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ABSTRACT

Cancer is the second leading cause of death throughout the world, contributing 23% of deaths
attributed to non-communicable diseases (NCDs). Hepatocellular carcinoma (HCC) is the most
common type of liver cancer. Incidence and mortality rates of HCC are higher in Africa due to
prevalent risk factors. The prognosis is poor and thousands of lives are claimed yearly despite
treatments like chemotherapy. Treatments are expensive and inaccessible to all cancer patients.
Additionally, drug metabolism has limitations of solubility, toxicity, inefficacy and bio-
distribution. Ayurvedic medicines are pivotal in the stability of several proteins that are
essential for malignant transformation. Anti-inflammatory, antimicrobial and antioxidant
properties expressed by a variety of Terminalia species can be alluded to the phytochemicals
such as flavonoids, tannins, coumarins and terpenoids they possess. Terminalia
phanerophlebia (T. phanerophlebia) could therefore be an interesting therapeutic alternative
for cancer therapy. This study investigated the antioxidant potential and antiproliferative
activity of T. phanerophlebia crude aqueous leaf extract in HepG2 cells. The HepG2 cells were
exposed to T. phanerophlebia for 48 hours. The MTT assay was used to determine the ICsyo,
which was then used for all subsequent assays. Metabolic effects were ascertained by
quantifying cytochrome Pasq 3A4 activity, mitochondrial membrane potential (A¥wm) and ATP
concentration. The cells were assayed for lipid peroxidation and nitrates/nitrites as markers of
oxidative and nitrosative stress respectively, and membrane integrity was evaluated by
quantifying extracellular LDH. Caspases 8, 9 and 3/7 activity, phosphatidylserine
externalization and necrosis were luminometrically detected as an indication of cell death.
Protein expression of Fas, STAT3, HSP90, SOD2 and p38 were evaluated by western blotting,
while gene expression of NF-xB, Nrf2 and SOD2 were assessed by gPCR. A dose-dependent
decrease in cell viability (ICso = 1396 pug/mL) was attributed to increased bioavailability of T.
phanerophlebia (CYP3A4 was decreased 0.28 fold). Intracellular ATP decreased (p = 0.0104)
concurrently with A¥wm (p = 0.0024), and was consistent with superoxide production. However,
the decreased lipid peroxidation (p = 0.0030) and nitrates/nitrites concentration (1.039-fold)
associated with reduced extracellular LDH (1.086-fold) suggested avoidance of oxidative
damage. Indeed, increased superoxide prompted the upregulation of Nrf2, and SOD2 gene and
protein (p < 0.0001) expression. The hydrogen peroxide produced was detoxified by GSH (p
= 0.0430) and GPx-1 (p = 0.0151), which were decreased in the process. Increased ROS
produced by T. phanerophlebia also upregulated p38 (p = 0.0114), p38, but NF-xB (p = 0.0078)
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and HSP90 (p < 0.0001) were decreased, and STAT3 was similar to the control. Apoptosis was
not induced as indicated by the decreased protein expression for Fas (p < 0.0001), as well as
the decline in caspase 8 (p = 0.0004), caspase 9 (p = 0.0004) and caspase 3/7 (p = 0.0003)
activity. T. phanerophlebia also caused significant decrease in necrotic cells (p = 0.0263) and
phosphatidylserine externalisation. Taken together the results indicate that although T.
phanerophlebia resulted in mitochondrial superoxide production, oxidative damage was
prevented by the upregulation of Nrf2 that recruited antioxidants to combat the oxidative stress
environment. In addition, the upregulation of p38 was minimal and NF-kB was not activated

resulting in non-progression of apoptosis.

Key words: Terminalia phanerophlebia, hepatocellular carcinoma, apoptosis, oxidative stress,
HepG2 cells, Nrf2, p38
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CHAPTER 1: INTRODUCTION

1.1  Background

Cancer is a life-threatening disease that results from irregular cell proliferation and is one of
the leading causes of death in both developed and developing countries. Liver cancer has
moved from the fourth to the third leading cause of cancer deaths globally between 2018 and
2020 (Sung et al., 2021, Bray et al., 2018). Hepatocellular carcinoma (HCC) is the most
common type of liver cancer; its development is associated with the hepatitis virus, aflatoxin-
contaminated foods, heavy alcohol consumption, smoking, obesity and type 2 diabetes (EI-
Serag, 2020). Non-alcoholic fatty liver disease (NAFLD) and non-alcoholic steatohepatitis is
increasingly contributing to the development of HCC (Singal et al., 2020). Current liver cancer
treatments include surgery, radiotherapy, chemotherapy drugs such as doxorubicin, biological
therapy and immune mediated therapies (Meli et al., 2019). However, neurological, cardiac,
renal and pulmonary toxicity are some of the side effects associated with these treatments. In
addition, some cancer drugs display non-selective toxicity by affecting normal cells, and cancer
cells can also develop resistance making drug development a complicated task (Jain et al.,
2016).

Over the years, researchers have become increasingly interested in the investigation of natural
compounds, both in their natural forms and as templates for synthetic modification because
they have been used expansively in traditional medicine as treatment for many diseases (Yadav
et al., 2010, Salmon, 2015, Porras et al., 2020). Over 4000 phenolic compounds isolated from
vascular plants have been identified to have multiple therapeutic applications and the best-
known resources of natural medicine (Hebbani et al., 2021). Approximately 60% of the current
anticancer agents are derived from natural sources and medicinal plants are now being used as
alternative anticancer drugs (Dinesh et al., 2014, Ashraf, 2020). Medicinal plants contain a vast
number of secondary metabolites, which include anthocyanins, lignans, flavonoids, coumarins,
isocatechins, flavones and catechins. These phytochemicals have been identified to produce
physiological effects in the human body, including mechanisms involved in the inhibition of
genotoxic effects, increase in anti-inflammatory and antioxidant activities, anti-haemolytic,
anti-hyperlipidemic, antimicrobial, anticarcinogenic, cell proliferation, regulation of signal
transduction pathways and apoptosis (Dinesh et al., 2014, Akhtar et al., 2020).




Terminalia is the second largest genus of the family Combretaceae and has 200-250 species of
which 14 arise from African as well as Asian, American and Oceania (Australian) origin (Beigi
et al., 2018, Fahmy et al., 2015). The Terminalia species such as Terminalia bellerica and
Terminalia arjuna are widely used to treat an array of diseases due to their antimicrobial,
antibacterial, antimalarial, antihypertensive, antithrombotic, antiulcer, antimutagenic,
antiprotozoal and hepatoprotective properties (Gupta, 2012). These effects were caused by
multiple mechanisms of the plant phytocompounds, which involve antioxidant, anti-
inflammation, inhibition of lipid synthesis and increased fatty acid oxidation (Hebbani et al.,
2021). In 2020, Patra and colleagues (2020) established a link between reactive oxygen species
(ROS) and apoptosis following exposure of oral squamous cell carcinoma (Cal33) cells to T.
bellerica extract. The extract significantly facilitated the accumulation of ROS that resulted in
mitochondrial apoptosis through DNA damage, indicating ROS as the pivotal constituent in
the regulation of apoptosis. The study also revealed that there was selective anti-proliferative
activity alluded to the gallic acid in the T. bellerica extract known for strong free radical
scavenging capacity (Patra et al., 2020). A study conducted by Hebbani and co-researchers
(2021) on rat erythrocyte membranes revealed that the bark extract of Terminalia arjuna had
gastroprotective, cardioprotective, hepatoprotective and renal protective effects that may have
been attributed to the high phytochemical composition in the bark extract (Hebbani et al.,
2021). In 2012, Nair and co-investigators elucidated three triterpenoids namely B-sitosterol, [3-
sitostenone and stigmast-4-ene3, 6-dione derived from the ethanolic extract of the stems of
Terminalia phanerophlebia (T. phanerophlebia) (Nair et al., 2012). The study showed that the
anti-inflammatory activity of T. phanerophlebia was due to the crude extract and B-sitosterol,
which were discovered to be selective inhibitors of cyclooxygenase-2 (COX-2), an enzyme
that promotes cell proliferation and produces prostaglandins to promote inflammation, pain
and fever (Nair et al., 2012, Yadav et al., 2010). Another recent study in adenocarcinomic
human alveolar basal epithelial cells (A549) lung cancer cells showed that T. phanerophlebia
modulated oxidative stress by increasing antioxidant protein expression and was associated
with caspase-dependent apoptosis (Benede, 2020).

Oxidative stress results from the imbalance of oxidants and antioxidants and has been
implicated in the pathogenesis of diseases such as cancer, cardiovascular diseases and chronic
kidney diseases (Nyahada et al., 2021). The mitochondria is the main source of endogenous
ROS production and exogenous sources include radiation, smoke, heavy metals and

xenobiotics (Banerjee and Roychoudhury, 2018). Incomplete reduction of O results in free
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radicals such as the superoxide anion (O2™), hydrogen peroxide (H20) and hydroxyl ion ("OH)
(Zweier and Talukder, 2006). Peroxynitrite (ONOQ") is another free radical resulting from the
reaction of O — and nitric oxide (NO). Antioxidants such as superoxide dismutase (Budhu et
al.), glutathione (GSH), glutathione peroxidase (Gpx) and catalase are regulated by the
modulator of oxidative stress, nuclear factor erythroid 2-related factor 2 (Nrf-2) and are
employed to combat oxidants (Costilla et al., 2019). Prolonged oxidative stress conditions lead
to lipid peroxidation, DNA damage and protein carbonylation which may lead to cell death
(Rodriguez-Garcia et al., 2020).

Apoptosis is programmed cell death that can be triggered by cellular stress or DNA damage
and it is dominantly regulated by caspases (Carneiro and El-Deiry, 2020). Caspase-8, caspase-
9 and caspase-10 are initiator caspases and caspase-3, caspase-6 and caspase-7 are executioner
caspases (Pfeffer and Singh, 2018a). Binding of the Fas ligand to its cognate transmembrane
receptor (Bedekar et al.) to form the Fas/Fas complex is key to inducing the extrinsic apoptotic
pathway, as it initiates formation of the death inducing complex (DISC) and caspase-8
activation (Alkhouri et al., 2015). Alternatively, extrinsic apoptosis may be mediated by TNFa.
This inflammatory cytokine activates NF-kB or triggers RIP1 kinase-induced cell death
(Cockram et al., 2021). The intrinsic apoptotic pathway is triggered by mitochondrial outer
membrane permeabilization (MOMP). The MOMP results in the release of cell death
modulators such as cytochrome ¢ from the intermembrane space leading to a cascade of
reactions including the formation of the apoptosome and caspase-9 activation (Tait and Green,
2010). Pro-apoptotic proteins (Bax, Bak, Bad, Puma, Bcl-x and Bid) and anti-apoptotic proteins
(Bcl-2, Bel-xl, Bel-w, Brag-1) regulate intrinsic apoptosis. In turn, the Bcl-2 family is regulated
by tumour suppressors (p53) and mitogen-activated protein kinases (MAPKS) such as p38; p53
is ultimately responsible for activating Bax, while p38 suppresses apoptosis by activating Bcl-
2 (Arumugam et al., 2017). Overexpression of anti-apoptotic proteins or under-expression of
pro-apoptotic proteins causes inhibition of apoptosis leading to cancer (Pfeffer and Singh,
2018b).

The discovery of effective medicinal plants and explication of the mechanisms of their
phytochemicals could lead to the development of chemo-preventive drugs that are not only
specific to cancerous cells, but also protect normal cells. There is a gap in the literature

regarding the mechanisms underlying the effects of T. phanerophlebia; more specifically, the




hepatoprotective effects (Meli et al., 2019). The hepatocellular carcinoma (HepG2) cell line is
comprised of immortal cancerous hepatic cells that are commonly used in drug metabolism and
hepatotoxicity studies because of retained differentiated hepatic functions, making them a good
in vitro model for cytotoxicity studies (Donato et al., 2015). The purpose of this study is to
determine the biomolecular mechanism underlying the effects of T. phanerophlebia on human
HepG2 cells.

1.2 Problem statement

Liver cancer is the 6™ most frequent malignancy and the 3" leading cause of cancer deaths
worldwide (Cao et al., 2021). Hepatocellular carcinoma is the most common type of liver
cancer globally and it is expected to claim about 64 525 lives annually in sub-Saharan Africa
by 2030 (Xie et al., 2021). Excessive alcohol consumption, diabetes, obesity, hepatitis viral
infections and corollary effects of medications are some contributing factors that may induce
the onset of liver diseases such as liver cancer (Boyle et al., 2018). Despite the current
treatments available on the market, the estimated five-year survival span following treatment
is usually not reached and often involves poor prognosis (Shunmugam, 2016). Cancer-related
death rates are exceptionally high as most cases are difficult to diagnose through routine
examinations leading to late diagnosis as well as limited access to timely and effective
treatment (Rabbani et al., 2018).

