNA damage, and oxidative stress 

(Kerr et al., 1972, Elmore, 2007, Green, 2019).  

 

2.5.1 Intrinsic pathway: mitochondrial mediated   

The intrinsic pathway (Figure 2.13) is orchestrated by the mitochondria. It is activated by various 

stimuli such as ROS-induced DNA damage that activate the tumour suppressor p53 protein regulator 

(Jin and El-Deiry, 2005, Deavall et al., 2012, Green and Llambi, 2015). The p53 protein is a 

homotetrameric transcription factor located in the nucleus that functions by inducing the transcription 

of target genes involved in cell cycle arrest, DNA repair, and cell death (Cooke et al., 2003, Achanta 

and Huang, 2004, Deavall et al., 2012). In the intrinsic pathway, a stimulus received by a cell causes 

the reduced Bcl-2 function through p53-upregulated modulator of apoptosis (PUMA) and NOXA 

resulting in the activation and migration of Bax and Bak to the mitochondrial surface (Figure 2.13). 

These proteins are proapoptotic members of the Bcl-2 family which contain BH3 and BH4 domains 

(Harris and Thompson, 2000, Murphy et al., 2000). Bax protein undergoes conformational 

modification, resulting in binding the protein on the outer mitochondrial surface (Shamas-Din et al., 

2013, Campbell and Tait, 2018). 

 

Oligomerisation of Bax and Bak protein causes the mitochondria to release pro-apoptotic proteins 

and cytochrome c from its intermembrane space to the cytosol (Dewson et al., 2009, Goldstein et al., 

2000, Renault et al., 2013, Vringer and Tait, 2019). Among the pro-apoptotic proteins 

are SMAC/DIABLO, a second mitochondria activator of caspases; cytochrome c is the primary 

activator (Figure 2.13). Cytosolic cytochrome c binds to apoptotic protease activating factor 1 

activating factor-1 (Apaf-1), initiating the recruitment of countless procaspase-9 to the caspase 

recruitment domain (CARD) of Apaf-1 resulting in the formation of the apoptosome complex (Baliga 

and Kumar, 2003). The apoptosome complex undergoes conformational changes that are activated 

by ATP hydrolysis and culminates in the cleavage of procaspase-9, which homodimerises to form 

active caspase-9 (Figure 2.13). The executioner caspases-3/7 are activated by caspase-9 to execute 

cell death (Wei et al., 2001, Cory and Adams, 2002, Bratton and Salvesen, 2010, Yuan and Akey, 

2013).  
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Figure 2.13: Overview of the apoptotic pathways. The death receptor pathway (extrinsic) and mitochondrial-

mediated pathway (intrinsic) are linked by caspase-8 cleavage of Bid. The TNF- death receptor pathway is 

also shown (Koff et al., 2015). 

 

2.5.2 Extrinsic “Death-receptor mediated apoptosis”  

The extrinsic pathway (Figure 2.13) transmits extracellular death signals to the intracellular 

machinery by induced interaction of the TNF superfamily and a specific associated ligand (Cope and 

Tomei, 1991, Schneider and Tschopp, 2000, Koff et al., 2015). The TNF family include Fas (CD-

95), TNF receptor 1 (TNFR1), TNF-related apoptosis-inducing ligand-receptor 1 and 2 (TRAIL1 / 

2). The receptors are characterised by distinct motifs such as death domains (DD) and death effector 

domains (DED). Ligands from TNF family on the cell surface interact with CD-95 and TRAIL 

receptor to attract DD-containing molecules including Fas-associated death domain protein (FADD) 

and TNF receptor-associated death domain (TRADD) (Gibson, 2004). Engagement of FADD 

activates the pro-apoptotic pathway, while TRADD triggers anti-apoptotic signals. The DD/DED of 

FADD associate with procaspase-8 and procaspase-10 leading to the formation of the death-

inducing signaling complex (DISC) in the cytoplasmic compartment (Gibson, 2004). Induced 
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proximity of these procaspases results in their cleavage and dimerisation to active caspase-8 and 

caspase-10. The initiator caspase-8 or caspase-10 cleave and activate downstream effector 

procaspases including caspase-3, caspase-6 and caspase-7 to execute cell death. (Lin et al., 1999, 

Zhang et al., 2009, Long and Ryan, 2012, Koff et al., 2015). Alternatively, the initiators relay a signal 

to the mitochondria via the cleavage of the cytosolic BH3-only protein, Bid, to tBid leading to 

activation of the intrinsic pathway. 

 

In contrast, TRADD binds to and forms a complex with protein including receptor interacting proteins 

1 (RIP1), TNF receptor-associated factor 2 (TRAF2), TRAF5 and the inhibitor of apoptosis, protein 

-1 and -2 (cIAP1/2), this leads to the regulation of pro-survival signals including those mediated by 

NF-ĸB, JNK and p38 (Koff et al., 2015). The enzyme cylindromatosis (CYLD) deubiquitinates RIP1 

resulting in dissociation of RIP1 and TRADD from complex I leading to the formation of complex II 

through the binding of RIP1 and TRADD to FADD and caspase-8 or caspase-10 (Li-Weber, 2013, 

Koff et al., 2015, Kupka et al., 2016).   

 

2.5.3 Execution of cell death 

Activation of the execution phase of apoptosis occurs via the extrinsic and intrinsic pathways. The 

activation of cytoplasmic endonucleases and proteases is facilitated by caspases-3/7 (Festjens et al., 

2006, Julien et al., 2017). The cleavage and activation of inhibitor of capsase-3-activated DNase 

(iCAD) by caspases-3/7 that leaves caspase-activated DNase (CAD) and in apoptotic cells facilitates 

fragmentation of DNA. Degradation of nuclear material such as lamin, cytoskeletal elements such as 

Golgi and actin microfilaments is also facilitated by caspases-3/7. Caspases-3/7 also cause cleavage 

and inactivation of the repair proteins poly (ADP-ribose) polymerase (PARP-1), and externalisation of 

phosphatidylserine for apoptotic cell recognition. Therefore, caspases-3/7 are vital to the execution of 

apoptosis since they cause reorganisation of the cytoskeletal structure and the disintegration of 

cellular contents into apoptotic vesicles (Hassan et al., 2014). 

 

2.6.3.1 Poly (ADP-ribose) polymerase (PARP-1) 

Numerous repair proteins including PARP-1 are used when there is DNA damage (Surjana et al., 

2010, Nowsheen and Yang, 2012). In response to double or single stranded DNA breaks, PARP-1 

binds to damaged DNA through the two-Zinc finger domain situated in the protein's amino terminal 

area. PARP-1 converts NAD+ to nicotinamide and ADP-ribose. Elongation and branching of the 

protein on the glutaminic residue is facilitated where PARP-1 catalyses poly (ADP-ribose) binding. 

However, during apoptosis the executioner caspases-3/7 cleave PARP-1 at the tetrapeptide carboxyl 
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cleavage site [(Asp-Glu-Val-Asp) (DEVD)] localised between Gly215 and Asp214 to produce a 

89kDa and 24kDa fragment. Zinc promotes the binding of PARP-1 to DNA strand break and inhibit 

PARP-1 cleavage. The conserved sites such as a Cys-285 and His-237 interact with catalytic function 

of caspases-3/7 to regulate the Zn inhibition, which allows for PARP-1 cleavage by caspases-3/7 to 

occur (Kaufmann et al., 1993, Perry et al., 1997, Erener et al., 2012). 

 

Colorectal carcinoma (CRC) continues to present a public health challenge in the southern African 

region where current cancer treatment is expensive and not easily accessible to the vast majority of 

patients. Artemisia afra is a widely used medicinal plant located in the southern African region that 

is accessible and affordable. Current literature suggests that A. afra possesses anti-cancer potential. 

This study investigates the anti-cancer potential of A. afra crude aqueous leaf extract by determining 

its antioxidant, anti-inflammatory and apoptotic effects in the Caco-2 cell line. 
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CHAPTER 3 : MATERIALS AND METHODS 

 

3.1 Materials 

The leaves of A. afra were secured from the Durban Market (KwaZulu-Natal, SA) and verified by 

the University of KwaZulu-Natal herbarium. All tissue culture reagents and plasticware were 

procured from Whitehead Scientific (Johannesburg, South Africa), except for foetal calf serum (FCS) 

that was obtained from ThermoFisher Scientific (Waltham, Massachusetts, United States). Promega 

kits and reagents used for luminometry, and Cell Signaling Technology (CST) antibodies were 

acquired from Anatech (Johannesburg, South Africa). The methylthiazol tetrazolium (MTT salt), 

phosphate buffered saline (PBS) tablets, bicinchoninic acid (BCA) assay kit, β-actin and acrylamide 

were bought from Sigma (Johannesburg, South Africa). The lactate dehydrogenase (LDH) 

cytotoxicity detection kit, protease and phosphatase inhibitors were obtained from Roche Diagnostics 

(Mannheim, Germany). Western blot reagents were purchased from Bio-Rad (Hercules, CA, USA). 

Reagents for qPCR were bought from Bio-Rad and the primer sequences were purchased from Inqaba 

Biotechnologies (Johannesburg, South Africa). All other reagents were obtained from Merck 

(Johannesburg, South Africa) unless stated otherwise. 

 

3.2 Cell culture  

Caco-2 and Hek293 cells were cultured in a 75 cm2 culture flask reconstituted with 10 ml of complete 

culture medium [CCM; Dulbecco’s Modified Eagle’s Medium (DMEM), 10% foetal calf serum 

(FCS), 1% L-glutamine and 1% penicillin-streptomycin-fungizone and 25mM 4-(2-hydroxyethyl)-1-

piperazineethanesulphonic acid) (HEPES) buffer]. The cells were allowed to attach and grow at 37°C 

with 5% CO2 and were monitored with constant change of CCM until cell growth reached 90% 

confluence. Confluent flasks were trypsinised using 1 ml trypsin and counted using the trypan blue 

exclusion method (150 µl of CCM, 50 µl of trypan blue, 50 µl of cell suspension in a microfuge tube, 

and 10µl of this mixture was pipetted onto a haemocytometer) for sub-culturing or storage. Cell 

number was adjusted as required for each assay. 

 

3.3 Extraction and A. afra preparation  

The A. afra Jacq.ex wild plant was verified by University of KwaZulu-Natal Herbarium, Botany 

Department, Westville Campus. Plant leaves were dried at room temperature (RT) and crushed using 

a blender. The crude leaf aqueous extract was prepared by adding 20 g crushed leaves to 200 ml 

distilled water and boiled for 15 minutes. The supernatant was then filtered, transferred into 50 ml 
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tubes and centrifuged at 3220xg, 20oC, 30 minutes. The upper aqueous layer was aspirated, 

lyophilized and stored (4°C) until use. A 5000 µg/ml stock solution was prepared, filter sterilised 

using a 0.45 µM filter (Milipore) and kept at 4oC until use. 

 

3.4 3-4, 5-dimethylthiazol-2-yl)-2, 5- diphenyl tetrazolium bromide (MTT) assay 

3.4.1 Principle  

The MTT assay measures metabolic activity as an indication of cell viability, proliferation and 

cytotoxicity. This calorimetric assay involves the conversion of yellow tetrazolium salt to purple 

formazan crystals by metabolically active cells (Figure 3.1). The reduction of MTT to formazan is 

facilitated by NAD(P)H-dependent oxidoreductases in viable cells. The coloured solution is obtained 

by dissolving the insoluble formazan crystals in solubilisation solution such as dimethylsulphoxide 

(DMSO); then absorbance is measured at 570 nm with reference wavelength 690 nm using the 

spectrophotometer. In the absence of cells, the MTT reagent yields a low background absorbance. 

The more intense the solution, the greater the number of viable, metabolically active cells (Mosmann, 

1983, Riss et al., 2015).  

 

 

Figure 3.1: Principle of the MTT assay. Metabolism of MTT to a purple formazan salt by viable Caco-2 cells 

(Prepared by the Author). 

 

3.4.2 Protocol 

The MTT calorimetric assay was used to determine A. afra crude leaf extract's cytotoxicity on Caco-

2 and Hek293 cells. The cells were seeded (20 000 cell/well in 300 µl CCM) in triplicate into a 96-

well microtitre plate at (37°C, 5% CO2), incubated to adhere overnight and treated with a range (0-5 

mg/ml) of the A. afra extracts in CCM for 48 hours (37oC, 5% CO2). Following incubation, the 
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treatment was discarded and replaced with 20 μl MTT salt solution (5 mg/ml in 0.1 M phosphate 

buffered saline (PBS) (pH 7.4) and 100 μl of CCM dispensed into each well and incubated (4 hours). 

The MTT solution was then discarded and 100 µl of DMSO was added into the wells followed by 

incubation for 1 hour.  The absorbance was read at 570 nm with reference wavelength 690 nm on a 

BioTek® μQuantTM microplate reader (Winooski, Vermont, USA). The absorbance was used to 

calculate cell viability:  

 

Cell viability = (
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑐𝑒𝑙𝑙𝑠

𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒 𝑜𝑓 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑐𝑒𝑙𝑙𝑠
 ) x 100 

 

GraphPad Prism V5 software (GraphPad software Software Inc. La Jolla, California, USA) was used 

to determine the half-maximum inhibitory concentration (IC50) by plotting a concentration-response 

curve. The extrapolated IC50 value was used in subsequent assays. Untreated cells served as the 

control. 

  

3.5 Lactate dehydrogenase assay  

3.5.1 Principle   

Lactate dehydrogenase (LDH) is an oxidoreductase found in the cytoplasm of all cells. Due to loss of 

membrane integrity following cellular damage, cell death and inflammation, the LDH may escape 

the cell's confines and be extruded into the plasma or cell media. The LDH assay quantifies the 

amount of enzyme released by damaged cells. The LDH activity is indirectly quantifiable; NADH 

produced during the conversion of lactate to pyruvate interacts with a specific probe to produce a 

coloured formazan product that can be measured with a spectrophotometer at 450nm (Figure 3.2) 

(Watanabe et al., 1995, Fiume et al., 2014). 
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Figure 3.2: Quantification principle for extracellular LDH. Release of LDH from a damaged cell quantified 

using a tetrazolium-based spectrophotometric assay (Forest et al., 2015). 

  

3.5.2 Protocol  

The LDH cytotoxicity detection kit (04744926001) that detects the amount of LDH released by 

damaged cells was used to quantify LDH levels in the treated cell media. The relevant treatment 

media (control and IC50) and blank (negative control with CCM only) was added in triplicate into the 

96-well microtitre plate (50 µl per well). This was followed by addition of 25 µl of the LDH reagent 

(buffer and catalyst) and incubated in the dark for 30 minutes at room temperature (RT). Thereafter, 

12.5 µl stop solution was added and absorbance was measured at 490 nm with reference wavelength 

690 nm using a spectrophotometer (BioTek® μQuantTM microplate spectrophotometer (Winooski, 

Vermont, USA)). Results were presented as the mean of the absorbance obtained. 

 

 3.6 Luminometry  

Luminescence involves the emission of light from biological samples that have not been heated as in 

fluorescence (there is absorption of light and transmission at different wavelength) or 

phosphorescence (the absorption of light and transmission over a longer period). Luminescence 

involves two processes: (1) Chemiluminescence - emission of light through chemical reaction with 
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limited emission of heat (luminescence): 2H2O+ luminol + enhancer → 2H2O+ hv + oxidised luminol. 

(2) Bioluminescence is the emission of light through the production of enzyme chemical interference. 

The reaction involves a light emitting pigment known as luciferin and luciferase the enzyme 

component. The substrate luciferin reacts with oxygen and requires magnesium in the presence of 

ATP to produce carbon dioxide (CO2), adenosine monophosphate (AMP) and pyrophosphate (PP) as 

waste products (Duellman et al., 2015).  

 

Luminescent principles were used to detect and quantify ATP, caspase activity, GSH, externalized 

phosphatidylserine and mitochondrial membrane potential. The Caco-2 cells were maintained until 

80% confluence was reached. Culture medium was removed from the wells and treated as control 

and IC50 for 48 hours. The treated cells were washed with 0.1 M PBS, trypsinised, resuspended and 

counted for plating in a luminometer plate for each assay. 

 

3.6.1 ATP quantification 

3.6.1.1 Principle 

The Cell Titre-Glo® assay measures intracellular ATP concentration; the assay buffer contains a 

lysing solution so that the intracellular ATP released is used in the reaction that converts luciferin to 

oxyluciferin with the concomitant emission of light (Figure 3.3) (Tahara et al., 2017). The amount of 

emitted light is directly proportional to the concentration of ATP.  

 

Figure 3.3: ATP quantification using the Cell Titre-Glo® assay. In the presence of ATP, magnesium, and 

molecular oxygen, luciferase catalyses a bioluminescent process [Adapted from (Riss et al., 2015)].  

 

3.6.1.2 Protocol  

The Cell Titre-Glo® assay (CAT#G7570) prepared according to manufacturer’s protocol was used 

to quantify ATP. Briefly, 50 µl of treated cell suspension (20000 cells/well in 0.1 M PBS) was added 

to an opaque luminometer plate in triplicate for each treatment. Then, 20 µl of the prepared reagent 
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was added into each well and incubated in the dark for 30 minutes at room temperature, allowing the 

luciferin-luciferase reaction to proceed. The intensity of light produced by the reaction was quantified 

using the Modulus™ Microplate luminometer (Turner Biosystems, Sunnyvale, USA). The level of 

ATP was presented as mean relative light units (RLU). 

 

3.6.2 Caspase quantification 

3.6.2.1 Principle 

Each Caspase-Glo® assay contains a DEVD-aminoluciferin and a cell lysis reagent that is added to 

the sample. Substrate lysis will expose the luciferin substrate to the relevant caspase, which cleaves 

the substrate to release aminoluciferin. The aminoluciferin is subsequently cleaved in the luciferase 

reaction resulting in a light signal (Figure 3.4) (Sanna et al., 2018). The signal produced is 

proportional to the caspase activity present.  

 

Figure 3.4: The luminescent principle for quantification of caspase activity. Luciferase utilises the 

aminoluciferin produced by caspase cleavage of Z-DEVD as a substrate. This reaction produces a light signal 

that is directly proportional to caspase activity in the presence of ATP, oxygen, and magnesium. Caspase-8, 

caspase-9, and caspases-3/7 activities measured using bioluminescence (worldwide.promega.com, 2019). 

 



 

38 

 

3.6.2.2 Protocol  

Luminescence-based assay kits (Promega Caspase-Glo®, South Africa) were used to assess the 

activities of initiator caspase-8 (G8090) and caspase-9 (G8200), and effector caspases-3/7 (G8090) 

according to manufacturer’s instructions. Briefly, the treated cell suspension (20000 cells/well in 50 

µl 0.1 M PBS) was dispensed in triplicate in a luminometer plate. Subsequently, 25 µl of caspases-

3/7, caspase-8 or caspase-9 reagents were added to respective wells and the suspension was mixed 

on a plate shaker. The plate was then incubated in the dark for 30 minutes (RT). Samples were 

analysed using the ModulusTM microplate luminometer (Turner Biosystems, Sunnyvale, USA) and 

data was presented as mean RLU. 

 

3.6.3 GSH quantification 

3.6.3.1 Principle 

The GSH-GloTM assay is based on GSH conversion of the luciferin derivative to luciferin in a reaction 

catalysed by glutathione-S-transferase (GST) (Murphy et al., 2008). The reaction is coupled with 

luciferase to produce a signal (Figure 3.5) that is proportional to the amount of GSH in the sample. 

 

 

Figure 3.5: Luminescence-based principle for GSH concentration. In the presence of GST, the luminescent 

representation for the quantification and detection of GSH in cells, luciferin derivative, is transformed to 

luciferin (worldwide.promega.com, 2015).  

 

3.6.3.2 Protocol  

The GSH assay was performed according to the manufacturer’s guidelines. The 96-well luminometer 

plate was seeded with 20000 treated cells per well in triplicate for each treatment. Thereafter, 25 µl 

of prepared 2X GSH-Glo reagent was added to each well and mix gently on plate shaker, followed 

by incubation period at RT for 30 minutes in the dark, then 50 µl of Luciferin Detection Reagent was 

added to each well and mixed on a plate shaker. After a further 15-minutes incubation, the 
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luminescence was read on a ModulusTM microplate luminometer (Turner Biosystems, Sunnyvale, 

USA). Data was presented as mean RLU. 

 

3.6.4. Phosphatidylserine (PS) quantification 

3.6.4.1 Principle 

Phosphatidylserine (PS) exposure on the cell membrane's outer surface is a robust, well-validated 

method of determining apoptosis, and necrotic cells can be distinguished from apoptotic cells using 

propidium iodide (PI), which penetrates and intercalates with DNA in dead or non-viable cells (Figure 

3.6) (Crowley et al., 2016). The RealTime-GloTM Annexin V Apoptosis and Necrosis Assay detects 

Annexin V binding to externalised PS using a simple luminescence signal, and a fluorescence signal 

created following PI attachment identifies necrotic cells (Crowley et al., 2016).  