1.3  Rationale

Hepatocellular carcinoma is amongst the leading causes of mortality in the world and
chemotherapy is the most used treatment for cancer. Not only is chemotherapy expensive, but
it is also not specific to cancerous cells and can be invasive. Some anti-cancer drugs have
limited bio-distribution, poor solubility, stability and their metabolism have various challenges
of toxicity and inefficacy. It is therefore important to find an affordable yet potently effective
alternate treatment that is naturally sourced. Various Terminalia species (T. catappa, T. arjuna,
T. bellerica, T .ferdinandiana, T. irvorensis and T. superba) and their decoctions have been
used in previous studies to treat breast, skin and prostate cancer respectively. Widely
distributed throughout KwaZulu-Natal and Mpumalanga regions of South Africa, T.
phanerophlebia has been used to treat a range of ailments. There is evidence of the anti-
inflammatory properties of T. phanerophlebia, but the hepatoprotective properties are yet to be
investigated. This study will utilise human liver cancer cell line, HepG2 that was initially

derived from a well-differentiated hepatocellular carcinoma of a 15-year-old Caucasian male
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in 1975. An aqueous leaf extract of T. phanerophlebia will be used in order to mimic the

concoctions used by traditional herbalists.

1.4  Research questions
Does T. phanerophlebia induce hepatoprotective properties in HepG2 cells?
Does T. phanerophlebia induce apoptosis in HepG2 cells?

Does T. phanerophlebia possess antioxidant potential in HepG2 cells?

1.5  Null hypothesis

T. phanerophlebia does not have anti-proliferative or antioxidant effects in HepG2 cells.

1.6 Hypothesis

T. phanerophlebia will exert anti-proliferative and antioxidant effects in HepG2 cells.

1.7 Aim
The aim of this study is to investigate the anti-proliferative effects and antioxidant potential of
T. phanerophlebia crude aqueous leaf extract on human hepatocellular carcinoma (HepG2)

cells.

1.8  Objectives
A crude aqueous leaf extract of T. phanerophlebia will be used to
o assess cell viability of HepG2 cells treated with T. phanerophlebia by
o  using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay to obtain an ICsp to be used in subsequent assays.
o quantifying ATP using luminometry.
o evaluate possible cell death induced in HepG2 cells by T. phanerophlebia by
o using luminometry to detect phosphatidylserine using the annexin V assay as an
early marker of apoptosis to quantify apoptotic cells.
o determining the possible activity of different caspases to elaborate pathways of
apoptosis using luminometry.
o  verifying the possible presence of proliferative proteins (HSP90 and Stat3) and
anti-proliferative proteins (Fas, p38, NF-«xB) using the western blot and qPCR

assays.




determine the possible amelioration of oxidative stress by T. phanerophlebia in HepG2

cells by

o using the TBARS and NO assays to detect possible oxidant (ROS and RNS
respectively) production.

o  quantifying GSH using luminometry.

o  using gPCR to detect possible antioxidant enzyme gene expression (Nrf2, SOD2,
GPx-1) .




CHAPTER 2: LITERATURE REVIEW

2.1 Cancer

Cell division and proliferation is a tightly regulated process under normal circumstances, but
when cells by-pass these regulations, it results in cancer. Cancer cells accumulate a series of
biochemical changes that makes them resistant to signalling pathways such as apoptosis
resulting in unregulated cell cycle, cell division and tumour formation. However, the process
does not occur overnight and can take 5-20 years for specific signs and symptoms to be detected
(Jemal et al., 2011). The lack of distinct symptoms causes a serious worldwide health burden
and it is the main reason for high mortality rates and short survival time of cancer patients
(Ozakyol, 2017). According to Ferlay et al. (2021), in 2020 there were an estimated 19.3
million new cases of cancer (18.1 million excluding non-melanoma skin cancer) and almost
10.0 million deaths from cancer (9.9 million excluding non-melanoma skin cancer) worldwide
(Figure 2.1) (Ferlay et al., 2021). The most commonly diagnosed cancers worldwide were
female breast cancer, lung and prostate cancers; liver cancer was the 6th most diagnosed cancer
(Figure 2.1) with an estimated 906,000 new liver cancer cases in 2020 (Sung et al., 2021).
However, liver cancer is the 3rd leading cause of death worldwide (830000 deaths in 2020)
exceeded only by lung cancer (1.79 million deaths) and colorectal cancer (935000) (Sung et
al., 2021). Incidence to mortality rate is 0.95 for hepatocellular carcinoma (HCC), the dominant
type of liver cancer, and 5-year survival is only 6.9% (Ozakyol, 2017). The majority of patients
are usually diagnosed in the later stages of cancer and overall median survival time is as short
as 11 months (Ozakyol, 2017).

The prevalence of liver cancer in Africa and Asia is higher than in Western countries and more
common in middle- and low-income countries than in developed nations. This is due to the
prevalence of risk factors such as hepatitis B virus (HBV) and hepatitis C virus (HCV) in the
population; poor medical expertise and facilities for early diagnosis, lack of effective treatment
after diagnosis, late presentation of patients with large tumours, low awareness of the benefits
of HCC treatment and ways of preventing underlying liver disease are also contributing factors
(Ferenci et al., 2010). Exposure to radiation as well as certain lifestyles such as sedentary living
and smoking also contribute to the prevalence of liver cancer in Africa and Asia (Bray et al.,
2018).
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Figure 2.1: Global cancer statistics 2020. Liver cancer in both males and females ranks 6th in incidence
(4.7%), but is ranked 3rd in mortality (8.3%) (Sung et al., 2021).

2.2 Theliver

The liver is located in the abdominal cavity and not only is it the largest organ in the body, but
it is also multifunctional (Khonsary, 2017). The liver lobule (Figure 2.2), a cylindrical structure
0.8-2mm in diameter and a few millimeters long, is the pivotal functional unit of the liver
(Khonsary, 2017). There are 50000-100000 individual lobules in the human liver. The liver
receives blood supply from the gastrointestinal tract through the portal vein and it flows into
the sinusoids before collecting in the central vein (Ozougwu, 2017). Hepatocytes are cells of
the main parenchymal tissue of the liver and are used as an in vitro model because they have
the closest resemblance to the human liver and produce a metabolic profile of a given drug that
is very similar to that found in vivo (Gomez-Lechon et al., 2003). Venous sinusoids are covered
by hepatic cells, endothelial cells and kupffer/reticuloendothelial cells. Kupffer cells are
resident macrophages that engulf bacteria and foreign matter through phagocytosis in the
hepatic blood. The Space of Disse/perisinusidal spaces is highly permeable to allow free




plasma delivery and they empty excess fluid through the lymphatic vessels. The liver has high
blood flow and low vascular resistance under normal circumstances. In the event of liver
cirrhosis, the parenchymal cells are replaced with fibrous tissue which contracts around the

blood vessels resulting in increased blood flow resistance.
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Figure 2.2: Cross-sectional view of the liver lobule (Khonsary, 2017).

Regeneration is one of the liver's most profound properties. Partial hepatectomy triggers the
release of hepatocyte growth factor (HGF) from the mesechymal cells which causes cell
division and growth (StoR3 et al., 2020). Tumour necrosis factor (TNF) and interleukin-6 (IL-
6) may also be involved in triggering liver regeneration. The remaining lobes enlarge and
restore the liver to its original size. Hepatocytes replicate once or twice before returning to their
quiescent state. This process takes only 5-7 days in rats. Transforming growth factor-p (TGF-
B) and cytokines secreted by hepatic cells are inhibitors of cell proliferation and thus terminate

regeneration (Khonsary, 2017).

The liver has a vast array of functions in the body. Amino acid deamination, carbohydrate
metabolism such as glycogen storage, gluconeogenesis, oxidation of fatty acids, synthesis of
cholesterol, lipoproteins and plasma proteins, phospholipids, fat from proteins and
carbohydrates occur in the liver (Mitra and Metcalf, 2012). The liver also cleanses the blood
through Kupffer cells, has blood reservoir properties attributed to its large surface area for

blood veins, increases lymphatic flow due to permeability of the hepatic sinusoids, stores iron




as ferritin and excess vitamins for up to 5-10 months. Proteins involved in blood coagulation
such as prothrombin, fibrinogen, accelerator globulin and factor VII are all formed in the liver.
Another major function of the liver is xenobiotic metabolism, which utilises the cytochrome
P450 enzymes, CYPs (Ozougwu, 2017).

The liver is ideally located in the abdominal cavity to receive absorbed nutrients and to detoxify
absorbed xenobiotics such as drugs and toxins that may be harmful. Liver enzymes transform
endogenous and exogenous toxins and drugs such as sulphonamides, penicillin and
erythomycin enabling them to be water-soluble and excretable in bile or urine (Guengerich et
al., 2016). Hormones produced by endocrine glands such as thyroxine and steroids such as
estrogen, cortisol and aldosterone are also solubilised and excreted in bile and urine. Phase |
reactions are catalysed by CYPs, followed by phase Il reactions that conjugate the substances
with glucuronide, sulfate, amino acids or glutathione (Girvan and Munro, 2016, Ozougwu,
2017).

2.3 Hepatocellular carcinoma (HCC)
Derived from hepatocytes and accounting for 85-90% of all primary liver cancers, HCC is the

dominant form of liver cancers globally (Altekruse et al., 2014, Chen and Wong, 2020).

2.3.1 Incidence

According to previous studies, HCC occurs more in men than women (Figure 2.3A) and has
geographical distribution with more cases recorded in developing countries (Figure 2.3B) (El-
Serag, 2020). Global cancer statistics for 2020 has reported liver cancer in males to be ranked
as second position in mortality rates (Sung et al., 2021). The disparity could be due to
differences in behaviours, epigenetics, endogenous sex hormones, alcohol consumption
patterns and immune responses. High mortality rates are recorded in Asia Pacific, East Asia,
and central Sub-Saharan Africa and lowest in southern Latin America and tropical Latin
America. HCC incidence has been marginally reduced by aggressive hepatitis B virus
vaccination, aflatoxin-reduction programs and the use of antivirals to treat HBV and HCV
infections. Coffee consumption, aspirin and metformin have in recent epidemiological studies

shown to significantly decrease the incidence of HCC in diabetic patients (Singal et al., 2020).
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Figure 2.3: Incidence and mortality age-standardised rates for liver cancer in both sexes (Aslantlrk,
2018).

2.3.2 Risk factors in the pathogenesis of liver cancer

There are major and minor risk factors of HCC. Chronic HBV, HCV, aflatoxin B, chronic
alcohol consumption, cirrhosis, obesity, non-alcoholic fatty liver disease (NAFLD) and
diabetes are considered to be the major causes of HCC (Liver, 2018). Wilson's disease,
hemochromatosis and alpha-1-antitrypsin deficiency are minor risk factors associated with the
development of HCC (Tanash and Piitulainen, 2019, Nowak et al., 2018, Jayachandran et al.,
2020).

Hepatitis B virus exerts hepatocarcinogenic effects through the process of the inflammation,
regeneration and fibrosis associated with cirrhosis (Figure 2.4) (Bréchot, 2004). The
pathogenesis of HBV to HCC can either be direct or indirect. The direct mechanism involves
the integration of the HBV DNA within or near functional cellular genes into chromosomes of
hepatocytes (Figure 2.4). The HBX protein is a transcriptional activator that activates the Raf-
Ras-MAPK pathway and inhibits the tumour suppressor protein, p53. The indirect mechanism
(Figure 2.4) involves inflammation and regeneration, followed by cirrhosis associated with
chronic HBV infection (Di Bisceglie, 2009). Cirrhosis is severe damage emanating from
fibrosis and is a risk factor of HCC (Niu and Hann, 2017). Recent studies have suggested that
25% of people with HCV develop cirrhosis, especially if they are infected by another virus

such as HBV or HIV and are chronic alcohol consumers. Stimulation of signal transduction
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pathways within cells by HBx leads to the activation of interleukins and inflammasomes. In
addition to activation of NF-xB by acting on two distinct NF-«xB inhibitors, IxBa and p105,
HBx also induces the proliferation of HCC cells through AP1 overexpression as a result of ER
stress (Lim et al., 2013, Cho et al., 2015).
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Figure 2.4: Pathogenesis of HCC associated with HBV. Viral integration into the hepatocyte genome
initiates molecular events that causes cell death and/or inflammation and culminates in the development
of fibrosis, cirrhosis and HCC [Adapted from (Arzumanyan et al., 2013)].