 

Figure 3.6: Differentiation of apoptotic and necrotic cells using the RealTime-GloTM Annexin V Apoptosis 

and Necrosis Assay. Propidium iodide attaches to DNA in non-viable cells and creates a detectable 

fluorescence, whereas Annexin V binds to externalised phosphatidylserine to discriminate early apoptotic cells 

(Novus, 2021). 

 

3.6.4.2 Protocol 

For each treatment, Caco-2 cell suspension was seeded in triplicate into a white, opaque 96-well 

luminometer plate at a density of 20000 cells/well for 24 hours at 37°C. The cells were treated with 

300 μl of each of the following treatments: Untreated cells (C) and treated cells by with IC50 were 

incubated for 48 hours at 37°C. Apoptosis and necrosis was determined in treated cells using the 

RealTime-GloTM Annexin V Apoptosis and Necrosis Assay (JA1011, Promega, USA). The 2X 

Detection Reagent components were thawed at room temperature, and the 2X Detection Reagent was 

made in a 1 ml microfuge tube by a 500-fold dilution with 0.1 M PBS (pH 7.4). The Annexin V 

NanoBiT substrate (1 μl) was added into a 1 ml microfuge tube containing 500 µl of 0.1 M PBS 

(pH 7.4) and vortexed immediately. Thereafter, 1 µl CaCl2 was added and vortexed followed by the 
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addition of 1 μl Necrosis Detection Reagent. The mixture was vortexed, then 1 μl Annexin-V SmBiT 

and Annexin-V LgBiT (1 μl) were added, which were then inverted and stored on ice until needed. 

Each well was filled with 2X Detection Reagents (25 µl/well) and incubated for 30 minutes at room 

temperature. The Annexin-V apoptosis luminescence signal was measured using the ModulusTM 

microplate luminometer (Turner Biosystems, Sunnyvale, California, USA) and reported as RLU. 

 

3.6.5 JC-10 assay  

3.6.5.1 Principle 

The cationic, lipophilic dye JC-10 can be used to measure the mitochondrial membrane potential 

(Δψm). The JC-10 exhibits a green fluorescence when the Δψm is low whereas it also emits green-

orange fluorescence when the Δψm is high (Zorova et al., 2018).  JC-10 monomers are measured 

with a blue filter (excitation wavelength 488 nm, emission wavelength 529 nm) is directly 

proportional to the concentration fluorescence. 

 

Figure 3.7: Determination of mitochondrial membrane potential using the JC-10 cationic dye. Following the 

JC-10 mitoscreen, different results were obtained in healthy and defective mitochondria 

(www.gbiosciences.com, 2022). 
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3.6.5.2 Protocol 

The Δψm was measured using the JC-10 stain (CAT#786-1541) (Zorova et al., 2018). Briefly 50 µl 

of treated cell suspension (20000 cells/well in 0.1 M PBS) was added to an opaque luminometer plate. 

Then, 25 µl of prepared reagent was added into each well and incubated in the dark for 30 minutes at 

RT. The intensity of fluorescence emission produced by the reaction was quantified on a Modulus™ 

microplate reader (Turner Biosystems, Sunnyvale, USA). The Δψm of the Caco-2 cells was expressed 

as the fluorescence intensity ratio of JC-10 aggregates and JC-10 monomers.  

 

3.7 TBARS assay  

 3.7.1 Principle  

The short half-life of most ROS makes direct quantification difficult, therefore macromolecule 

damage produced by oxidants is often used to assess oxidative stress. Malondialdehyde is produced 

when polyunsaturated fatty acids undergo lipid peroxidation and is a marker for oxidative stress. 

Lipid peroxidation may be assessed by the reaction of MDA with thiobarbituric acid / butylated 

hydroxytoluene (TBA-BHT) to form a colorimetric product proportional to the MDA present. 

Butylated hydroxytoluene (BHT) is used to protect the undamaged lipids from the assay's artificial 

peroxidation. This takes place when MDA forms a 1,2-adduct with TBA at high temperature and low 

pH, resulting in a pink chromogen measured at absorbance of 532 nm (Figure 3.8). A negative control 

accounts for the background interferences. Positive control act as a reference point of whether the 

experiment worked or not. Butanol was used to separate phases to distinguish between a solvent and 

a precipitation.  The mean MDA concentration was determined by dividing the absorbance means by 

the absorption coefficient, 156 mM-1 (Fernández et al., 1997, Ayala et al., 2014).   

 

 

[𝑀𝐷𝐴] = 
𝑀𝑒𝑎𝑛 𝑎𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒

156 𝑚𝑀−1 
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Figure 3.8: A schematic diagram shows how ROS generation leads to the formation of lipid peroxidation and 

how it is detected using MDA product detected at 532 nm (Modified from www.rndsystems.com and prepared 

by the author). 

 

3.7.2 Protocol 

Lipid peroxidation, assessed by measuring MDA concentration in the treatment medium, was used 

as an indication of oxidant concentration.  Four glass test tubes were prepared containing 400 µl of 

the treatment medium (untreated control and IC50 respectively) and method controls (positive control 

containing 400 µl CCM and 1 µl MDA, and a negative control containing CCM only). A 7% 

phosphoric acid solution (200 µl) was added into each test tube, then 200 µl TBA/BHT solution was 

added to all test tubes except the negative control. The negative control tube was further supplemented 

with 200 µl of 3 mM HCl. The samples were vortexed to mix them properly for 1 minute each and 

200 µl of 1 M HCl was added to each test tube. All samples were placed in a water bath at 100oC for 

15 minutes and removed to facilitate cooling at RT. Butanol (1500 µl) was added to the cooled test 

tubes, then each sample was vortexed for 30 seconds to elicit separation of two phases within samples. 
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The upper butanol phase (500 µl) containing MDA was pipetted into microfuge tubes and 100 µl was 

transferred into a 96-well microtitre plate in triplicate. The absorbance was measured at 532 nm with 

reference of 600 nm using a BioTek® μQuantTM microplate reader (Winooski, Vermont, USA). Data 

was presented as MDA concentration (µM). 

 

3.8 Nitrate assay 

3.8.1 Principle  

Nitric oxide  plays a key role in inflammation, immunological response, and cell communication 

(Förstermann and Sessa, 2012). Endogenous NO is synthesised from L-arginine by NOS. Due to the 

short half-life of NO, nitrate and nitrite are used to indirectly assess NO concentration. For the 

colorimetric assay, the nitrate reduction to nitrite that is usually facilitated by the enzyme nitrate 

reductase in living cells is accomplished by vanadium (III) chloride (VCl3) (Figure 3.9). The acidified 

nitrite reacts with sulfanilic acid (SULF) to form a complex known as diazonium ion (nitrite-sulfanilic 

acid) which then reacts with N-(1-naphthylethylenediamine (NEDD) to form chromaphoric azo-

derivatives (Figure 3.9). The azo dye product measured at absorbance of 540 nm/690 nm indicates 

the presence of nitrate when it changes in colour to a pink dye (Bryan and Grisham, 2007).  

 

 

Figure 3.9: Nitrate reduction pathway resulting in the formation of chromophoric azo-derivative that is 

measured spectrophotometrically. Nitrates are reduced by vanadium chloride, then react with sulfanilic acid 
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(SULF) and N-(1-naphthyl) ethylenediamine (NEDD) in the Griess reaction to produce a pink chromagen 

(prepared by author). 

 

 3.8.2 Protocol 

The NO concentration was indirectly assessed using the nitrate reduction assay. Standard sodium 

nitrate solutions (0 - 200 µM) were prepared from a 1000 µM stock, and 50 µl of each standard was 

added into the 96-well microtitre plate in triplicate. After adding 50 µl of each sample into the 

respective wells in triplicate, VCl3 was added to each well. Then 25 µl of SULF and 50 µl of NEDD 

was added to each well in quick succession, and the plate was incubated for 45 minutes (dark, 37oC). 

The absorbance was read at 540 nm (reference 600 nm) with a BioTek® μQuantTM microplate reader 

(Winooski, Vermont, USA). Data was presented as nitrate concentration (µM) extrapolated from the 

standard curve.  

 

3.9 Single cell Gel Electrophoresis (SCGE) or “Comet” assay 

3.9.1 Principle 

The comet assay is a technique used to assess and quantify DNA damage in individual cells (single 

or double strand breaks, alkali labile sites, crosslinks, base pair damage and apoptotic nuclei). The 

cells are fixed in low melting point agarose; these cells require lysis in non-ionic detergent to expose 

the negatively charged DNA fragments to alkaline conditions (Figure 3.10). The DNA supercoil 

unwinds under these conditions, and will migrate through the agarose gel in response to an electric 

field (Figure 3.10) (Singh et al., 1988, Matassov et al., 2004). The distance of the migration depends 

on the amount of DNA damage. The cells are stained with gel red to facilitate visualisation using a 

fluorescence microscope. Normal cells contain an intact core of DNA, while those with DNA damage  

will resemble a comet whose tail length is directly proportional to the amount of DNA damage (Figure 

3.10) (Choucroun et al., 2001, Olive and Banáth, 2006). 

 

 

 

 

 

 



 

45 

 

 

Figure 3.10: Principle of the SCGE assay: Electrophoresis under alkaline conditions results in undamaged 

DNA remaining tightly coiled, while fragmented DNA migrate out of the nucleus to the anode resulting in a 

‘comet like’ structure (Ostling and Johanson, 1984, Olive and Banáth, 2006).  

 

3.9.2 Protocol 

The comet assay was used to detect damaged DNA in Caco-2 cells after treatment with A. afra crude 

aqueous leaf extract. Low melting point agarose (LMPA) was used to encapsulate the cells. 

Microscope slides with frosted ends per control and treatment were prepared in duplicate. The first 

layer contained 2% LMPA (700 µl, 37oC) that formed a thick supporting base layer when solidified 

at 4oC for 10 minutes. The second layer that included cell suspension (20000 cells in 50 µl of 0.1 M 

PBS), GelRedTM (#41003) nucleic acid gel stain (2 µl) and 1% LMPA (550 µl, 37oC) was overlayed 

on the base and incubated for 10 minutes at 4oC. 
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Subsequent addition of a third layer containing 1% LMPA (300 µl, 37oC) set for 10 minutes at 4oC. 

Permeation of fragmented DNA out of the nucleus involves cell lysing, therefore the coverslips were 

removed, and solidified gels were submerged into cold cell lysis buffer (100 mM EDTA, 2.5 M NaCl, 

1% Triton X-100, 10% DMSO and 10 mM Tris (pH 10) and incubated for 1 hour at 4oC in the dark. 