2.3.3 Current treatments

The HBV vaccine is the primary preventative measure being implemented to reduce the risk of
contracting the virus, which is a risk factor of HCC (Singal et al., 2020). In severe cases surgical
resection, radiotherapy, percutaneous ethanol injection, trans-arterial chemoembolization,
chemotherapy and liver transplantation are the current treatments used for HCC. The treatment
undertaken by each patient may differ and is highly dependent on the stage of tumour
progression. Unfortunately, the available treatments are expensive, require well equipped
medical facilities, and exert debilitating side effects such as toxicity and unfavorable bio-

distribution that render the cancer patients incapacitated during the treatment window.
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Additionally, these therapeutic options are not specific to cancer cells therefore may also affect

and destroy healthy non-cancer cells (Liver, 2018, Raavé et al., 2018).

The greatest challenge with the current available treatments is the poor prognosis due to late
stage diagnosis due to the lack of presentable symptoms during earlier stages (Young et al.,
2019). Another challenge is the recurrence of the HCC even after liver transplants thus the
estimated 5-year survival span is usually not achieved. Therefore, it is important that scientists
continue to conduct research in order to identify the potential of naturally sourced compounds
as a potent therapeutic agent against HCC as well as other forms of cancers (Pinna et al., 2018).
Over the years, medicinal plants have gained a lot of interest due to their easy accessibility and
affordability, as well as their rich composition of phytochemicals that can be used in drug

development and treating various ailments.

2.3.4 HepG2 cells as a model of HCC

The human liver cancer cell line, HepG2, was established in 1975 from the tumour tissue of a
15-year old Caucasian male who had hepatocellular carcinoma (Neumann et al., 2007). The
HepG2 cell line is commonly used in drug metabolism and hepatotoxicity studies because of
its high proliferation rates, the epithelial-like morphology that executes distinguished hepatic
functions reminiscent of the bile canaliculi and sinusoidal domains (Donato et al., 2015). It has
retained differentiated hepatic functions including macronutrient metabolism, blood volume
regulation, immune system support, endocrine control of growth signaling pathways, lipid and
cholesterol homeostasis and xenobiotic metabolism, thus making them a good in vitro model
for cytotoxicity studies (Donato et al., 2015). Furthermore, its non-tumourigenic properties
make it an ideal model for in vitro hepatotoxicity studies (Donato et al., 2015).

2.4 Medicinal Plants

Primary health care in developing countries is derived from ethnobotany with 60% of the
worlds’ population using traditional medicines extracted from one or more medicinal plants
(Beigi et al., 2018). In developed countries like the United States of America, 25% of the
synthetic drugs are of herbal origins. There are no or minimal side effects from treatments
prepared using medicinal plants; it is thus considered to be very safe, affordable and easily
accessible alternative therapeutic option that can also be included in an individual’s daily diet

(Pushpangadan et al., 2018).
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In 2017, Sheikh and co-researchers used Capparis spinosa crude ethanolic extract on HepG2
cells. This medicinal plant inhibited cell proliferation in a dose dependent manner, increased
expression of the Cdk inhibitory protein (Cipl/p21) and enhanced apoptosis of HepG2 cells by
activation of caspase-8 and caspase-9, and down regulation of Bcl-2 (Sheikh et al., 2017). In
another study, the hepatoprotective activities of 64 crude ethanol extracts of Cambodian
medicinal plants were investigated against tBHP-induced cytotoxicity in HepG2 cells. The
study also assessed the cytoprotective mechanism pertaining to the expression of heme
oxygenase (HO-1) and nuclear factor erythroid 2—related factor 2 (Nrf2). Of the 64 Cambodian
plants, Peliosanthes weberi and Tinospora crispa exhibited hepatoprotective effects on tBHP-
induced cytotoxicity in HepG2 cells. This could be alluded to the induction of Nrf2-mediated
expression of HO-1 suggesting that Tinospora crispa or Peliosanthes weberi may be used
therapeutically against liver disease that is characterized by oxidative stress (Lee et al., 2017).

The Terminalia genus is amongst the most widely used medicinal plants to preserve human
health and longevity. Terminalia citrina (T. citrina) for example is used for stomach aches and
to relieve diarrhoea as well as haemorrhoids, whilst T. ferdinandiana possesses potent
inhibitory properties against gastrointestinal protozoan parasite Giardia duodenalis. The leaf
and fruit extracts of T. ferdinandiana also inhibited cellular proliferation against colorectal
(Caco?2) cells (Shalom and Cock, 2018). Some species have been found to treat hypertension,
hyperglycaemia, constipation, malaria, tuberculosis, sexually transmitted infections and
possess antioxidant properties which result in reduction of degenerative diseases. Shalom and
co-researchers (2018) reported anti-cancer properties displayed by T. ferdinandiana leaf and
fruit extracts (Shalom and Cock, 2018). The extracts inhibited cellular proliferation and also
induced cellular metabolic rates lower than those at the commencement of the experiment. It
is possible that the antiproliferative mechanism of these extracts involve induction of apoptosis
through multiple pathways because caspase 3 activity was significantly increased, but caspase
levels differentiating the apoptotic pathways were not tested (Shalom and Cock, 2018). In the
same study, T. ferdinandiana ethyl acetate, methanolic and aqueous fruit and leaf extracts
induced an increase in caspase 3 protein expression in Caco?2 cells thus suggesting contribution
to cell death by both the extrinsic and intrinsic apoptotic pathways. Terminalia species have
been identified as central nervous system (CNS) and cardiovascular system (CVS) stimulants
and induce the same effects as those of digoxin. T. catappa, T. irvorensis and T. superba
decoctions have been used to treat breast, skin and prostate cancer respectively (Cock, 2015).

One of the species, T. arjuna displayed potent anti-inflammatory properties in experimental
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rodent models (Biswas et al., 2011). The therapeutic properties of Terminalia species may be
attributed to the phytochemicals possessed by the species like flavonoids, triterpenoids,
saponins, tannins and B-sitosterol, which has an effect on inflammation by increasing

prostaglandin E2 (PGEZ2), a coronary vasodilator (Beigi et al., 2018).

2.5  Terminalia phanerophlebia

Terminalia is Latin for terminus referring to the clustered leaves at the end and phanerophlebia
is Greek referring to the distinct veins under the leaves (Palmer and Pitman, 1972). Terminalia
phanerophlebia (Figure 2.5) from the Combretaceae family is generally known as Lebombo
cluster leaf. In South Africa, the tree number for T. phanerophlebia is 549 and is widely
distributed in northern KwaZulu-Natal, Mpumalanga, Swaziland and marginally distributed in
Mozambique (Nonyane, 2014). These trees are found in sandy, loam soils in valley bushveld,
along streams and on stony hillsides. T. phanerophlebia is characterised by terminal leaf
clusters (Figure 2.5A) and leaves with distinct veins (Figure 2.5B). The bark (Figure 2.5C) and
roots of the plant are used to make concoctions used to treat a wide range of ailments. Flowering
time is from October to February and flowers are white (Figure 2.5A, B) with a strong,

unpleasant scent (Maurin, 2009).

k_ l 4 ; ." . oo 1 e > ‘.-
Figure 2.5: (A) Clustered leaves at the end of the branch of T. phanerophlebia. (B) The leaves with

distinct veins and seeds of T. phanerophlebia, (C) The bark of T. phanerophlebia. (Adapted from

candidegardening.com)
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2.5.1 Uses of Terminalia phanerophlebia

Terminalia species have been used to treat backaches, bilharzias, pneumonia, syphilis, earache,
hookworm and dysmenorrhoea (Shai et al., 2008). In their study, Shai et al. (2008) found T.
sambesiaca and T. phanerophlebia to have the highest antifungal and antibacterial activity than
the other species tested (Shai et al., 2008). The triterpenoids found in the crude extract and
ethanol extract of the stems of T. phanerophlebia have the ability to inhibit the cyclooxygenase
enzyme COX-2 and therefore the plant is said to possess anti-inflammatory effects (Nair et al.,
2012). In 2014, Madikizela and other investigators discovered two compounds reported for the
first time from T. phanerophlebia, methyl gallate (methyl-3,4,5-trihydroxybenzoate) and a
phenylpropanoid glucoside, 1,6-di-O-coumaroyl glucopyranoside (Madikizela, 2014). Both
compounds exuded antimicrobial properties and thus substantiated the use of T.
phanerophlebia to treat tuberculosis and related symptoms in traditional medicine (Madikizela,
2014). Sibandze and van Zyl (2009) found T. phanerophlebia leaves to display in vitro
antimalarial activity in their study on Swazi medicinal plants (Sibandze and Van Zyl,
2009). Root decoctions are used in various parts of Africa as an eyewash agent and to treat
diarrhea, colic and schistosomiasis. Hot infusions of outer layers of roots are used to treat

pneumonia (Maurin, 2009).

2.4.2 Phytochemistry of Terminalia species

A variety of Terminalia species have been found to possess secondary metabolites such as
triterpenoids, tannins, flavonoids, alkaloids, anthocyanin, gallic acid, chlorophyll a and b,
vitamin E, glycosides, saponins and calcium oxalate crystals (Figure 2.6) (Zhang et al., 2019).
Bioflavonoids such as quercetin have antitumour activities and also block the activity of HNE-
induced JNK from lipid peroxidation through inhibition of glycolysis, cell cycle and enzymes
(Uchida, 2008). Flavonoids also alter signal transduction in pro-tumour pathways and trigger

apoptosis in tumour cell lines as well as cause T- cell proliferation (Jain et al., 2016).

There are two types of saponins, steroidal aglycone and triterpenoid aglycone. Seeds, tubers,
roots and leaves contain the highest concentration of saponins in a plant. Saponins are known
for their antitumour properties through cell cycle arrest and apoptosis with the half-maximal
inhibitory concentration (ICso) values of 0.2 mM. Man and coinvestigators (2010) found that
the cycloartane saponins induced apoptosis and modulated an ERK-independent NF-xB
signaling pathway resulting in a down-regulation of the expression of the HCC tumour marker

a-fetoprotein and suppression of HepG2 cell growth (Man et al., 2010).
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Triterpenoids are metabolites of isopentenyl pyrophosphate oligomers that can alter multiple
dysregulated cellular pathways (Bishayee et al., 2011). They exhibit cytotoxicity against
tumour cells and have been used for chemoprevention and therapy of mammary carcinoma
because of their potent anti-inflammatory and anticarcinogenic properties. Most Asian
countries employ triterpenoids for their sedative, cardiotoxic, antipyretic, hepatoprotective,
anti-inflammatory and analgesic properties (Sen and Samanta, 2014). Several studies identified
other biological activities of triterpenoids including antiviral, antipruritic antimicrobial,
antiangiogenic and spasmolytic activities. Triterpenoids have also been found to preserve the
integrity of normal cells, whilst being cytotoxic to cancer cells (Bishayee et al., 2011). They
were found to act through the intrinsic apoptosis pathway to prevent tumour progression
(Yadav etal., 2010). The main compounds found in triterpenoids are cucurbitanes; cucurbitacin
| suppressed proliferation of MDA-MB-468 cells by increasing apoptosis and decreasing
phosphor-STAT3, while cucurbitacin displayed inhibitory effects on the growth of MCF-7
cells by decreasing COX-2 (Jayaprakasam et al., 2003, Blaskovich et al., 2003). They also
inhibited the G2-M phase of the cell cycle as well as increase in cytochrome ¢ and apoptosis
(Yang et al., 2007).
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Figure 2.6: Some of the phytochemicals possessed by Terminalia species. The medicinal properties are
credited to the phytochemical secondary metabolites present in Terminalia plants namely triterpenoids
(A,B,C,D), tannins (F), flavonoids (G), alkaloids, anthocyanins (H), gallic acid, chlorophyll a and b,

vitamin E, glycosides, saponins (E) and calcium oxalate crystals (Kaur et al., 2009, Liao et al., 2019).
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2.6 Oxidative stress

Oxidative stress is the state of imbalance between reactive oxygen species (ROS)/reactive
nitrogen species (RNS) and antioxidants (Figure 2.7). Within intact mitochondrion, ROS are
produced but is balanced by the antioxidants such as superoxide dismutase (SOD2) and
glutathione peroxidase (Gpx) (Lenaz, 2001, Siti et al., 2015). Excess cellular levels of ROS
may have detrimental effects to proteins, nucleic acids, lipids, membranes and organelles
leading to the activation of cell death processes such as apoptosis (Redza-Dutordoir and
Averill-Bates, 2016b).

OXIDANTS
H,0, 03;: 00NO™;OH~

ANTIOXIDANTS
GSH; GPx; CAT; SOD

OXIDATIVE STRESS

INFLAMMATION

PATHOGENESIS OF
CANCER, CVD,CKD

Figure 2.7: Oxidative stress. A state of imbalance between oxidants and antioxidants results in the
pathogenesis of cancer, cardiovascular diseases, chronic Kkidney diseases as well as other

neurodegenerative diseases like Alzheimer's disease. (Prepared by author).

2.6.1 Free radical production
In aerobic metabolism, partial reduction of molecular oxygen gives rise to a series of free
radicals, termed ROS/RNS, which are highly unstable and very reactive oxidants. Examples of

oxidants are the superoxide radical (O2™), hydrogen peroxide (H202) and highly reactive
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hydroxyl radical ("OH) (Figure 2.7). On the other hand, antioxidant enzymes are the proteins
involved in the catalytic transformation of reactive oxygen species and their by-products into
stable nontoxic molecules (Figure 2.8) (S&ez and Estan-Capell, 2014). Under normal
circumstances, the generation of ROS in cells exists in equilibrium with a variety of antioxidant
defenses and may trigger the signal transduction pathways leading to the activation of different
transcription factors and gene expression. However, an increase of ROS above a critical

threshold may induce oxidative stress (Polster, 2013).

2.6.2 Antioxidant defence

Antioxidant enzymes catalyze mainly three different reaction mechanisms: dismutation,
peroxidase reactions, and thiol reductions. Superoxide dismutases (SODs) are antioxidants
which have copper/zinc/manganese isoforms and dismutate O>™ as well as modulate nitric
oxide (NO) levels (Figure 2.8). Catalase is a heme homotetrameric enzyme that catalyses the
decomposition of H,O to water and oxygen (Figure 2.8), detoxifies phenols, formic acid,
methanol and ethanol, and may carry out peroxidation reactions in mammals. Glutathione
(GSH) together with a-tocopherol has antioxidative properties (Hausladen and Alscher, 2017).
Glutathione peroxidases (Gpxs) are a superfamily of eight isoenzymes (GPx-1-Gpx8); the most
ubiquitous and abundant isoenzyme is GPx-1 and carries one selenocysteine, whilst Gpx2 is
the enzyme of the gastrointestinal tract (Saez and Estan-Capell, 2014). Gpx catalyzes the
reduction of hydroperoxides (-ROOH) to alcoholic groups and water by oxidising GSH to
glutathione disulfide (GSSG), which can be reduced back to GSH by the enzyme GSH
reductase (GR), using NADPH as a reducing substrate (Figure 2.8) (Saez and Estan-Capell,
2014). The capacity to recycle GSH makes the GSH cycle able to prevent the depletion of
cellular thiols and play a pivotal role as an antioxidant mechanism for aerobic cells. The
coordination and synchronized activities of SOD, catalase, GSH and Gpx complete and ensure
the antioxidant strategy to avoid the production of the highly reactive *OH via the Fenton
reaction and peroxynitrite (ONOQO™), formed by the reaction of O2™ with the vasoactive
intermediate NO (Khalaf, 2019). The Nrf-2 protein is a transcription factor that is ubiquitously
and constitutively expressed by cells, thus ensuring their prompt protective response to
oxidative, inflammatory and metabolic stresses (Robledinos-Antdén et al., 2019). The
transcription of components of the glutathione and thioredoxin antioxidant systems, enzymes
involved in phase | and phase 11 detoxification of xenobiotics, NADPH regeneration, and heme

metabolism are regulated by Nrf2. In addition to antioxidant responses, Nrf2 is also involved
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in autophagy, intermediary metabolism, stem cell quiescence, and unfolded protein response
(Tonelli et al., 2018).
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Figure 2.8: Antioxidant reactions showing the catalytic transformation of ROS/RNS by SOD, catalase
and Gpx to nontoxic stable molecules. The Haber-Weiss- or Fenton-type reactions lead to the formation
of the highly reactive oxygen species “OH. Superoxide may react with NO to produce the cytotoxic
substrate ONOO™. The antioxidants protect cells against an excessive generation of reactive oxygen and
nitrogen species and secondary oxidative stress while maintaining the physiological concentrations and
vasodilating action of NO (Saez and Estan-Capell, 2014).

2.6.3 ROS-mediated cellular effects

Highly reactive ROS/RNS are capable of damaging membrane phospholipids, proteins,
carbohydrates and nucleic acids through an oxidative modification process giving rise to a
number of different oxidative stress by-products (Figure 2.9) (Saez and Estan-Capell, 2014).
During lipid peroxidation, a free radical oxidizes an unsaturated lipid chain forming a lipid
hydroperoxide and an alkyl radical. This alters the membrane structure, affecting its fluidity
thus damaging its integrity. This process is initiated by the attack of a "OH at one of the bis-
allelic positions in the fatty acid side chains. The association of oxygen-derived free radical

with polyunsaturated fatty acids results in a number of extremely reactive electrophilic
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aldehydes during the process of lipid peroxidation due to continuing free radical chain reactions
before they are terminated (Juan et al., 2021, Srinivas et al., 2019). Quantification of primary
products of lipid peroxidation is difficult due to their high instability and reactivity. Thus, the
concentration of secondary oxidation products, which are mostly aldehydes derived from these
initial hydroperoxides such as malondialdenhyde (MDA) are measured (Hebbani et al., 2021).
The effects of ROS on proteins include oxidation of amino acid residues, cleavage of peptide
bonds and aggregation between proteins. A wide range of diseases have been linked to the
presence of oxidised proteins, such as Alzheimer’s disease, rheumatoid arthritis and others
(Juan et al., 2021). The DNA damage caused by ROS from endogenous or exogenous sources
has been a significant breakthrough in carcinogenesis research. The ROS react with
nitrogenous bases and deoxyribose, causing significant oxidative reactions which lead to
mutations, carcinogenesis, apoptosis, necrosis and hereditary diseases (Juan et al., 2021).
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Figure 2.9: A summary of ROS damage on macromolecules. Damage in nucleic acids results in base
oxidation, damage in lipids results in aldehydes and secondary by-products of lipid peroxidation such

as malondialdehyde (MDA) and damage to proteins causes carbonylation (Juan et al., 2021).
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Increase in ROS production in a cell also leads to the activation of mitogen-activated protein
kinases (MAPKS) such as p38, ERK and JNK. The MAPKs play a crucial role in signal
transduction from the cell surface to the nucleus (Son et al., 2011, Jalmi and Sinha, 2015).
Initially I«B inhibits the action of NF-«B, but after the MAPKSs are activated NF-«B is activated
through phosphorylation and dimerization of kB (Figure 2.10) (ljomone et al., 2021).
Activated NF-xB is translocated from the cytoplasm to the nucleus where it triggers
transcription of target genes (An et al., 2019, Bagaev et al., 2019). Activation of these anti-
proliferative proteins such as p38, NF-«B and Fas by an oxidative stress environment is pivotal

in the cascade of events leading to apoptosis (Gao and Schottker, 2017).
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Figure 2.10: Activation of MAPKs through ROS. MAPKSs play a pivotal role in signal transduction
from the onset of stimuli such as an oxidative stress environment on the cell surface through activation

of NF-kB to activation of target genes [Adapted from (ljomone et al., 2021)].

The oxidative stress environment also triggers the activation of proliferative proteins such as
HSP90 and STAT3. The activity of STAT3 has a critical role in the induction of survival factors
such as the activation of Bcl-2 family, increased transcription of the survivin gene and
prevention of apoptosis (Fathi et al., 2018, Gritsko et al., 2006, Levy and Lee, 2002). In a study
by Xu and co-researchers (2017), HSP90 was found to increase the phosphorylation of PKM2
at Thr-328. The Thr-328 phosphorylation was critical for maintaining PKM2 stability and its
biological functions in regulating glycolysis, mitochondria respiration, proliferation and

inhibition of apoptosis in HCC cells thus enhancing the cells™ survival (Xu et al., 2017). In a
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different study, HSP90 was found to increase transcription of the surviving gene (Fortugno et
al., 2003).

2.7  Apoptosis

Apoptosis features a characteristic set of morphological and biochemical features, whereby
cells undergo a cascade of self-destruction (Shakeri et al., 2017). Apoptosis is a highly
regulated process that is essential for the development and survival of multicellular organisms
(Nikoletopoulou et al., 2013). It is governed chiefly by caspases (cysteine-aspartic proteases),
which are always present as procaspases, an inactive form containing a pro-domain that
contains a caspase recruitment domain and can be activated by cleavage (Redza-Dutordoir and
Averill-Bates, 2016a). Inhibitor of apoptosis proteins (IAPs) have a zinc binding domain that
binds directly to caspases and inhibits their activity, but mitochondrial proteins called second
mitochondria-derived activator of caspases (SMAC) and direct inhibitor-of-apoptosis protein-
binding protein with low P1 (DIABLO) in-turn inhibit the inhibitors in case of cell injury and
need for apoptosis (Martinez-Ruiz et al., 2008). There are also mitochondrial proteins,
Htra2/Omi, apoptosis-inducing factor and endonuclease G, that can also inhibit I1APs. The
tumour suppressor protein p53 is a key regulator of DNA damage response and can promote

DNA repair, apoptosis or cell cycle arrest (Nayak et al., 2018).

The extrinsic/death-receptor-mediated and intrinsic/mitochondrial mediated are the two
mechanisms that also regulate apoptosis. Regulation of apoptosis is crucial for preserving
normal cellular homeostasis and the B-cell lymphoma 2 (Bcl-2) family of pro-apoptotic
proteins such as Bcl-2-associated death promoter, Bcl-2 associated X protein (Bax) and anti-
apoptotic proteins such as Bcl-2 and Bcl-x contribute extensively to the regulation of apoptosis
(Pena-Blanco and Garcia-Saez, 2018, Liu et al., 2002). Unregulated apoptosis contributes to
tumour development, neurodegenerative disorders and autoimmune diseases (Pefia-Blanco and
Garcia-Saez, 2018). Some oncogenic mutations disrupt apoptosis, leading to tumour initiation,
progression or metastasis and thus affecting the malignant phenotype. Most cytotoxic
anticancer agents induce apoptosis and medicinal plants are considered rich sources for

chemotherapeutic agents (Nayak et al., 2018).

2.7.1 The intrinsic pathway
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The intrinsic pathway (Figure 2.11) is initiated by signals from the cytosol and is also referred
to as the mitochondrial pathway. Signaling is due to cell stress such as endoplasmic reticulum
stress or DNA damage. Sensory proteins such as ataxia telangiectasia mutated (ATM) and
checkpoint kinases (CHKSs) activate p53, which is also involved in cell cycle regulation. The
tumour suppressor protein p53 recruits other regulatory proteins such as p21, a cyclin
dependent kinase (CDK) inhibitor. It also inhibits Bcl-2 and activates Bax which alters the
mitochondrial outer membrane permeability (MOMP) by perforating the mitochondrial
membrane (Pefna-Blanco and Garcia-Saez, 2018). The pores in the mitochondria result in the
release of cytochrome c into the cytosol and this is considered as a death signal. Cytochrome ¢
facilitates the formation of an apoptosome with apoptosis protease activating factor 1 (APAF-
1), ATP and procaspase-9 that activates the initiator caspase, caspase-9 (Shakeri et al., 2017).
Caspase-9 triggers the cleaving of procaspase-3 into its active form, caspase-3, which further
activates the nuclease enzymes by degrading the nuclease inhibitors. The nucleases will

degrade nucleic acids in the nucleus.
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Figure 2.11: The intrinsic apoptotic pathway (Adapted from the Easy Biology Class).

2.7.2 The extrinsic pathway
Signaling originating from outside the cell initiates the extrinsic apoptotic pathway (Figure
2.12). Cellular stress such as DNA damage triggers extracellular response by the Fas-ligand, a

transmembrane protein expressed on cytotoxic T-lymphocytes, which migrates towards the cell
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membrane and binds to the FAS-ligand associated death domain containing receptors (FADD/
FasR) (Figure 2.12). The Fas ligand signals through the trimerisation of the FasR resulting in
death induced signaling cascade (DISC). The DISC activates the initiator caspase-8 from its
inactive form, procaspase-8. Caspase-8 activates the executioner caspase, caspase-3, and can
also activate BH3-interacting domain death agonist (Bid) into the active form truncated p15

Bid (tBid), which simultaneously activates the Bax/Bak pro-apoptotic proteins responsible for

perforating the mitochondrial membrane and initiating the intrinsic pathway of apoptosis
(Pefia-Blanco and Garcia-Séez, 2018).
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Figure 2.12: The extrinsic apoptotic pathway. Caspases are activated through the death receptor ligand.

Binding of the Fas-ligand recruits the initiator caspases in their inactive forms, procaspase-8 and
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procaspase-10 which are activated into their active forms. The DISC is formed which activates the

downstream signal cascade (Glowacki et al., 2013).