Thereafter, the slides were submerged in electrophoresis buffer [1 mM Na2EDTA (pH 13) and 300 

mM NaOH] for 20 minutes (RT) to allow equilibration before electrophoresis (300 mA, 25 V, 35 

minutes) using a Bio-Rad compact power supply (Bio-Rad, Hercules, California, United States). 

After electrophoresis the slides were washed three times (5 minutes each) with 0.4 M Tris (pH 7.4) 

to remove detergents, alkali and neutralise samples. This was followed by visualisation using a 

fluorescence microscope (Olympus IX51 inverted microscope) which had excitation at 510-560 nm 

and emission at 590 nm; 50 comets were captured in each slide per control/per treatment. The length 

of cells and comet tails were measured using soft imaging system (Life Science Olympus soft imaging 

solution V5) and were reported in µM as average tail lengths. 

 

3.10 Quantitative Polymerase Chain Reaction (qPCR) Assay 

3.10.1 Principle 

PCR is a sensitive, specific technique that can be used for the amplification and detection of nucleic 

acid sequences. In qPCR, the amplification of DNA is measured in real time, as the reaction proceeds 

(Garibyan and Avashia, 2013). The technique requires the following components: a DNA target 

sequence to be amplified; forward and reverse primers that are complementary to the 3′ ends of the 

forward and reverse strands of the target sequence, Taq DNA polymerase which catalyses the DNA 

synthesis process, deoxy nucleoside triphosphates (dNTPs) that are used to synthesise new strands of 

DNA and MgCl2 which acts as a DNA stabiliser and is required for optimal functioning of Taq 

polymerase (Garibyan and Avashia, 2013). A DNA-binding dye such as SYBR green is incorporated 

into the qPCR reaction; the dye binds to DNA as amplification occurs and emits fluorescence as the 

cycle progress. In addition, a house-keeping gene is detected with the targeted gene in qPCR to 

provides a control by which to measure the quantity of the amplified target gene (Figure 3.11).  

 

Since the actual PCR reaction involving denaturation, annealing and extension steps is used to 

amplify DNA, RNA-based PCR requires that the RNA sample is reverse-transcribed to 

complementary DNA (cDNA) using reverse transcriptase (Figure 3.11) (Garibyan and Avashia, 

2013). To begin the PCR reaction, the temperature is raised to 95oC so that denaturation can take 

place. This step ensures that the double stranded DNA (dsDNA) is “melted” into single strand DNA 
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(ssDNA). The annealing step involves lowering the temperature to ±55oC to allow the primers to bind 

to the targeted gene (Garibyan and Avashia, 2013). Primer binding provides DNA polymerase with 

foundation to begin copying the DNA strand. The polymerase used is Taq polymerase, from bacteria 

Thermus aquaticus. Taq polymerase is a thermostable enzyme that catalyses the synthesis of new 

DNA strands. However, the optimum functioning temperature for Taq polymerase is 72oC, the 

temperature is raised to 72oC in the extension step to facilitate DNA synthesis (Garibyan and Avashia, 

2013). These three steps conclude one cycle of a PCR reaction. This cycle is repeated 30 to 40 times 

to achieve sound amplification of the target sequence. Computer-generated software is used to 

calculate relative gene expression in a qPCR reaction (Figure 3.11). 

 

 

Figure 3.11: The qPCR procedure from mRNA extraction to amplified gene product (www.bio-rad.com, 

2022).  

 

qPCR allows for the amplification and simultaneous quantification of the target gene in the sample. Firstly, 

RNA must be isolated and synthesised single stranded complementary DNA (cDNA) by reverse transcription. 

This cDNA is then used for the qPCR reaction that incorporates a DNA-binding dye to facilitate quantification 

of the target gene expression.  

 

3.10.2 Protocol  

3.10.2.1 RNA extraction  

RNA was isolated following an in-house protocol using Trizol. This is important as Trizol degrade 

cells without damaging the RNA. Trizol reagent (500 µl) was added to each flask and incubated (4oC, 

10 minutes). Cells were removed from flasks, transferred to microfuge tubes and stored in Trizol at -
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80oC overnight. Chloroform (100 µl) was added to thawed samples and incubated at RT for 3 minutes. 

Thereafter, cell suspensions were centrifuged (12000 x g, 4oC, 15 minutes) and the aqueous phase 

was removed. Thereafter, 250 µl isopropanol was added and samples were left overnight at 80oC. 

Samples were thawed and centrifuged (12000 x g, 4oC, 20 minutes). The supernatant was discarded, 

and the retained pellet was washed with 75% cold ethanol (500 µl) then centrifuged at 7400 x g (4oC, 

15 minutes). Ethanol was removed and samples were allowed to air dry. The pellet was resuspended 

in nuclease-free water (15 µl) and incubated (RT, 3 minutes). The RNA was quantified using the 

Nanodrop2000 spectrometer (Thermo-Fisher Scientific) and the A260/A280 ratio was used to assess the 

RNA integrity. The concentration of RNA was standardised to 1000 ng/µl and used to prepare cDNA. 

 

 3.10.2.2 cDNA synthesis  

The standardised RNA was used to synthesise cDNA using the iScript cDNA synthesis Kit® 

(CAT#1708891) (Bio-Rad, Hercules, California, USA) as per the manufacturer’s instructions. 

Briefly, tubes were prepared for each sample and a reaction mix (4 µl 5x iScript reaction mix, 1 µl 

iScript reverse transcriptase, 11 µl nuclease-free water) was prepared for each sample. After adding 

4 µl of each RNA sample to the individual tubes, the tubes were transferred to a thermocycler 

(GeneAmp®PCR System 9700, Applied Biosciences, Waltham, Massachusetts, USA) for 35 minutes 

(5 minutes at 25oC, 25 minutes at 42oC and 5 minutes at 85oC). Nuclease free water (80 µl) was added 

to each sample, the cDNA was stored at -80oC. 

 

3.10.2.3 qPCR 

Gene expression was analysed using the iScript SYBR® Green PCR kit (CAT#1725121) (Bio-Rad, 

Hercules, California, USA). Each reaction volume totaled 13 µl (SYBR Green, forward primer, 

reverse primer, nuclease-free water and cDNA sample) following manufacturer’s protocol. This assay 

was carried out using 3 replicates per treatment and GAPDH as a house-keeping gene. The initial 

denaturation occurred at 95oC (4 minutes), followed by 40 denaturation cycles (95oC, 15 seconds). 

An annealing step was then carried out for 40 seconds dependents on each gene's specific annealing 

temperatures (Table 3.1). An extension step occurred (72oC, 30 seconds), followed by a plate read of 

40 cycles (CFX96 Touch™ Real-Time PCR detection System, Bio-Rad, Hercules, California, USA). 

The method described by Livak and Schmittgen (2001) was employed to determine the changes in 

relative mRNA expression, where 2-∆∆Ct represents the fold change observed in mRNA expression 

(Garibyan and Avashia, 2013). 
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Table 3.1: Annealing temperatures of target genes 

Gene Primer sequences Annealing 

temperatures 

OGG1 Forward 5′GCATCGTACTCTAGCCTCCAC3′ 

Reverse 5′AGGACTTTGCTCCCTCCAC3′ 

60oC 

TNF-α Forward 5′CAGAGGGAAGAGTTCCCAG3’ 

Reverse 5′CCTTGGTCGGTAGGAGACG3′ 

60oC 

CAT Forward 5′TAAGACTGACCAGGGCATC-3′ 

Reverse 5′CAACCTTGGTGAGATCGAA3′ 

60oC 

GPx1 Forward 5′GACTACACCCAGATGAACGAGC3′ 

Reverse 5′CCCACCAGGAACTTCTCAAAG3′ 

58oC 

SOD2 Forward 5′GAGATGTTACACGCCCAGATAGC3′ 

Reverse 5′AATCCCCAGCAGTGGAATAAGG3′ 

57oC 

C-Myc Forward 5′AGCGACTCTGAGGAGGAACAAG3′ 

Reverse 5′GTGGCACCTCTTGAGGACCA3′ 

60oC 

NF-ĸB Forward 5′GACCTGAATGCTGTGCGGC3′ 

Reverse 5′ATCTTGAGCTCGGCAGTGTT3′ 

52.6oC 

NRF2 Forward 5′AGTGGATCTGCCAACTACTC3′  

Reverse 5'CATCTACAAACGGGAATGTCTG3' 

 

GAPDH Forward 5'TCCCTGAGCTGAACGGGAAG3' 

Reverse 5'GGAGGAGTGGGTGTCGCTGT3' 

58oC 

 

 3.11 Western blotting  

 3.11.1 Principle  

Western blotting (protein blotting or immunoblotting) is used to analyse and detect the expressed 

proteins' characterisation (Roy et al., 2019). This is a rapid and sensitive assay based on 

immunochromatography where proteins are separated in the SDS-PAGE gel according to their 

molecular size (Figure 3.12). The isolated protein is then electrophoretically transferred onto 

nitrocellulose/PVDF membrane where they are detected through specific primary antibody and 

secondary (HRP-labelled) enzyme label antibody (Figure 3.12). The blot membrane is incubated with 

chemiluminescent HRP substrate and exposed to film (Figure 3.12). In this study, western blotting 

will be used to quantify the expression of apoptotic and antioxidant proteins. 

. 
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Figure 3.12: Western blotting procedure showing protein separation, transfer and immunoblotting. To 

quantify and analyse the expression apoptotic and oxidative associated proteins, via western blotting assay 

(Roy et al., 2019). 

 

3.11.2 Protocol  

Western blotting was used to analyse, detect, and quantify specific proteins' expression in a 

homogenous sample. The quantity of proteins is relatively proportional to the bandwidth, which is 

expressed as a band. Confluent flasks containing Caco-2 cells were plated and treated as previously 

described in MTT assay. The treatment media was discarded from the flask, which were then washed 

with 0.1 M PBS. Briefly, 300 μl of cystobusterTM (71009) containing phosphatase and protease 

inhibitors was added to each flask to extract total protein. A cell scraper was used, after 15 minutes 

on ice to scrape cells and transfer all the sample solution to a microfuge tube. The sample solution 

was centrifuged (4°C, 2000xg for 5 minutes) to separate the crude protein extract (supernatant).  

 

The BCA assay was used to quantify the supernatant containing crude protein. Standards (0-1 mg/ml 

in PBS) of bovine serum albumin (BSA) were determined using samples' concentration. Briefly, 25 

μl of model and standards were pipetted in duplicate into a 96-well microtitre plate. A 200 μl of 

volume BCA working solution (198 µl BCA: 4 µl CuSO4 per reaction) was added to each well, 

followed by incubation at 37oC for 30 minutes and an absorbance was measured at 562 nm using 

BioTek® μQuantTM microplate reader. The crude protein concentration for each sample from the 
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standard curve was generated by OD. The samples were standardised to a 1.8 µg/ml concentration 

using cytobuster.  