2.7.3 End-stage cell death

The main steps of apoptosis in chronologic order are shrinkage of the cell forming blebs, cell
fragmentation, cytoskeleton collapses, disassembling of the nuclear envelope and then release
of apoptotic bodies for phagocytosis (Figure 2.13). This distinguishes apoptosis from other
modes of cell death, such as necrosis and pyroptosis (Figure 2.13). Caspase 3/7 are effector
caspases responsible for cleaving downstream substrates such as poly (ADP-ribose)
polymerase (PARP) and ADP-ribose, which contribute to cell death by depleting the cell of
NAD and ATP (Boulares et al., 1999). Cleavage of lamins by caspase 3 is essential for
disintegrating the nuclear matrix during apoptosis (Kivinen et al., 2005). Caspase 3/7 also
activates the nuclease enzyme caspase activated DNase (Fortugno et al.) by degrading the
nuclease inhibitor iCAD. Active nucleases degrade the nucleic acids in the nucleus and the cell
starts to die. Activation of certain downstream signals such as caspase-3/7 results in enzymes
like scramblases collapsing the polarized distribution of phosphatidylserine from the inner
leaflet of the phospholipid bilayer to the outer layer. The external exposure of
phosphatidylserine flags as an apoptotic signal attracting phagocytosis of the cell by
macrophages (Figure 2.13) (Budhu et al., 2021) (Gottlieb et al.).
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Figure 2.13: Characteristics of apoptosis (Adapted from Winoto lab). Apoptosis is chiefly regulated by
caspases and the target cell shrinks forming blebs that later bud off as apoptotic bodies that are engulfed

by phagocytes.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Materials

Cell culture vessels including flasks, plates, sterilin tubes and eppendorfs and reagents such as
Eagle’s Minimum Essential Medium (EMEM), penicillin-streptomycin-fungizone, L-
glutamine and trypsin were purchased from Whitehead Scientific (Johannesburg, South
Africa). Trypan blue, phosphate-buffered saline (PBS), 3-(4, 5-dimethyl-2-thiazolyl)-2, 5-
diphenyl-2H-tetrazolium bromide, malondialdehyde (MDA), thiobarbituric acid (TBA) and 3-
actin were obtained from Sigma (Johannesburg, South Africa). Foetal calf serum, bovine serum
albumin (BSA) and all primers were purchased from Ingaba Biotech (Johannesburg, South
Africa). Western Blotting and PCR equipment and reagents were obtained from Bio-Rad
(Hercules, CA, USA). Cell Signalling Technology antibodies and Promega luminometry kits
were procured from Anatech (Johannesburg, South Africa). All other reagents were purchased
from Merck (Darmstadt, Germany), unless stated otherwise. All tissue culture reagents and
apparatus were obtained from Whitehead Scientific (Johannesburg, South Africa). The
bicinchoninic acid (BCA) assay kit, B-actin and methylthiazol tetrazolium (MTT) salt were
purchased from Sigma (Johannesburg, South Africa). Promega luminometry kits and Cell
Signaling Technology (CST) antibodies were procured from Anatech (Johannesburg, South
Africa), while protease and phosphatase inhibitors were obtained from Roche Diagnostics
(Johannesburg, South Africa). Western blot reagents were purchased from Bio-Rad (Hercules,
CA, USA) and all other reagents were obtained from Merck (Johannesburg, South Africa),
unless specified otherwise.

3.2 Tissue culture

Vials of cryopreserved HepG2 cells were received from the Discipline of Medical
Biochemistry, Howard College, University of KwaZulu-Natal, Durban. The vials were thawed
at 37°C and reconstituted in 20 mL complete culture media (CCM; Eagle’s Modified Eagle’s
Medium, 10% foetal calf serum, 1% L-glutamine and 1% penicillin-streptomycin-fungizone.
The cells were incubated at 37°C with 5% carbon dioxide supply overnight. The CCM was
changed to remove residual dimethyl sulfoxide (DMSO). Thereafter, the cells were maintained
by changing the media as appropriate every 24-48 hours. Once confluence was reached the
media was discarded, the cells were trypsinised, then resuspended in CCM and counted using

the trypan blue method. The cell number was adjusted as required for various assays.
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3.2.1 Trypsinisation

Cell media was decanted and cells were washed thrice using 5 mL of PBS each time, then 1
mL of trypsin was added to each flask for 1-3 minutes before discarding the trypsin. The flasks
were gently banged to dislodge the cells before adding 10 mL of fresh CCM.

3.2.2 Cell counting

To an eppendorf, 150 pL of CCM, 50 pL of cell suspension and 50 pL of trypan blue were
added. After mixing well, 10 pL of the mixture was pipetted to a haemacytometer and cells in
all five quadrants were counted. The number of cells in suspension was determined using the
formula below:

total number of cells

x 5 x 10*
5

cells/mL =

3.3 Preparation of plant extracts

Terminalia phanerophlebia Engl. & Diels leaf extract was obtained from the Department of
Medical Biochemistry, Howard College, University of KwaZulu-Natal, Durban (voucher
specimen - 5544000 and accession No0.18267). A 10 mg/mL aqueous stock solution of the
extract was prepared and the solution was centrifuged at 400 rpm, 24°C for 10 minutes and
used to prepare the concentrations of T. phanerophlebia crude extract required for the study
(HepG2: I1Cs0 - 1396 pg/mL).

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

3.4.1 Principle

The purpose of the MTT assay is to assess cell metabolic activity/viability/proliferation. The
MTT (yellow salt) enters the cells and then the mitochondria where it is reduced by
mitochondrial dehydrogenase to formazan (purple insoluble salt, Figure 3.1). The MTT salt is
impermeable to synthetic lipid membranes, but passes the plasma membrane of living cells
through active transport via endocytosis (van Meerloo et al., 2011). Reduction can only be
measured in metabolically active cells. The assay is a quantitative colorimetric method
checking absorption at 570 nm and a reference wavelength of 690 nm. Reference wavelengths
are used to correct or normalize changes that are not from the measuring wavelength of the
analyte (Martin et al., 2005). The assay determines effective concentration rather than lethal
concentration. In cytotoxicity assays like the MTT assay, the concentration required to Kill 50%

of the cell population also referred to as 1Cso/LDsp, should be measured (Adan et al., 2016).
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However, MTT cannot differentiate between cytostatic and cytocidal effects and is less
effective when there is no cell proliferation. Assay conditions can alter metabolic activity and
the tetrazolium dye reduction without affecting cell viability. Dimethyl sulfoxide (DMSO) is
added to formazan to solubilise it before reading the absorbance (Bruggisser et al., 2002). In
this study, MTT assay will be used for cytotoxicity testing of T. phanerophlebia on HepG2

cells.

Figure 3.1: The MTT assay principle. The MTT salt (yellow) is reduced by the enzyme mitochondrial
dehydrogenase to formazan (purple) in the mitochondria of active cells [Adapted from (Ali-Boucetta
etal., 2011)] .

3.4.2 Protocol

The MTT assay was used to determine the half-maximum inhibitory concentration (ICsp).
Confluent flasks of HepG2 cells were washed thrice using phosphate buffer solution (PBS)
each time. The cells were dislodged by trypsinisation and resuspended in CCM. Cells were
counted and 20000 cells (200 uL) were seeded per well in triplicate for each treatment that was
used in the MTT assay. Cells were allowed to adhere overnight, after which 300 uL of the
treatment medium (0 - 5 mg/mL) was added to the relevant wells. After 48 hours the treatment
medium was removed and replaced with a solution containing 8 mg MTT salt, 1600 puL PBS
and 8000 pL warm CCM. Following 4 hours of incubation, the solution was discarded and
replaced with DMSO for 1 hour (to dissolve the purple formazan). The absorbance was then

read at 570 nm with a reference wavelength of 690 nm using a Biotek pQuant
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spectrophotometer,USA. The absorbance values were used to calculate the cell viability
according to the equation:

Absorbance of treated cells

100
Absorbance of control cells

The log concentration and cell viability were analysed using Graphpad Prism (V) to produce
the regression curve (Figure 4.1) from which the half-maximum inhibitory concentration (ICsp)

was determined.

Using the ICso for HepG2 cells obtained from the MTT assay, cell viability of HEK293 cells
was determined by the MTT assay in order to evaluate cytotoxicity to non-cancerous cells. For
each subsequent assay, 25 cm? flasks with confluent HepG2 cells were treated with the ICso of
T. phanerophlebia. All subsequent assays were conducted in triplicate to obtain comparable

results.

3.5  Thiobarbituric acid reactive substances (TBARS) assay

3.5.1 Principle

The thiobarbituric acid reactive substances (TBARS) assay is a colorimetric assay used to test
for lipid peroxidation. Thiobarbituric acid reactive substances formed as a by-product of lipid
peroxidation include malondialdehyde (MDA), which can react with thiobarbituric acid (TBA)
to form a pink chromogenic adduct when exposed to low pH and high temperature (Figure 3.2).
Butylated hydroxytoluene (BHT) is added to the reaction to prevent formation of oxidised
products during the reaction. The absorbance of the reactive substances is measured at 532
nm/690 nm using a spectrophotometer (Antic¢ et al., 2020).
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Figure 3.2: TBARS assay principle. The reactive substances which are by-products of lipid
peroxidation e.g. MDA react with TBA/BHT producing a coloured compound [Adapted from R & D
Systems].

3.5.2 Protocol

The TBARS assay was used to test for lipid peroxidation which results from oxidative stress.
The treatment medium was used to determine the levels of lipid peroxidation. A positive
control (containing 1 pL of MDA) and the negative control (a blank without MDA), samples
(untreated control and 1Cso) were also used. To each test tube representing each sample, 200
pL of 7% H3POs (4.1 mL in 45.9 mL distilled water) was added, after which 400 pL of
TBA/BHT solution (0.1 g NaOH; 0.5 g TBA; 250 pL BHT from 20 mM stock (440.8 mg in
100 mL ethanol) all dissolved and made up to 50 mL using distilled water) was added to each
test tube excluding the blank (negative control). To the blank 400 pL of 3 mM of HCI (30 pL
from 1M stock in 9.97 mL distilled water) was added. To each sample 200 pL of 1M HCI (4.92
mL from 32% HCI topped to 50 mL) was added and all test tubes were vortexed before being
placed in a water bath at 100°C for 15 minutes and then cooled to room temperature. Butanol
was then added to each test tube (1500 pL each) and each test tube was vortexed. The samples
were allowed to settle until two distinct phases were visible. To respective eppendorfs, the
upper phase was pipetted and 100 pL of each sample was plated in triplicate into a 96-well
microtitre plate. The absorbance at 532nm with a reference wavelength of 600nm was
measured using a Biotek pQuant spectrophotometer (Winooski, Vermont, USA). The equation

below was used to convert the absorbance values to MDA concentration (LM):
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Absorbance of samples—Absorbance of blanks
156mM™

( X 1000)

3.6 Nitric oxide (NO) assay

3.6.1 Principle

The NO assay is a colorimetric assay which quantifies the RNS. One such RNS is NO which
is highly unstable and has a very short half-life therefore it is measured indirectly through
nitrate and nitrite reactions. First vanadium chloride catalyses the reduction of nitrates to
nitrites (Figure 3.3). The nitrites then react with sulphanilic acid to produce a diazonium salt
which then reacts with N-(1naphthyl) ethylenediamine dihydrochloride (NEDD) to produce
the pink azonium dye that is detectable at 540nm with a reference angle of 690nm (Tsikas,
2005).
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Figure 3.3: NO assay principle. Reactive nitrogen species (RNS) which lead to oxidative stress are
tested using the azodye. A red coloured product indicates the presence of RNS [Adapted from (Lopes,
2014)].
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3.6.2 Protocol

The NO assay was used to test and quantify the reactive nitrogen species. The treatment media
(50 pL) was used to measure reactive nitrogen species present in the CCM. From a 1000 uM
stock solution, 7 serial dilutions (0 - 200 uM) were prepared and 50 pL of each standard was
added to a 96-well microtitre plate in triplicate. The sample (50 pL of control and ICso for both
the medium and cells were plated in duplicate. To each well 50 pL of vanadium chloride, 25
pL of sulfanilimide and 50 pL of NEDD were added each well. The plate was incubated for
45 minutes in the dark at 37°C before reading the absorbance using a Biotek® pQuant
(Winooski, Vermont, USA) spectrophotometer at a wavelength of 540 nm and a reference
wavelength of 690 nm. A standard curve was prepared and sample NO concentrations were

extrapolated from the standard curve. Data were represented as M.

3.7  The lactic acid dehydrogenase (LDH) assay

3.7.1 Principle

The LDH assay tests for signs of tissue damage. Plasma membrane damage is a key feature of
cells undergoing apoptosis, necrosis, and other forms of cellular damage. The enzyme LDH is
a soluble cytosolic enzyme present in almost all eukaryotic cells and catalyses the reduction of
NAD* to NADH by oxidation of lactate to pyruvate (Figure 3.4). In the second step of the
assay, diaphorase uses the newly formed NADH to catalyse the reduction of a tetrazolium salt
(Chinta et al.) to formazan (red) and absorbance is measured at 450 nm (Figure 3.4). The
NADH produced during the conversion of lactate to pyruvate is used to quantify LDH activity
(Kumar et al., 2018). The amount of formazan is directly proportional to the amount of LDH
in the culture, which is also directly proportional to the number of dead or damaged cells.
Detection of more LDH indicates severe cell damage due to cancer or another disease (Khan
et al., 2020).
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Figure 3.4: LDH assay principle. The LDH protein is rapidly released into the cell culture supernatant
when the plasma membrane is damaged. The yellow tetrazolium salt, INT, is reduced by NADH into a
red, water-soluble formazan-class dye detected by a spectrophotometer at an absorbance of 450 nm
[Adapted from (Forest et al., 2015)].

3.7.2 Protocol

The LDH cytotoxicity detection kit (04744926001) was used to quantify LDH levels in the
treated cells. A 96-well micro-titer plate was used to plate 50 pL of the treatment media and
blank (negative control with CCM) in triplicate followed by 25 pL of the LDH reagent. The
plate was incubated in the dark at room temperature for 30 minutes before 12.5 pL of a stop
solution was added after incubation. A spectrophotometer (Biotek® pQuant (Winooski,
Vermont, USA)) was used to determine the absorbance (490/600 nm). Data obtained was

presented as absorbance units.

3.8 Luminometry
Luminometry is a bioluminescent immunoassay that uses the enzyme luciferase to cleave

luciferin; in the presence of oxygen the light produced can be measured by a luminometer. The
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light is directly proportional to the amount of or activity of a molecule of interest therefore
luminometry can be used to quantify the activity of various molecules. In this study,
luminometry was used to detect mitochondrial stress using JC-10 assay, to quantify ATP, to
measure the concentration of glutathione (GSH), determine Cytochrome Paso 3A4 activity and

assess apoptosis using Annexin-V and caspase activity.

3.8.1 ATP assay

3.8.1.1 Principle

The ATP assay quantifies ATP in order to determine the viability of cells in culture. The
enzyme luciferase in the reagent catalyses the reaction of luciferin and ATP from viable cells
to produce a bioluminescent light (Figure 3.5) that can be detected by a luminometer
(Aslantiirk, 2018). Viable cells indicate the presence of metabolically active cells and are

directly proportional to the luminescence output (Kamiloglu et al., 2020).

LUCIFERIN

LIGHT
- Lucliferase, Mg, 0,

<

LUMINOMETER

Figure 3.5: Luciferin reagent permeates the membranes of viable cells to interact with intracellular
ATP. Intracellular ATPases are inactivated and the reaction produces bioluminescent light that is

measured via luminometry to determine the intracellular ATP levels [Adapted from (Niles et al., 2007)].

3.8.1.2 Protocol

To each well, 20000 HepG2 cells were plated in triplicate into an opaque 96-well white plate.
After incubating the plate overnight at 37°C for cells to adhere, the culture medium was then
removed and the treatment concentrations were added (control and 1Cso) to respective wells for
48 hours. The CellTiter-Glo® reagent (Cat. #G7570) was prepared according to the
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manufacturer's protocol. The treatment medium was removed and 25 pl of the ATP reagent
was added to the respective wells. The ATP plate was mixed briefly on a shaker, incubated at
room temperature for 30 minutes and then read using the Modulus™ microplate luminometer

(Turner Biosystems, Sunnyvale, USA). Data was expressed in relative light units (RLU).

3.8.2 GSH assay

3.8.2.1 Principle

The GSH-Glo™ assay uses luminescence principles to detect and quantify reduced GSH in
cells. The test is based on the conversion of the luciferin derivative to luciferin in a reaction
catalyzed by Glutathione-S-transferase (GST) that uses intracellular GSH as a co-factor; GSH
is oxidised to GSSG (Choromanska et al., 2020). The reaction is coupled with luciferase to
produce a glow-type luminescent signal that is proportional to the amount of GSH in the sample
(Figure 3.6) (Stoleriu et al., 2020). A change in GSH levels is important in the assessment of
toxicological responses and is an indicator of oxidative stress which potentially leads to

apoptosis or cell death. A decrease in GSH concentration indicates an increase in oxidative

stress.
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Figure 3.6: Cells are lysed in the presence of the luciferin substrate and glutathione S-transferase.
Glutathione in the cells contributes to the formation of luciferin. Luciferin Detection Reagent is then
added to produce light that is directly proportional to the amount of GSH in the reaction [Adapted from
(Lou et al., 2014)].
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3.8.2.2 Protocol

To an opaque 96-well white plate, 20000 cells/ well were plated in triplicate. The plate was left
overnight for cells to adhere. The culture medium was removed and the treatment
concentrations were added (control and ICsp) to respective wells. After 48 hours, the treatment
medium was removed and replaced with 50 uL PBS. The GSH assay reagents (Cat. #V6911)
were prepared according to the manufacturer's protocol, then 50 pL of prepared 2X GSH-
Glo™ reagent was added to each well. The plate was mixed briefly on a shaker and then
incubated at room temperature for 30 minutes, after which it was reconstituted with luciferin
detection reagent (50 pL) to each well. The plate was mixed briefly on a shaker before
incubating it for 15 minutes and the luminescence was measured using the Modulus™

microplate luminometer (Turner Biosystems, Sunnyvale, USA). Data was expressed in RLU.

3.8.3 Caspase assay

3.8.3.1 Principle

Caspases are a family of cysteine proteases that specifically cleave substrates only after an
aspartic acid residue. Caspases are synthesized as inactive precursors and a wide range of
physiological and pathological stimuli such as oxidative stress result in their activation.
Caspase activation can be measured through the catalytic activity of luciferase and the cleaved
substrate which results in a bioluminescent light proportional to caspase activity (Niles et al.,
2008). The Caspase-Glo® reagent is comprised of a DEVD-aminoluciferin specific for a single
caspase (8, 9 or 3/7) and a cell lysis reagent (Do et al., 2020). When added to the sample, lysis
will expose the luciferin substrate to the relevant caspase. Cleavage of the substrate by caspase
releases aminoluciferin, which is subsequently cleaved in the luciferase reaction resulting in a

light signal (Figure 3.7). The signal produced is proportional to the caspase activity present.

39




t N._C LIGHT

Caspase

3/7 or 8/9 Luciferase, ATP, Mg, 0,

"

LUMINOMETER

Figure 3.7: After the cleavage of Z-DEVD substrate, aminoluciferin is released, resulting in luciferase

activity and generation of light by luciferase [Adapted from (Khalilzadeh et al., 2018)].

3.8.3.2 Protocol

Promega Caspase-Glo®, South Africa was used to assess the caspase activities [caspase 8 (Cat.
#G8200), caspase 9 (Cat. #G8210) and caspase 3/7 (Cat. #G8090)] according to the
manufacturer’s instructions. A luminometer plate was used to plate 200 pL of cell suspension
(20000 cells/treatment) in triplicate. The plate was left overnight for cells to adhere. The culture
medium was removed and the treatment concentrations were added (control and ICsp) to
respective wells for 48 hours. The treatment was then removed and replaced with 50 pL of
initiator caspases 8 before mixing on a plate shaker. The plate was then incubated for 30
minutes at room temperature in the dark after which samples were analysed using Modulus™
microplate luminometer (Turner Biosystems, Sunnyvale, USA). Results were expressed in

RLU. This procedure was repeated for caspase 9 and caspase 3/7.

3.8.4 Annexin V and Necrosis assay

3.8.4.1 Principle

Apoptosis is often assessed by measuring phosphatidylserine exposure on the outer surface of
the cell membrane, while necrotic cells can be differentiated from apoptotic cells using
propidium iodide (PI) penetration into dead / non-viable cells, where it intercalates with DNA.
The RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay (Cat. #JA1011) employs a
simple luminescence signal to detect Annexin V that binds to externalised PS, and a fluorescent
signal generated after PI binding distinguishes necrotic cells (Figure 3.8). The kit comprises

two Annexin V fusion proteins (annexin V-LgBIiT and annexin V-SmByT) that contain
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NanoBiT® luciferase complementary sub-units, a luciferase substrate and a pro-fluorescent
DNA probe that detects necrosis (Kamiloglu et al., 2020).

Live Cell Apoprotic Cell Late-apoptotic Cell
Annexin V PIDNA dye—> .

Plasma oﬂ“"“n “0 30

Membrane .

Phosphatidylserine

Figure 3.8: In a healthy viable cell, PS is confined in the inner phospholipid bilayer but translocates to
be exposed externally in apoptotic cells. Propidium iodide (Pl) permeates the membrane of necrotic
cells to bind with DNA producing a fluorescent DNA dye and aids in distinguishing between apoptotic

and necrotic cells [Adapted from SinoBiological].

3.8.4.2 Protocol

The HepG2 cells (20 000 cells, 200ul/well) were plated into a white multi-well plate in
triplicate. The cells were treated with T. phanerophlebia for 48 hours which was removed
before adding 50 pl PBS to each well. The 2X detection reagent was prepared according to the
manufacturer's instruction and 25 ul of this mixture was added to each well. The contents were
mixed briefly on an orbital shaker and the plate was incubated at room temperature for 30 min.
Apoptosis and necrosis were quantified using the Modulus™ microplate luminometer (Turner
Biosystems, Sunnyvale, USA) and measured in RLU for apoptosis and relative fluorescence

units (RFU) for necrosis respectively.

3.8.5 Cytochrome Psso 3A4, CYP3A4

3.8.5.1 Principle

Xenobiotics as well as endogenous hormones are mainly metabolized by the cytochromes P450
(CYPs) family of monooxidase enzymes. The most active drug-metabolizing CYP is CYP3A4,

which carries out a prominent role in adverse drug-drug interactions and is highly expressed in
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the liver and intestines (Cali et al., 2009). Drugs that inhibit CYP3A4 enzyme activity lead to
toxicity and those that induce CYP3A4 expression lead to reduced efficacy. In vitro testing of
compounds assists in predicting the potential of the outcome early in drug discovery.
Bioluminescent CYP assays are highly sensitive and produce highly predictive results. The
assay monitors the conversion of inactive D-luciferin by CYPs to an active form that produces
light when firefly luciferase is added to the reaction mixture (Figure 3.9). The light intensity is

proportional to CYP activity.

)\ N

LUMINOGENIC SUBSTRATE LUCIFERIN

Luciferin
detection
reagent

Figure 3.9: CYP enzymes selectively act on a luminogenic substrate depending on the structure of the
proluciferin substrate resulting in a luminometric luciferin product. The Luciferin Detection Reagent is

added after the CYP reaction has been completed [Adapted from Biovision].

3.8.5.2 Protocol

The CYP3A4 kit (Cat# V8801) was used to assess CYP3A4 activity according to the
manufacturer’s instructions. A luminometer plate was used to plate 200 pL of cell suspension
(20000 cells/treatment) in triplicate. The plate was left overnight for cells to adhere. The culture
medium was removed and the treatment concentrations were added (control and ICso) to
respective wells for 48 hours. The treatment was then removed and replaced with 50 pL of
CYP3A4 reagent before mixing on a plate shaker. The plate was then incubated for 30 minutes
at room temperature in the dark after which samples were analysed using Modulus™
microplate luminometer (Turner Biosystems, Sunnyvale, USA). Results were expressed in
RLU.
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3.8.6 Mitochondrial membrane potential (4¥w) - JC-10 Assay

3.8.6.1 Principle

Redox transformations occurring in the mitochondrial membrane during the Krebs cycle give
rise to an electrochemical proton gradient referred to as the mitochondrial membrane potential
(A¥wm) which is used to produce ATP. During the intrinsic apoptotic pathway, the collapse of
the AWwm coincides with the opening of the mitochondrial permeability transition pores which
release cytochrome c into the cytosol. Cytochrome c facilitates the formation of apoptosis
protease activating factor 1 (APAF-1) resulting in a signaling cascade that activates the
caspase-9 and formation of the apoptosome. The JC-10 is a cationic, lipophilic dye that is more
water-soluble than JC-1 and forms reversible red-fluorescent JC-10 aggregates (Aex =540/ Aem=
590nm) in the mitochondria of cells with polarized mitochondrial membrane (Figure 3.10).
The AWwm collapse in apoptotic cells results in failure to retain the JC-10 in the mitochondria,
therefore the dye in its monomeric state exhibits green fluorescence (Aex =490/ kem= 525nm,
Figure 3.10). The red/green fluorescence dye ratio indicates mitochondrial membrane
polarization. The higher is the AWwm, the more elevated is the redshift of the dye (more J
aggregates are formed) (Sivandzade et al., 2019).