 

Laemmli buffer [1 M Tris (pH 7.4), glycerol, SDS, β-mercaptoethanol, bromophenol blue dye] was 

added to the standardised protein samples, which were then heated for 5 minutes at 100°C. The 

samples were cooled to RT and stored at -80°C until required. The mini-PROTEAN 3 SDS-PAGE 

apparatus were assembled according to the manufacturer guidelines. The gels were prepared as 

follows: 10% resolving gel [dH2O, bisacrylamide, 1.5 M Tris (pH 7.4), 10% w/v SDS, 10% APS and 

TEMED] and 4% stacking gel [dH2O, 0.5 M Tris (pH 7.4), 10% SDS, bisacrylamide, 10% APS and 

TEMED]. The electrophoretic tank was filled with 1X electrode buffer [dH2O, Tris, glycine, SDS; 

pH 8.3] and denatured proteins (25 μl) and molecular weight marker (5 μl) were loaded per well. 

Electrophoresis was initiated at 150 V for 90 minutes until the tracker dye reached the gel's bottom 

using a Bio-Rad® compact power supplier.   

 

The transfer buffer [25 mM Tris (pH 7.4), 192 mM glycine, 20% v/v methanol; pH 8.3] was used to 

equilibrate electrophoresed, nitrocellulose and blotting pads for 10 minutes. The Bio-Rad Trans-

Blot® Turbo™ cassette was assembled for gel sandwich and a current (25 V, 2.5 mA) was applied 

for 30 minutes. The nitrocellulose membrane was transferred and blocked by 5 ml of blocking 

solution (5% BSA in TTBS); NaCl, KCl, Tris (pH 7.4) with Tween-20) for 2 hours at RT on a shaker. 

The membrane was incubated at RT for  1 hour for consistency in 5 ml of primary antibody Bax 

(5023), cPARP (9541), cIAP1 (7065), p-p38 MAPK (4511), HSP27 (2402), xIAP (14334), CAT 

(12980), Bcl-2 (15071), iNOS (13120), SOD2 (13141), p-pRb (8516), pRb (9313), pSTAT-3 (9145), 

STAT-3 (4904), JNK (9252), pJNK (9251), pERK (8544), ERK (4348), HSP70 (46477), Nrf2 

(12721), GPx-1 (3286), c-Myc (9402), anti-rabbit IgG HRP-linked Ab (7074) and anti-mouse IgG 

HRP-linked (7076)] in 5% BSA in TTBS (1:1000 dilution) on a shaker for 1 h and then left overnight 

at 4°C. The membrane was allowed to reach RT for 1 hour on shaker and primary antibody removed, 

then washed with TTBS (10 ml) for 5x for consistency and then probed with secondary antibody 

[(anti-rabbit IgG (97074S) or anti-mouse IgG (970746)] in 5% BSA in TTBS (1:1000) for 2 hours at 

RT on a shaker. The membranes were washed with TTBS (10 ml) 5x and rinsed with distilled water. 

Chemiluminescence reagent (mixed luminol/enhancer and peroxide buffer in 1:1 ratio, each 200 μl) 

was added to the membrane to identify proteins of interest using a gel documentation system 

Molecular Image®ChemidocTMXRS + and Bio-Rad imaging system to express bands. The bands 

were further analysed by Image Lab software (6.0.1) by Bio-Rad. The expressed protein was 

quantified and normalised with β-actin (abd1214), the housekeeping protein that served as a loading 

control.  
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The membrane was stripped and washed with 10 ml distilled water (dH2O) for 1 minute and the water 

was discarded, followed by quenching by 5 ml of hydrogen peroxide (H2O2) and incubated at 37oC 

for 30 minutes. The H2O2 was then decanted, and the membrane was washed with 10 ml dH2O for 1 

minute. Thus, dH2O was discarded and 10 ml TTBS buffer added for 1 minute. The buffer was 

removed followed by blocking the stripped membrane with 5 ml of 5% BSA/TTBS for 1 hour, then 

probed with HRP-conjugated β-actin (Sigma, Johannesburg, South Africa), a house-keeping antibody 

(5 ml; 1:2500 in 5% BSA/TTBS) for 30 minutes. TTBS was used to washed membrane and Molecular 

Image®ChemidocTMXRS + and Bio-Rad imaging system to cultivate an image. Band intensity of 

each protein was analysed by Bio-Rad imaging system (CA, USA) and protein bands were normalised 

against β-actin.  

 

3.12 Statistical analysis  

GraphPad Prism V5.0 software (GraphPad Software Inc. La Jolla, California, USA) was used to 

analyse the data. Each assay was performed in triplicate and repeated for verification and accuracy. 

One-way analysis of variance (one-way ANOVA) with 95% confidence interval and Students t-test 

with Welch’s correction was used, and p values less than 0.05 were considered significant. 
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CHAPTER 4 : RESULTS 

 

4.1 Cell viability  

The MTT assay was employed to determine the cell viability of Caco-2 cells treated with 0-5000 

µg/ml of A. afra crude aqueous leaf extract for 48 hours. There was a reduction in cell viability 

observed with increasing concentration of A. afra extract relative to the control (Figure 4.1A). The 

cell viability decreased by 10% and 20% at 50 µg/ml (p = 0.0060) and 125 µg/ml (p = 0.0083) 

respectively. Further decreases to 43% (p = 0.0273) and 19% (p = 0.0109) were recorded for 250 

µg/ml and 500 µg/ml, and cell viabilities below 10% were observed for the 1000 µg/ml (p = 0.0051), 

2500 µg/ml and 5000 µg/ml treatments (Figure 4.1A). The dose-response curve generated yielded an 

IC50 concentration of 250 µg/ml. The cell viability of Hek293 cells treated with the IC50 of A. afra 

extract did not vary significantly from the control (Figure 4.1B). 
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Figure 4.8: Antioxidant enzyme response in A. afra-treated and untreated Caco-2 cells. A. Significant 

upregulation in Nrf2 in IC50 (p = 0.0068) treated cells was noted relative to the control. B. SOD2 

protein expression was downregulated in IC50 treated cells (p < 0.0001) C. Gpx1 protein expression 

increased after exposure to the IC50 of A. afra (p = 0.0285), D. Increased catalase expression was 

observed in A. afra-treated cells (p = 0.0025). (*Unpaired students t-test with Welch's correction) 

 

4.5.3 Oxidative damage repair 

Oxidation of DNA was determined indirectly by quantifying oxidative DNA repair using OGG1. The 

gene expression of OGG1 in the IC50-treated cells was downregulated from 1.000±0.0000003191 in 

the control to 0.1683±0.04187 RLU in the untreated cell (p = 0.0025) in the treated cells (Figure 4.9). 
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Figure 4.12: The A. afra extract modulated protein expression of apoptosis-associated proteins. (A) Bax/Bcl-

2 ratio (p = 0.0247), (B) cIAP-1 (p = 0.0215) and (C) xIAP levels (p = 0.0002) and (D) cParp1 protein 

concentration in Caco-2 cells.  (*Unpaired students t-test with Welch's correction). 

 

4.7 MAPK pathway  

The MAPKs were assessed because of the integral role they play in physiological responses such as 

cell proliferation, apoptosis and inflammatory responses. Significant upregulation of phosphorylated 

p38 protein levels (Figure 4.13A) were noted in IC50-treated cells relative to the control (p = 0.0004). 

Conversely, a significant reduction in p-JNK/JNK (Figure 4.13B, p < 0.001) and p-ERK/ERK (Figure 

4.13C, p = 0.0111) was observed in the A. afra-treated cells compared to the control.  
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Figure 4.13: The protein expression of MAPK after A. afra treatment. (A) p-p38 (p = 0.0004), (B) p-JNK 

/JNK (p<0.0001), and (C) p-ERK /ERK (p<0.0001) in Caco-2 cells after treatment with the IC50 of A. afra 

compared to the untreated control. (*Unpaired students t-test with Welch's correction). 
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4.8 HSP response  

Heat shock proteins are molecular chaperones that modulate the cell response to diverse cellular 

processes including oxidative stress, apoptosis and inflammation. There was an increased protein 

expression of HSP27 (Figure 4.14A, p < 0.0001) and HSP70 (Figure 4.14B, p < 0.0001) in Caco-2 

cells treated with the IC50 of A. afra crude aqueous leaf extract. 

 

Figure 4.14: The heatshock response to A. afra treatment. (A) HSP27 (p < 0.001) and (B) HSP70 (p < 0.0001) 

in Caco-2 cells after treatment with A. afra. (*Unpaired students t-test with Welch’s correction). 
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4.9 Comet assay  

Single strand DNA breaks were measured to assess DNA integrity in A. afra-treated and untreated 

Caco-2 cells. The comet tail length (Figure 4.15) in IC50-treated cells (2.943±0.07259 µM) was 

similar to the control (3.035±0.1776).  

 

Figure 4.15: DNA fragmentation in Caco-2 cells treated with A. afra extract. DNA fragmentation was not 

induced by A. afra extract in treated and untreated Caco-2 cells (*p < 0.0001, unpaired students t-test with 

Welch’s correction).  

 

4.10 Inflammatory response invoked by the treatment with A. afra 

The anti-inflammatory effect of A. afra was evaluated by deception of protein/mRNA expression of 

inflammatory markers including TNF-, NF-B and iNOS, as well as STAT3 because of its 

association with cancer-related inflammation. The exposure of Caco-2 cells to A. afra caused the non-

significant activation of TNF-α gene expression relative to the control (p = 0.1217, Figure 4.16A), 

while NF-ĸB was significantly downregulated (p = 0.0046, Figure 4.16B). An increase the p-STAT3 

/STAT3 ratio was observed compared to the control (p < 0.0029, Figure 4.16C). A 0.72-fold decrease 

in iNOS concentration relative to the control was observed (p = 0.0005, Figure 4.16D).  
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Figure 4.16: Inflammatory markers in Caco-2 cells after treatment with the IC50 of A. afra. (A) TNF-α mRNA 

was not significantly increased (p = 0.1217) B. NF-ĸB mRNA was decreased after treatment (p = 0.0046) C. 

Artemisia afra upregulated iNOS protein expression (p = 0.0005) D. The p-STAT3/STAT3 ratio showed 

increased activation by A. afra (p = 0.0029) (*Unpaired students t-test with Welch’s correction). 

 

4.11 Proliferation marker c-Myc and pRb 

A key master regulator known as c-Myc plays a role in transcription, cellular proliferation, survival, 

and inhibition of apoptosis. The c-Myc gene expression was similar to the control in treated cells 

(Figure 4.17A); however, protein expression of c-Myc was upregulated (p = 0.0276, Figure 4.17B). 

A significant increase of p-pRb/pRb ratio was observed in A. afra-treated cells (p = 0.0310, Figure 

4.17C).  
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Figure 4.17: Expression of proliferation markers c-Myc and p-pRb/pRb in Caco-2 cells treated with A. afra 

extract. The gene (A) and protein (B) expression (p = 0.0276) of c-Myc in Caco-2 cells after treatment with A. 

afra. (C) Upregulated activity of pRb is indicated by increased ratio of p-pRb /pRb (p = 0.0310). (*Unpaired 

students t-test with Welch’s correction). 
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CHAPTER 5 : DISCUSSION 

With over 19 million cases reported annually, cancer remains a leading cause of mortality worldwide 

(Mathur et al., 2020). In 2020 alone, almost 10 million deaths were reported, with 7 out of 10 deaths 

affecting developing nations including South Africa (SA) (Brand et al., 2018, Mathur et al., 2020). 

To date, CRC remains the deadliest form of cancer and the most difficult to treat (Brand et al., 2018). 

Current therapeutic regimes available include chemotherapy, surgery, radiation and ablation. 

However, these anticancer treatments are often deemed too expensive, not easily accessible, require 

specialized well equipped medical facilities and in most cancer patients, these drugs exert debilitating 

side effect that further compromises the health of the individual (Brand et al., 2018, Mathur et al., 

2020). For this reason, the search for new naturally derived anti-cancer agents is being extensively 

explored to overcome drug resistance and socioeconomic problems linked with existing therapies. In 

this regard, A. afra proved to be a good extract when screened for toxicity against various cell lines, 

but the mechanism by which A. afra extracts initiate its cytotoxic effect is not completely understood. 

In addition, its cytotoxic effect in human cells requires elucidation. It was hypothesised that A. afra 

induces cytotoxic effects on human CRC cancer cells upon acute exposure (48 hour).  

 

Over the years, numerous studies have shown that natural compounds reduce cell proliferation and 

cause cell death in the form of apoptosis or necrosis (Abd El-Hafeez et al., 2018). In this study, crude 

aqueous A. afra leaf extract decreased cell viability of the Caco-2 cell line, which demonstrated a 

cytotoxic effect with increasing concentrations (Figure 4.1A), whereas in a normal cell line (Hek293 

cells) the extract was not toxic (Figure:4.1B). In this study, an IC50 of 250 µg/ml was obtained at 50% 

cell death with a reduction in cell viability (Figure 4.1). These findings are in coherence with previous 

studies. This study was in correlation with a study by Spies et al. (2013) which obtained an IC50 

greater than 250 µg/ml for aqueous extract of A. afra  in Hela and U937 cancer cells (Spies et al., 

2013). Although both studies showed a limited cytotoxic manifestation after 48 hour exposure to an 

aqueous extract of A. afra, slight variations may be attributed to the effects of phytochemicals which 

are often cell-type specific. In addition, geographical location and season of harvest may influence 

the phytochemical content of A. afra (Kane et al., 2019). Cytotoxic effects on human cell lines have 

been shown to be induced by various A. afra solvent extracts. For example, the ethanol extract of A. 

afra showed 50% growth inhibition at 18.21 and 31.88 µg/ml (acute toxicity) in U937 and Hela cells 

respectively (Spies et al., 2013). This enhanced cytotoxic effect when compared to the aqueous 

extracts may be related to the extraction solvent, since phytochemical constituents in the extract differ 

depending on solvent polarity (Kane et al., 2019). The phytochemical isoalantolactone isolated from 

A. afra also demonstrated cytotoxicity at 18.15±1.16 µM in Hela cells after 24 hours (Venables et al., 

2016).  
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The MTT assay measures cell viability based on succinate dehydrogenase activity. The dose-

dependent decrease in cell viability demonstrates an inhibition of succinate dehydrogenase activity at 

complex II of the Krebs cycle rate, which resulted in a downregulation of reducing equivalents to 

oxidizing equivalents such as NADH and FADH2 within the cell (Mosmann, 1983). These 

intermediates contribute to the ETC that culminates in the production of ATP. Decreased ATP levels 

in   IC50-treated Caco-2 cells (Figure 4.2) implies that A. afra induced the uncoupling of oxidative 

phosphorylation, which may lead to the excessive generation of ROS (Adeeyo et al., 2013). The 

highly reactive ROS molecule O2
- can directly oxidise and inactivate iron-sulfur proteins such as 

NADH dehydrogenase and ATP synthase, resulting in loss of mitochondrial respiration and ATP 

generation, leading ultimately to mitochondrial dysfunction and decreased intracellular ATP levels 

(Adeeyo et al., 2013). 

 

Depolarisation of the mitochondrial membrane is a typical response to the dysregulation of 

mitochondrial dynamics (Domijan and Abramov, 2011). Increased ROS generation adds significantly 

to mitochondrial depolarization and stress. The electron transport chain has numerous sites for ROS 

formation and process peculiarities lead to ineffective modulation of ROS production resulting in the 

abnormal accumulation of ROS molecules, ultimately resulting in the onset of oxidative stress 

(Zorova et al., 2018). As a consequence of increased ROS production, mitochondrial membrane 

potential and ATP synthesis are reduced (Small et al., 2012). In this study upon exposure to A. afra, 

mitochondrial membrane potential is reduced (Figure 4.3) and the intracellular ATP levels decreased 

in all concentrations (Figure:4.2). These findings are congruent with  a study by Spies and co-

researchers (2013) whereby a decrease in mitochondrial membrane permeability was observed 

following the exposure of HeLa cells to ethanolic A. afra crude extract, over 48h (Spies et al., 2013).  

Not only is the mitochondrion the primary source of ROS production but it is also a highly susceptible 

target for ROS molecules and their harmful effects (Stockert et al., 2012). The recurrent persistence 

of oxidative stress, primarily O2
- and H2O2, induced by overproduction of ROS, has the potential to 

damage cellular components and structure. ROS-induced oxidative stress combined with a decrease 

in the endogenous antioxidant glutathione (GSH) facilitates the oxidation of DNA and lipids. As a 

consequence, numerous end products such as aldehydes, more specifically MDA, are produced 

following lipid peroxidation (Repetto et al., 2012).  

 

The MDA concentration in this study was increased in IC50-treated Caco-2 cells following exposure 

with crude aqueous leaf A. afra extract (Figure:4.5), relative to untreated cells. This result indicates 

increased free radical generation leading to A. afra acting as a potent inducer of oxidative tissue stress 
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as it disrupts the mitochondrial membrane of Caco-2 cells resulting in lipid peroxidation. This study 

is in agreement with a study conducted by Afolayan and Sunmonu  (2013) where MDA 

concentrations was increased in liver cells of diabetic rats, indicating the possible induction of 

oxidative stress (Afolayan and Sunmonu, 2013). These findings support the notion that aqueous A. 

afra extract serves as a potent inducer of oxidative stress. 

 

The principle ROS produced by mitochondria is O2
•-. The metallo-enzyme superoxide dismutase 2 

(SOD) transform O2
- to H2O2 (Candas and Li, 2014). In this study, mitochondrial SOD (Mn-SOD) 

level was reduced in IC50-treated cells (Figure 4.8B), which suggests an accumulation of the O2
- 

substrate and reduced concentration of the H2O2 product (Figure 4.6). The findings of this study does 

not correlate with those of Afolayan and Sunmonu (2013), who found elevated SOD2 in the liver and 

kidneys of diabetic rat models after oral ingestion of aqueous A. afra extract (Afolayan and Sunmonu, 

2013). As in this study, an aqueous extract of A. afra was utilised for 48 hours on human epithelial 

cells from different organs; thus the contrast may again related to phytochemical constituents 

resulting from location and season of harvest (Kane et al., 2019).  In addition, the in vivo rat model 

may be influenced by systemic parameters not present in the current in vitro model. 

 

The nitric oxide synthase (NOS) pathway produces nitric oxide (NO) from arginine, which interacts 

with superoxide to form RNS. This study investigated the production of RNS in response to A. afra 

exposure. A significant increase in nitrate and nitrites levels in treated Caco-2 cells was observed 

(Figure 4.6). This suggests that there was an increase in RNS generation. The concentration of nitrate 

and nitrites increased which provided favourable substrate for the production of RNS molecules. Both 

ROS and RNS contribute toward oxidative stress. Flavonoids content in A. afra functions as a potent 

free radical scavenger. This medicinal plant also contains Vitamin D3 and C, which are known 

regulators of NO production (Silbernagel et al., 1990). Nitric oxide (NO) combines with O2
- to form 

OON- in states of high ROS levels, which causes lipid peroxidation (Gopi et al., 2016). Therefore, 

oxidative stress-induced lipid peroxidation can occur as a result of RNS and ROS overproduction 

(Dedon and Tannenbaum, 2004). Excessive generation of NO leads to inflammation in cancer via the 

enzymatic activity of inducible nitric oxide synthase (iNOS) (Bogdan et al., 2000, Suleria et al., 

2017). The NO production and peroxy-nitrite (ONOO-) an oxidation product are associated with 

inflammatory conditions (Wang et al., 2014). Reactive nitrogen species (RNS) observed in IC5O -

treated cells is in correlation with an increase in iNOS level in IC50 (Figure 4.16C), suggesting the 

possible induction of inflammation. The results of this study were in disagreement with the findings 

of Jeong and co-researchers (2018), which stated that NOS expression induced by Artemisia Montana 

leaf crude extract was downregulated at all concentrations in LPS-stimulated Raw 264.3 cells (Jeong 
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et al., 2018). As in this investigation, aqueous extract of A. afra was utilised for 48 hours on human 

epithelial cells, the contrast is related to extraction solvent, chemical constituents, incubation length, 

and cell variation. 

 

Haem catalase (CAT) is an enzyme that converts H2O2 into water and oxygen in humans along with 

selenium dependent glutathione peroxidase (GPx-1) (Weydert and Cullen, 2010, Davies, 2000). In 

IC50-treated cells, CAT and GPx-1 increased (Figure: 4.8D and C), which suggests that detoxifying 

enzymes were active to reduce minor toxic ROS that were present. The increased GPx-1 correlated 

with elevated GSH expression (Figure 4.7) in this study. The substrate GSH is used in several 

xenobiotic elimination processes where it is a co-factor for glutathione-S-transferase, and acts as an 

intracellular radical scavenger (Zitka et al., 2012, Milisav et al., 2012). Heightened levels of GSH in 

IC50 (Figure:4.7) treated cells indicated reduced levels of oxidative stress and induces the activation 

of enzymes such as CAT and GPx-1 as observed in (Figure 4.8D and C). The results of this study  are 

consistent with  Afolayan and Sunmonu (2013), who reported increased GSH and Gpx-1 after oral 

administration of aqueous A. afra extract in the liver and kidneys of diabetic rat models (Afolayan 

and Sunmonu, 2013). 