Healthy cell
(high mitochondria membrane potential)

¢ Depolarization

D
&

Apoptotic cell
(Low mitochondria membrane potential)

JC-10 monomer
& JC-10 polymer

Figure 3.10: The JC-10 dye forms polymer aggregates exhibiting red fluorescence in an intact,
polarised membrane and monomer aggregates exhibiting green fluorescence in an unpolarised

membrane resulting from apoptosis [Adapted from G-Biosciences]
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3.8.5.2 Protocol

The HepG2 cells (20 000 cells, 200ul/well) were plated into a white multi-well plate in
triplicate. The cells were treated with T. phanerophlebia for 48 hours. The treatment medium
was removed from the 96-well microplate, and 50 pL PBS was added to each well, followed
by the addition of 25 pL JC-10 dye working solution (1:10 dye: buffer) to each well according
to manufacturer's protocol. The plate was incubated at 37°C for 30 minutes protected from
light before measuring the fluorescence at 490/525 nm and 540/590 nm in RFU with a
Modulus™ microplate luminometer (Turner Biosystems, Sunnyvale, USA). The results are

presented as red/green fluorescence.

3.9  Western Blot

3.9.1 Principle

Western blotting is also known as immunoblotting or protein blotting and is a quantitative
technique used to identify specific proteins from cells. The first step is gel electrophoresis
which separates protein types by size (Mahmood and Yang, 2012) before the proteins are
transferred from sodium dodecyl sulfate (SDS) polyacrylamide gel to an adsorbent membrane
(Figure 3.11), which is usually a nitrocellulose membrane through electric transfer (Ma and
Shieh, 2006, Kurien and Scofield, 2006). Primary antibodies are used to bind to specific
antigens and secondary antibodies are used as protein/antigen markers and only bind to proteins
of interest forming bands whose thickness corresponds to the amount of protein available
(Mahmood and Yang, 2012). The antibodies will bind to the available antigens which allow
quantification of the antigen concentration. Western blotting does not use much transfer
reagents and successive multiple analyses can be done on the same protein transfer.
Immobilised proteins are accessible to different ligands and transferred patterns can be stored
for long periods before use and high resolutions of immunogenic antigens within a sample are
produced (Kurien and Scofield, 2006). The sample should be kept cool or on ice so that
proteases do not degrade as that would cause the appearance of unexpected bands (Mahmood
and Yang, 2012). In this study, western blotting will be used to quantify and determine the
presence of proteins/ antioxidants produced due to oxidative stress, inflammation and apoptosis
such as SOD2, Fas, p-p38, p-38, p-STAT3, STAT3 and HSP90.
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Figure 3.11: Western Blot assay principle. A sample containing proteins is loaded onto an SDS-PAGE
gel and electrophoresis is used to separate the proteins depending on their molecular weight. The exact
replica of SDS-PAGE gel is transferred to a membrane that is further suspended in a primary antibody
which binds to a specific band on the blot. The secondary antibody conjugated to an enzyme (alkaline
phosphatase or horseradish peroxidase) is then allowed to bind to the primary antibody.
Chemiluminescence reagent is added to the membrane for color development of specific bands before
viewing [Adapted from Labmanager].

3.9.2 Protocol

The western blot was used to quantify the proteins/antioxidants produced due to oxidative
stress which are SOD2 (#13141), HSP90 (#4877), p-p38 (#4511), p38 (#8690), p-STAT3
(#9145), STAT3 (#4904) and Fas (#4232).

3.9.2.1 Protein isolation and standardisation

Flasks with confluent cells were treated with T. phanerophlebia (HepG2: control and ICso —
1396 mg/mL were incubated for 48 hours at 37°C with 5% CO2 supply). The media was
discarded and cells were washed twice with PBS. Cytobuster containing protease and
phosphatase inhibitors (300 pL) was added to each flask. The cells were incubated on ice for
15 minutes. Cells were scraped, transferred to an eppendorf and centrifuged (2000 x g; 4°C, 5

minutes). The supernatant was collected and protein quantified using the BCA assay (25 pL
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sample/standard solution + 200 pL BCA working solution) and incubated in the dark for 30
minutes at 37°C before reading the absorbance at 562 nm on a Biotek pQuant
spectrophotometer, USA. The absorbance was used to extrapolate crude protein concentration,
which was used to standardise the protein to 0.7 mg/mL. Sample/Laemmli buffer (5X dilution:
4 ¢ SDS, 8 mL B-mercaptoethanol, 20 mL glycerol, 12 mL 1M Tris, 8 mg bromophenol blue)
was prepared and used to dilute the standardised protein (4 parts crude protein: 1part buffer).

Samples were boiled for 5 minutes to denature the proteins then cooled to room temperature.

3.9.2.2 Protein separation

The mini-PROTEAN 3 SDS-PAGE apparatus were assembled according to the manufacturer's
instruction. A 10% resolving gel was prepared [dH20, acrylamide/Bis, 1.5M Tris (pH8.8), 10%
w/v SDS, 10% APS and TEMED] and 4% stacking gel [dH20, 0.5M Tris (pH 6.8), 10% SDS,
Bis/acrylamide, 10% APS and TEMED]. 1X electrode/running buffer [dH.0, Tris, glycine,
SDS pH (8.3)] was added to the tank and 25 pL of samples and 5 puL of molecular weight
markers were loaded to respective wells. Electrophoresis was carried out (150 V for 90
minutes) using a Bio-Rad compact power supplier (Bio-Rad, Hercules, California, USA) until

the tracker dye reached the bottom of the gel.

3.9.2.3 Protein transfer and immunoblotting

Transfer buffer [25 mM Tris (pH 7.4), 192 mM glycine, 20% v/v methanol; pH 8.3] was used
to equilibrate the gel and nitrocellulose membrane for 10 minutes. A gel sandwich was prepared
in a transblot plate (Bio-Rad, Hercules, California, USA) and a constant current of 2.5 mA (25
V) was applied for 30 minutes. When the transfer was completed, the membrane was placed in
a blocking solution (5% BSA in TTBS for 2 hours. Thereafter primary antibodies: 5% BSA in
TTBS (1:1000 dilution) were added. The membranes were placed on a shaker for 1 hour before
being left overnight at 4°C. Membranes were then allowed to return to room temperature before
being washed five times with Tris-buffered saline (TTBS) (10 mL) and probed with matched
secondary antibodies (anti-mouse or anti-rabbit IgG) in 5% BSA in TTBS (1:2500) for 2 hours
at room temperature on a shaker. Membranes were then washed with TTBS (10 mL) 5 times
and rinsed with deionized water. The membrane was covered with Bio-Rad
chemiluminescence reagent (mixed luminol/enhancer and peroxide buffer in 1:1 ratio, each
500 pL). The proteins of interest were viewed using Molecular Image® Chemidoc™ XRS and
Bio-Rad imaging system (Bio-Rad, Hercules, California, USA). The bands were then analysed
by Bio-Rad Image Lab software (6.0.1) (Bio-Rad, Hercules, California, USA).
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The membranes were then prepared for probing for the housekeeping protein (B-actin). The
membrane was washed with 10 mL water for 1 minute. The water was discarded and, 5 mL of
H202 was added and incubated at 37°C for 30 minutes. The H2O, was then discarded after
incubation and the membrane was washed with 10 mL of water, then 10 mL of TTBS for 1
minute each. Thereafter, the buffer was discarded and the membrane was blocked with 5%
BSA for 2 hours. HRP-conjugated housekeeping antibody B-actin (A5441) (1:5000 dilution in
5% BSA/TTBS 1 hour) was then added. After successive washes in TTBS, the membrane was
viewed as described previously. The band intensity was measured for the respective proteins

and B-actin, and data was expressed as relative band intensity (RBI).

3.10 Quantitative polymerase chain reaction (QPCR)
Quantitative PCR monitors the amplification of a targeted DNA molecule during PCR in real-

time.

3.10.1 Principle

The workflow for a complete gPCR is shown in Figure 3.12. The mRNA is isolated from cells,
quantified and used to synthesise complementary DNA (cDNA). Cell lysis reagents are
necessary to release cell components whilst maintaining mRNA integrity. Spectrophotometry
is used to assess the purity of the isolated MRNA by using UV spectrophotometry. Since RNA
absorbs well at A260nm and proteins at A280nm, the ratio of A260nm/A280nm indicates its
purity; a ratio of ~2 indicates pure RNA (Nagar and Schwessinger, 2018). The template mRNA
is used to synthesise cCDNA through a process of reverse transcription in a reaction that requires
primers, dNTPs and reverse transcriptase. The cDNA formed is single-stranded and can be

used as a template for real-time qPCR to amplify the cDNA (Kuang et al., 2018).

SYBR green is a fluorescent dye that can be used in qPCR. The dye binds to a double-stranded
DNA and emits a fluorescent signal. The amount of double-stranded DNA available and bound
to the dye is directly proportional to the intensity of the signal (Thornton and Basu, 2011).
Housekeeping genes are genes that are expressed in normal cells and maintain their cellular
properties despite the treatment or experimental conditions and thus produce predictable
results. The use of housekeeping genes in gene expression is important because they are used

as controls to determine the integrity of the experimental results. Examples of housekeeping
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genes are 18S rRNA (ribosomal RNA), beta-actin (B-actin) and glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) (Xia et al., 2017).

qPCR
workflow

Analyze

Figure 3.12: gPCR workflow. Custom primers and PCR reagents are used for amplification reactions.
Reactions are run in pre-set real-time PCR instruments and the data collected is analysed using

specialized software (Adapted from Bio-Rad).

3.10.2 Protocol

3.10.2.1 RNA extraction

Trizol was used to isolate RNA according to the manufacturer's protocol. To each flask, 500
pL of Trizol reagent was added and the flasks were incubated at 4°C for 10 min after which
cells transferred to an eppendorf and stored in Trizol at -80°C overnight. After thawing the
samples to RT, chloroform (100 pL) was added and eppendorfs were incubated at RT for 3
min. Cell suspensions were then centrifuged (12000g, 4°C, 15 min) and the aqueous phase was
removed. Isopropanol (250 pL) was added and samples were left overnight at -80°C. Samples
were thawed, centrifuged (12 000 g, 4°C, 20 min) and the pellet was retained and washed with
75% cold ethanol (500 uL). The sample was centrifuged again (7400 g, 4°C, 15 min) before
removing the ethanol and air-drying the pellet. Nuclease-free water (15 pL) was used to
resuspend the pellet before incubation (RT, 3 min). The RNA was quantified using the
Nanodrop2000 spectrometer and the A260/A280 ratio was used to assess the RNA integrity.
The ratio of absorbance at 260nm and 280nm is used to assess the purity of DNA and RNA. A
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ratio of ~1.8 is generally accepted as pure for DNA and a ratio of ~2.0 is generally accepted as
pure for RNA. The RNA concentration was standardised to 1000 ng/pL and used to prepare
cDNA.

3.10.2.2 cDNA synthesis

The iScript cDNA synthesis Kit (Bio-Rad, Hercules, California, USA Catalogue # 1708891)
was used as per the manufacturer’s protocol to synthesise cDNA from the standardised RNA.
Tubes representing each sample and a reaction mix containing 4 pL 5x iScript reaction mix, 1
ML iScript reverse transcriptase, 11 pL nuclease-free water and 4 puL of each RNA sample were
prepared. The tubes were then incubated in a thermocycler (GeneAmp®PCR System 9700,
Applied Biosciences) for 35 min (5 min at 25 °C, 25 min at 42 °C and 5 min at 85 °C).
Thereafter, 80 ul nuclease-free water was added to each sample, and samples were stored at -
80°C.

3.10.2.3 gPCR

iScript SYBR Green PCR kit (Bio-Rad, Hercules, California, USA Catalogue #1725121) was
used to analyse gene expression according to the manufacturer’s protocol. Each reaction
volume totaled 13 pL (SYBR Green, forward primer, reverse primer, nuclease-free water and
cDNA sample). The house-keeping genes used were B-Actin and GAPDH. The initial
denaturation, 37 denaturation cycles and annealing were at 95°C (4 min), (95°C, 15 sec) and
40 secs respectively. The annealing temperatures were specific for each protein. Extension was
at 72°C for 30 secs and the plate was read using CFX96 Touch™Real-Time PCR detection
System.