 

Nuclear factor-erythroid factor 2-related 2 (Nrf2) activate antioxidant transcription by binding to the 

antioxidant response element (ARE) as a result of intracellular increase ROS level, which causes 

activation of oxidative stress sensor by dissociation of Nrf2 and Kelch-like ECH-associated protein 

1(KEAP1) (Ma, 2013). An upregulation of Nrf2 protein expression levels (Figure 4.8A) was observed 

in all treated cells. The activation of Nrf2 was necessary for the translation of detoxification enzymes 

and antioxidant genes to prevent oxidative stress and this was validated by GSH (Figures: 4.7). The  

result from this study were consistent with the upregulation of Nrf2 in neurons when induced by 

Artemisia amydalina to protect against oxidative stress in Alzheimer diseases (Sajjad et al., 2019). 

The difference may also be attributed to variation in cell and tissue type (Tomasetti and Vogelstein, 

2015). 

 

Stress response proteins protects biomolecules from harm by inhibiting enhancing survival and 

proliferation (Ikwegbue et al., 2018). It also enhances the translocation of precursor proteins into 

mitochondria while modifying regulatory proteins, in addition to the characteristics. An increase of 

intracellular protein expression of HSP70 and HSP27 in treated cells was observed (Figure 4.14A 

and B). In literature, HSP27 binds to cytochrome c thereby disrupting the process of apoptosis by 

interrupting and blocking downstream caspase activation (Figure 4.14A). In this study, the activation 

of Bax was decreased (Figure 4.12A). This study further indicates that elevated HSP70 (Figure 
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4.14B) may have prevented apoptosis at a pre-mitochondrial level by inhibiting the stress signal. 

Thus, Bax homo- and hetero-dimerisation was prevented and downstream events that follow 

mitochondrial outer membrane permeabilisation and cytochrome c did not occur. Consequently, the 

interaction of cytochrome c with Apaf-1 that results in caspase activation was impeded preventing 

apoptosis. Furthermore, the formation of death-inducing signaling complexes (DISC) was also 

inhibited (Garrido et al., 2006).  

 

Activation of death receptors is mediated by caspase-8 whereas the intrinsic pathway is activated by 

DNA damage through the mobilization of Bax protein (Yan and Shi, 2005). Bax protein facilitate the 

opening of the mitochondrial membrane pores, allowing cytochrome c to be released and caspase 

activation (Yan and Shi, 2005). Activation of initiator caspase-8 and caspase-9 triggers caspases-3/7 

to be active, which executes apoptosis. There are various protein which inhibit apoptosis from 

occurring which include inhibitor of apoptosis protein (IAPs) members of the Bcl-2 family of 

antiapoptotic proteins that converge on the mitochondria-mediated pathway to inhibit caspase 

activity. Bcl-2 family of antiapoptotic also plays a role by inhibiting pro-apoptotic protein (Kale et 

al., 2018).  

 

In this study, caspases-8, -9 and -3/7 (initiators and executioner of apoptosis) were significantly 

downregulated in IC50-treated cells (Figure 4.10 A, B and C). These findings indicate that caspases 

and apoptosis were not the primary cause of cytotoxic effect. Furthermore, activation of cIAP-1 and 

xIAP at the IC50 concentration correlated with the decreased of caspase activities (Figure 4.10); since 

these inhibitors bind activated caspases to prevent initiation and execution of apoptosis (Figure 4.12B 

and C), their elevation verifies that apoptosis had no role in this study. Our data revealed increased 

HSP70 levels in all treated cells implying prevention of cell death in conditions where caspase 

activation is inhibited by exogenous caspase inhibitors (HSP70), or in cells where Apaf-1 or caspase-

9 are genetically inactivated, indicating that the cytochrome c/Apaf-1/caspase pathway had no role in 

this study (Garrido et al., 2006). The data obtained is clearly in contradiction with the study by Spies 

and co-researcher’s (2013) which showed induction of caspases-3/7 and caspase-8 elevation 

following exposure of HeLa and U937 cells to ethanolic A. afra crude extract after 24 hours and 48 

hours exposure. Since the extract induced extrinsic apoptosis in cervical and myeloid, but intestinal 

cells are resistant to this effect, this data suggests cell-type specific effects of the aqueous extract of 

A. afra. The differential effects may occur due to additional phytochemical constituents extracted 

with solvent that may not be present in the aqueous extract; seasonal and location differences may 

also contribute to this observation (Kane et al., 2019). 
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Proliferation, migration, differentiation, and death of cells are controlled by MAPK activation  

(Lavoie et al., 2020). Phosphorylation of BH3-only family of Bcl2 proteins involved JNK, which 

inhibits Bcl-2 or Bcl-antiapoptotic XL's action (Koff et al., 2015). In our study, JNK-P/JNK ratio was 

significantly reduced in IC50-treated cells (Figure 4.13B). Hence, downregulation correlated with the 

production of anti-apoptotic proteins (Bcl-2) and NF-ĸB in this study (Figure 4.12Aand 4.16B).The 

P-ERK/ERK activity is linked to the overexpression of proapoptotic Bcl-2-family such as Bax (Koff 

et al., 2015, Dhanasekaran and Reddy, 2008). Our data suggests that the reduction in ERK-P/ERK 

ratio (Figure 4.13C) observed in IC50-treated cells relative to the untreated cells were, in coordination 

with the downregulation of proapoptotic protein in this study (Figure 4.12A). The findings of this 

study were consistent with the results obtained by Tan and co-researchers (2014) which stated an 

ethyl acetate extract of Artemisia anomala S. Moore also reduced the activation of MAPK signaling 

pathways such as JNK, ERK, and NF-ĸB signaling pathway (Tan et al., 2014). 

 

A multi-tasking kinase (p38 MAPK) that interacts with a variety of substrates to regulate a variety of 

cellular activities, including cell proliferation, differentiation, stress response, apoptosis, and cell 

migration and survival, among others (Martínez-Limón et al., 2020). Many transcriptional regulators 

that coordinate specific gene expression programs are phosphorylated when p38 is activated which 

include JNK and ERK (Martínez-Limón et al., 2020). In this study, a significant increase of p-p38 

MAPK protein expression (Figure 4.13A) was observed in all treated cells relative to the untreated 

cells. This demonstrated that activated p38 MAPK phosphorylated and activated MAPKAP kinase 2 

(Martínez-Limón et al., 2020), as well as the transcription factors. Our data coordinated with the 

increase of HSP27 and HSP70 expression (Figure 4.14A and B) which are phosphorylated by p38 

MAPK in this study. In addition, p-p38 was consistent with TNF-α from this study (Figure 4.16A); 

although the upregulation of TNF-α by the A. afra extract was not significant, it was sufficient to 

induce the activation of p-p38 MAPK (Cruceriu et al., 2020). 

 

Leakage of intracellular contents into the extracellular component of a cell due to plasma breakdown 

results in cell death. Cytoplasmic enzyme, LDH leaks from damaged perforated cells and is often 

associated with this toxic process. Cell membrane integrity is evaluated by measuring extracellular 

LDH levels found within the cytoplasm (Watanabe et al., 1995). In this study, A. afra affected the 

Caco-2 cell membrane integrity causing LDH leakage from the cytosol of the cell. As seen in Figure 

4.4, a reduction of extracellular levels of LDH in in IC50-treated cells was observed thus indicating 

intact cell membrane. Phosphatidylserine is retained in the cytosolic portion of the cell membrane but 

when cells undergoes apoptosis, the phosphatidylserine becomes externalized, rendering it a 
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biomarker for early apoptosis (Li et al., 2003). In this study, the results showed decreased in the 

affinity of Annexin-V to bind externalised phosphatidylserine in all treated cell relative to the 

untreated cells (Figure:4.11). This finding suggests that early apoptosis was not induced in IC50-

treated cells, the results further supported the detain Figure: 4.10, thus validating apoptosis was not 

induced. The current findings of this study are in contrast to those produced by Spies et al. (2013) in 

which observed heighten levels of affinity-V to bind in phosphatidylserine induced by ethanol A. afra 

extract for 24h and 48h in Hela cell (Spies et al., 2013). The contrast in findings may be attributed to 

differences in extraction solvent, incubation period and cell variation.  

 

A DNA damage-activated nuclear enzyme, PARP-1, is involved in DNA repair, transcription control, 

DNA replication, cell differentiation, proliferation, and cell death (Perry et al., 1997, Erener et al., 

2012, Langelier et al., 2012). Cell death can occur via a death pathway that requires no Bcl/Bax and 

caspase activity which is caused by excessive influx of Ca2+ that result in poly (ADP-ribose) 

polymerase (PARP) overactivation or initiated by inflammation. Peroxy-nitrite induced 

hyperactivation of PARP resulting in depletion of NAD+ and ATP culminating cell dysfunction 

(Hong et al., 2006). PARP-1 becomes overactivated during DNA damage causing poly ADP-

ribosylation of numerous nuclear proteins using NAD+ as a substrate. The death process that occurs 

from PARP-1 overactivation is due to the rapid energy depletion that occurs (Hong et al., 2006). In 

this study, upregulation of cleave PARP-1 was observed (Figure 4.12D) in all treated cells relative to 

the control. These finding suggest that there was DNA repair response activated in response to DNA 

damage induced by A. afra, and cleavage of PARP-1 signifies genotoxic potential of the extract to 

result in cellular dysfunction. Hence this correlated with RNS production (Figure 4.6) in this study. 

As reported by Ko and Ren (2012), DNA  repair serves importance during occurrences of DNA 

damage (Ko and Ren, 2012).   

 

Caco-2 cell following exposure to A. afra extract was observed to have intact DNA as shown by the 

DNA fragmentation assay (Figure 4.15). Despite the fact that there was no evidence of apoptosis, the 

comet assay revealed that slightly DNA fragmentation was present in IC50 (Figure 4.15) treated cells 

which explains the rise of cPARP-1 expression as it responds to single stranded DNA (Figure 4.12D). 

Fragmentation of DNA observed in IC50-treated cells correlated with the facts that apoptosis did not 

occur as the DNA remain intact. When DNA is damaged, the cell activates DNA repair enzymes such 

as OGG1, a DNA glycosylate enzyme that eliminates 8-oxoguanine base lesions that could cause 

mutations and cancer if left untreated (Cooke et al., 2003, Boldinova et al., 2019). Exposure to A. 

afra decreased gene expression of OGG1 (Figure 4.9) and correlated with decrease of DNA tails 



 

76 

 

lengths (Figure 4.15). This suggest that OGG1 enzyme activity was not compromised and 

consequently, base lesions continue to amplify promoting carcinogenesis. 

 

Failure of the DNA repair mechanisms may result in chronic inflammation that activates cytokines 

and growth factors to promote cell proliferation. Cytokines such as TNF-α initiate and amplify the 

inflammatory response (Fiers, 1991, Chung et al., 2017, Cruceriu et al., 2020). In addition to its role 

as an inflammatory mediator, TNF-α fulfils a range of functions in immune homeostasis and host 

defense, and is a known regulator for ROS production (Roitt and Delves, 1992, Makamure et al., 

2016). This study observed heightened levels of TNF-α in treated cells compared to the control 

(Figure 4.16A) suggesting that inflammatory response might have been activated at this 

concentration. The current findings validated that in IC50-treated cells there was an inflammatory 

response initiated, and it correlated with heightened iNOS levels at this concentration (Figure 4.16C). 

Hence, TNF-α is proposed to trigger the cascade signaling which consist of STAT-3 activation 

(Parameswaran and Patial, 2010).  

 

Signal transducer and activator of transcription 3 is a crucial mediator controlling signal transduction 

to the nucleus and triggering the transcription of proliferation-related genes (Yu et al., 2009, Wang 

et al., 2011). Phosphorylation of STAT3 has been linked to aberrant oncogenic activities in CRC, 

including initiation, proliferation, angiogenesis, and progression (Silva et al., 2015, Rozovski et al., 

2016). Extract of A. afra induced a significant increase in protein expression of p-STAT-3/STAT-3 

ratio (Figure 4.16D) in IC50-treated cells equivalent to the untreated cells. These findings verified that 

activation of STAT-3 had a role in inflammatory response through its activation in IC5O -treated cells. 

The findings of this study are in coherence with data Eungyeong Jang and co-investigators which 

found the extract Artemisia capillaris inhibited STAT3 in hepatocellular carcinoma (Jang et al., 

2017).  

 

Expression of STAT-3 is known to be the key mediator of the cell cycle progression which include 

c-Myc protein (Barré et al., 2005). Versatile transcription factor (c-Myc) that controls the expression 

of genes with anti-proliferative effects while activating the many synthetic process required for fast 

cell division. The findings of this study showed an upregulated c-Myc level (Figure:4.17A) which 

were consistent with gene expression of c-Myc (Figure 4.17B). Controls the cell cycle via pRb is 

through phosphorylation-dependent interactions with the E2F family of transcription factors2: in 

early and mid G1, the protein complex D-type cyclins/CDK4,6 phosphorylates pRb, whereas in late 
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G1, cyclins E(A)/CDK2 gradually phosphorylate pRb (Weinberg, 1995). A heighten level occurred 

in IC50 concentrations of p-pRb/pRb ratio relative to the untreated cells. This implies cell cycle arrest 

at G1 phase as this study suggest that pRb inhibit E2F transcription factor as it was ablated by A. afra 

thus inhibiting cell division (Figure:4.17C). The findings of this study suggest that A. afra induced c-

Myc protein, which was reduced by pRb. The data from this study is in concurrence with a study by 

Andrea M Steely and co-researchers where artemisinin induce cell cycle arrest by production pRb 

thus inhibiting cell division (Steely et al., 2017).  

 

Nuclear Factor ĸB is a prominent transcription factor involved in immune response and inflammation. 

NF-ĸB target genes are associated with the regulation of cell survival as wells as apoptosis (Ben-

Neriah and Karin, 2011). Expression NF-ĸB is regulated by ROS (Antonaki et al., 2011). This study 

showed A. afra reduced the gene expression of NF-ĸB in all treated cells of Caco-2 cancer cells 

(Figure 416B). A source of ROS that predominantly activate NF-ĸB is H2O2. It can directly exert it 

effect or through its transformation into OH whilst in the presence of Fe2+ in the Fenton reaction 

(Ben-Neriah and Karin, 2011). These findings suggest A. afra did not induce ROS-mediated NF-ĸB 

transcriptional activity in Caco-2 for 48h and NF-ĸB is not responsible for the transcription of STAT-

3 as in this study detoxifying enzyme (Figure:4.8) and antioxidant responded to H2O2. The findings 

of this study were consistent with the study of  Xi Tan and co-researchers which stated an ethyl acetate 

extract of Artemisia anomala S. Moore also reduced the activation NF-ĸB signaling pathway (Tan et 

al., 2014). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 





 

79 

 

CHAPTER 6 : CONCLUSION 

 A widely popular plant A. afra, is used to alleviate diseases worldwide. It characterised many 

medicinal properties and is associated with pharmacological activities that may aid in the 

development of new anticancer treatment modalities. However, the mechanism by which A. afra 

causes cytotoxicity in human CRC has not yet been investigated and established. In this study, the 

cytotoxic effects of CRC on the Caco-2 cell line following 48 hours exposure was determined 

(Figure 5.1).   

 

The results from the study showed reduced mitochondrial viability, ATP depletion. Altered 

mitochondrial energetics may predispose to ROS production. Although not significant, A. afra 

induced ROS-mediated lipid peroxidation and DNA damage to a certain degree. A. afra did not act 

via the typical NF-ĸB inflammatory pathway but instead induced transcriptional activity of 

inflammation biomarkers through elevation of ROS levels thus triggering the STAT3 pathway. This 

led to the activation of the antioxidant response and a response of DNA repair mechanism via PARP-

1and OGG1 ultimately resulting amelioration of DNA damage. Both c-Myc and pRb promoted cell 

cycle continuation. Stress response protein preserved proteins from damage by restricting apoptosis. 

Taken together, A. afra is an anti-proliferative, cytotoxic and genotoxic agent in human Caco-2 cancer 

cells. Understanding the underlying biochemical mechanism of toxicity of A. afra on Caco-2 cells 

may aid in the development of new promising therapeutic treatments for CRC.   

 

Phytochemical analysis of the bioactive compounds present in CRC is further recommended for 

future studies.  It would be of interest to identify the compounds responsible for the cytotoxicity of 

CRC seen in the epithelial cell line. Further studies are also required to determine the effect of CRC 

on normal cell lines and an in-vivo model.  
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APPENDICES 

 

APPENDIX A 

Caco-2 cells were treated with a range of A. afra concentration (0 – 5000 µg/ml) over a 48h period. 

A dose-dependent decrease in Caco-2 cell viability was observed and an IC50 of 250 µg/ml was 

determined (Appendix Table A1).  

 

Table A1: The determination of the IC50 using the cell viability (MTT) assay.  

A.afra Concentration (μg/ml)  Average Absorbance  % Viability  Log [MOE]  

0  0.945 100    

50  1.351 143 1.699 

125  1.022 108 2.097 

250  0.821 87 2.398 

                      500  0.901 95 2.699 

1 000  0.451 48 3.000 

2 500  0.108 11 3.398 

5 000  0.994 105 3.699 
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APPENDIX B 

Table A2: Components Present in Eagles Minimum Essentials Media  

COMPONENT    CONCENTRATION  

 Inorganic Salts   

CaCl2.2H2O    186.0  

KCL    400.0  

KH2PO4    60.0  

MgSO4.7H2O    200.0  

NaCl    8 000.0  

NaHCO3    350.0  

Na2HPO4.7H2O    90.0  

 Other Components   

Glucose Phenol 

Red   

Amino Acids  

1 000.0  

20.0  

L-Arginine-HCl  

L-Cysteine  

L-Histidine-HCl.H2O  

L-Isoleucine  

L-Leucine  

L-Lysine-HCl  

L-Methionine  

L-Phenylalanine  

L-Threonine  

L-Tryptophan  

L-Tyrosine L-Valine  

 

126.4  

24.0  

42.0  

52.4  

52.4  

73.0  

15.0  

33.0  

47.6  

10.2  

47.6  

46.8  

 Vitamins   

D-Capantothenate    1.0  

Choline Chloride    1.0  

Folic acid    1.0  

i-Inositol    2.0  

Nicotinamide    1.0  

Pyridoxine    1.0  

Riboflavin    0.1  

Thiamine-HCl    1.0  
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APPENDIX C  

Table A3: The determination of the nitrate and nitrite standard reference curve.   

Nitrite Standard Concentrations (µM)  OD1  OD2  OD3  Average OD  

0                                        0.098 0.099 0.097 0.098 

12.5 0.400 0.406 0.392 0.399 

25 0.566 0.406 0.392 0.537 

50 1.022 1.002 0.901 0.975 

75 1.409 1.352 1.367 1.376 

100 0 1.352 0 1.644 

150 2.525 0 1.897 2.211 

200 2.980 2.947 0 2.964 

  

 

Figure A1: Nitrate and nitrite Standard reference curve used to determine nitrate and nitrite 

concentration in samples.  
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APPENDIX D 

Table A4: Protein Quantification and Standardisation using Bovine Serum Albumin (BSA).  

Protein Standard (mg/ml)  OD1  OD2   OD3  Average OD  

0  0.11 0.127  0.131 0.123 

0.2  0.287 0.291  0.276 0.285 

0.4  0.458 0.440  0.418 0.439 

0.6  0.440 0.574  0.584 0.533 

0.8  0.418 0.731  0.769 0.639 

1  0.858 0.891  0.847 0.865 

  

 

Figure A2: Standard calibration curve using a range of known bovine serum albumin concentrations 

for determination of sample protein concentrations using the bicinchoninic acid assay.  

 

Table A5: Standardisation of protein using the standard calibration curve for Sodium dodecyl 

sulphate polyacrylamide gel electrophoresis.    

  Average OD  Protein (mg/ml)  C2 (mg/ml)  V2 (µl)  V1 (µl)  

Control  2.56 2.370 1.836 155 45 

IC20 2.32 2.128 1.836 172 28 

IC50 2.03 1.836 1.836 200 0 
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Figure A6: Melt Curve for TNF-α when A.afra was exposed to Caco-2 cells for 48h. 

 

Figure A7: Melt curve for SOD2 and c-Myc when A.afra was exposed to Caco-2 cells for 48h. 
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Figure A8: Melt Curve for GPx-1 and NF-ĸB when A.afra was exposed to Caco-2 cells for 48h. 

 