3.10.2.4 Analysis

The Cq values obtained were normalised against the housekeeping gene (GAPDH) and mMRNA
expression (2-AACT) relative to the control was calculated using the Livak method (Livak and
Schmittgen, 2001). Data were represented as relative fold change (RFC) in mRNA expression.

3.11 Statistical analysis

Statistical analysis was carried out using Graph Pad Prism software version 5.0. Bars in the
graphs are mean + standard deviation of 3 replicates. Significant difference was determined
using the student's t-test with Welch’s correction. The 95% confidence interval was set at p <
0.05.
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CHAPTER 4: RESULTS

4.1 MTT Assay

The MTT assay is centered on the transformation of MTT salt into formazan crystals by viable
cells, which determines mitochondrial activity (Buranaamnuay, 2021). The cytotoxicity of T.
phanerophlebia on HepG2 cells was measured using the MTT assay. Cell viability was
increased to 138% for the 50 ug/mL T. phanerophlebia treatment compared to the control
(100%), then decreased back to control levels for the 125.9 pg/mL treatment (Figure 4.1A, C).
The cell viability decreased to 87%, 40% and 36% at subsequent concentrations, with the
lowest cell viability of 36% recorded for the 1000 pg/mL treatment (Figure 4.1A, C). Further
increases in concentration to 2511 pg/mL and 5011.9 pg/mL caused increased cell viability to
50% and 60% respectively. The potency of T. phanerophlebia in inhibiting 50% of the HepG2
cells was determined to be 1396 pg/mL from the analysis of the dose-response curve (Figure
4.1A, C). The HEK293 cell line was used as a control and the cell viability for HEK293 (Figure
4.1B) was similar in both the control and treated I1Cso giving a clear illustration of the effect of

T. phanerophlebia in the HepG2 cell line.
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Figure 4.1: (A) Cell viability of HepG2 cells following 48 hours treatment with T. phanerophlebia. A
dose-dependent decline was observed relative to the untreated control therefore T. phanerophlebia has
anti-proliferative effects on the HCC cell line. (B) Cell viability of Hek293 cells remained the same for
both the treated cells and the untreated control. (C) A dose-dependent decrease in cell viability observed

post a 48 hours exposure of HepG2 cells to T. phanerophlebia.

42  ATP Assay
The ATP assay is an indicator of cellular metabolic activity since the luciferase reaction
requires ATP (Kamiloglu et al., 2020). The luminescence produced is proportional to the
amount of ATP present. The ATP concentration in the control produced a luminescence of
9779000+984800 RLU, with a decrease in ATP to 182800+43050 RLU for ICso-treated HepG2

cells (p = 0.0104) (Figure 4.2).
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Figure 4.2: ATP concentration. There was significant decrease in the ICso (*p = 0.0104) [* Unpaired t-

test with Welch's correction].

43  JC-10 Assay
The cationic, lipophilic JC-10 dye was used to assist in monitoring the AWm necessary to

produce ATP. There was a significant decrease in the AWwm of the treated cells relative to the
control (p =0.0024). The AWwm decreased from 53.91+1.543 in the control to 22.13+0.2609 for
the ICso, a notable 2.5-fold decrease (Figure 4.3).
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Figure 4.3: A significant 2-fold decrease in membrane potential (p = 0.0024) was displayed relative to

the control. [** Unpaired t — test with Welch's correction]

44  TBARS Assay

The TBARS assay was used to detect oxidative stress by measuring lipid peroxidation as a
consequence of increased ROS (Figure 4.4). The MDA concentration in untreated HepG2 cells
was 0.1122+0.003205 pM, and was significantly decreased 8-fold in ICso-treated cells to
0.01560+0.004209 uM (p = 0.0030 (Figure 4.4).
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Figure 4.4: An 8-fold decrease in MDA concentration was noted in the ICso-treated HepG2 cells

compared to the control (**p = 0.0030; Unpaired t-test with Welch's correction).
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4.5 NO Assay

Nitric oxide is a reactive nitrogen species (RNS) that is produced by nitric oxide synthase
(NOS) and contributes to an oxidative stress environment (Tsikas, 2005). The RNS were
indirectly determined using the cell culture medium to detect NO concentration. However,
there are limitations to NO accurate detection and quantification using culture medium due to
the extremely short physiological half-life of this gaseous free radical. Nitric oxide (NO) is a
diatomic free radical that is extremely short lived (less than 1 second in circulating blood) in
biological systems (Bryan and Grisham, 2007). The NO concentration for the control was
0.0575+£0.002500 pM. There was a non-significant decrease in the ICso-treatment to NO
concentrations of 0.05533+0.002404 uM (Figure 4.5).
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Figure 4.5: Nitrates and nitrites concentration for the 1Cso displayed a slight decrease of 1.039-fold

relative to the control.

4.6 GSH assay

Glutathione (GSH) is a three amino-acid peptide antioxidant and a cofactor to GPx-1 whose
main biological role is to protect the organism from oxidative damage by free radicals and is a
key indicator of oxidative stress (Hausladen and Alscher, 2017). A decrease in GSH was noted
in the 1Cso displaying a significant drop to 64930+1564 RLU (p = 0.0430) relative to
1862000+385100 RLU in the control (Figure 4.6).
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Figure 4.6: A decrease in the GSH concentration was observed for 1Csy (p = 0.0430) treatments
[*Unpaired t-test with Welch's correction].

4.7 LDH Assay

The LDH assay is an indicator of cytotoxicity because intracellular LDH is lost and released
into the culture medium due to cell membrane damage that is associated with lipid peroxidation
or irreversible cell death (Kamiloglu et al., 2020). The extracellular LDH in the control was
0.2460 + 0.0410 absorbance units, which was similar LDH measured for the 1Cso (0.2265 +
0.0765 absorbance units) (Figure 4.7).
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Figure 4.7: The extracellular LDH released from ICso-treated cells was similar to the control.
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4.8 gPCR

gPCR is a technique that allows exponential amplification of DNA sequences using a DNA
polymerase to extend a pair of primers that are complementary to the gene sequence of interest.
There was an increase in Nrf2 gene expression for the ICso treatment (Figure 4.8A). There was
a significant decrease in GPx-1 (p = 0.0151) (Figure 4.8B). T. phanerophlebia increased the
gene expression of SOD2 (Figure 4.8C), while a significant decrease in NF-«B (p = 0.0078)
was noted (Figure 4.8D).
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Figure 4.8: Gene expression following treatment with T. phanerophlebia. (A) Nrf2 gene expression
had a 1.152-fold increase. (B) The mRNA for GPx-1 in the 1Cso—treated HepG2 cells had 1.755-fold
decrease compared to the control (*p =0.0151). (C) T. phanerophlebia increased SOD2 gene expression
for the ICs treatment by 1.279-fold. (D) A significant decrease (1.654-fold) in NFxB mRNA expression
was observed for the T. phanerophlebia treated cells (**p = 0.0078).
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4.9  Western blotting

Western blotting was used to detect and quantify specific proteins and antioxidants produced
due to oxidative stress and apoptosis. There was significant decrease of Fas protein expression
(RBI: C-2917 565 ICs0— 1 731543) (p < 0.0001, Figure 4.9A). The STAT3 protein expression
was similar to the control for the ICso treatment (RBI: C - 10 022 233 ICsp - 8 427 381) (Figure
4.9B). T. phanerophlebia crude aqueous leaf extract decreased the protein expression of HSP90
(RBI: C - 15 114 438 ICs0 - 11 210 403) (p < 0.0001, Figure 4.9C). There was significant
increase in SOD2 (RBI: C — 2 631 564 ICsp — 11 819 176) (Figure 4.9D) for the T.
phanerophlebia treatment (p < 0.0001). For p38 (Figure 4.9E), the T. phanerophlebia
treatment increased protein expression (RBI: C - 14 543 828 ICso — 18 881 254) (p = 0.0114).
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Figure 4.9: Protein expression following treatment with TP. (A) Fas protein expression was significantly decreased following TP treatment of HepG2 cells
(***p <0.0001). (B) The IC,, remained similar to the control for STAT3 protein expression. (C) TP decreased HSP90 protein expression for the IC_ treatment

(***p < 0.0001). (D) Significant increase in SOD2 protein expression was observed for the TP treated cells (***p < 0.0001). (E) The protein expression of p38

was increased by the IC_; treatment (*p = 0.0114). [*Unpaired t-test with Welch's correction].
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4.10 Caspase activity

The cysteine aspartic acid-specific protease (caspase) family has differentiated members to
carry out either the initiator or effector roles in apoptosis. Following 48-hour treatment of
HepG2 cells with T. phanerophlebia, the initiator caspases 8 and 9, and the effector caspase 3
all displayed significant decrease in caspase activity (Figure 4.10). Caspase 8 control
luminescence was recorded as 1899000+£37770 RLU (Figure 4.10A). There was significant
decrease (p = 0.0004) in the ICso to 12190+£1485 RLU (Figure 4.10A). Caspase 9 control
recorded 2520000£120900 RLU, and there was a 25-fold significant decrease (p = 0.0004) in
the 1Cs0 to 99940+£72700 RLU (Figure 4.10B). Caspase 3/7 displayed a significant decrease (p
= 0.0003) in the ICso (5238+571.3 RLU) (Figure 4.10 C) compared to the control
(233100+3955 RLU).
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Figure 4.10: Significant decrease in initiator caspase 8 (***p = 0.0004) and caspase 9 (***p = 0.0004),
as well as effector caspase 3/7 (***p = 0.0003) luminescence was observed in T. phanerophlebia treated

HepG2 cells. [*Unpaired t-test with Welch's correction].
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4.11 Markers of apoptosis and necrosis

Annexin V detects cells that express PS on the cell surface, a marker of early apoptosis, while
PI fluorescence indicates necrotic cells. There was a decrease in apoptotic cells (Figure 4.11A,;
827602729 RLU compared to the control 111300+17360 RLU). There was also a significant
decrease in the necrotic cells for 1Cso treatment (Figure 4.11 B; 78470£4395 RFU (p = 0.0263)
compared to the control (152600+£11430 RFU).
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Figure 4.11: There was significant decrease in apoptotic and necrotic cells (p = 0.0263). [*Unpaired t-

test with Welch's correction]
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4.12 Cytochrome Paso 3A4 activity

Cytochrome Passo enzymes are ubiquitously expressed in the liver and play pivotal roles in the
exposure and effects of drugs, by catabolizing drugs to inactive metabolites or by bio-activating
pro-drugs to their active forms (Cali et al., 2009). Figure 4.12 below shows a non-significant
decrease in cytochrome Paso 3A4 activity from 2757+94.13 RLU in the control to 1973+188.8

RLU for the ICsp treatment.

4000~
=)

-l

& 3000-

>

S —
5 2000+

(4]

S

5

© 1000+

>

®)

0 .
ICs,

TP treatment

Figure 4.12: A non-significant 0.28-fold decrease in CYP3A4 activity was observed for the ICso

treatment.
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CHAPTER 5: DISCUSSION

Cancer currently contributes significantly to deaths attributed to non-communicable diseases
(NCDs) and is the second leading cause of death globally following cardiovascular diseases
(Bray et al., 2021). The swift rise in cancer incidence and mortality in Sub-Saharan Africa due
to high prevalence of risk factors and limited medical facilities is alarming because this is a
region previously dominated by infectious diseases (Gouda et al., 2019, Sung et al., 2021). The
lack of distinct symptoms causes poor prognosis and it is the main reason for high mortality
rates and short survival time of cancer patients (Ozakyol, 2017). This presents a serious
worldwide health burden as liver cancer remains a major public health concern globally (Liu
et al., 2019). Current liver cancer therapies include trans-arterial chemoembolization (TACE),
chemotherapy and oral dosing with sorafenib, radiation therapy and ablation therapy. However,
these therapies are not valuably effective in improving outcomes of cancer because they result
in drug toxicity, inefficacy and resistance (Anwanwan et al., 2020). Therefore, a need for novel
plant-derived anticancer agents which have less invasive effects compared to synthetic
medicine arises and this has increased the use of medicinal plants therapeutically (Roy et al.,
2017). The genus Terminalia possesses polyphenolic compounds such as flavonoids, tannins,
and phenolic acids and has been used since ancient times in the formulation of ayurvedic
medicines for antimalarial, antimicrobial, antioxidant, antiplasmodial and anti-inflammatory
therapy (Patra et al., 2020). T. phanerophlebia is a species from the genus Terminalia with
limited information on its mechanism of action. In this study, it was hypothesized that
T.phanerophlebia crude leaf extract would induce cytotoxic effects on hepatocellular
carcinoma (HepG2) cell line.

Cytochrome P450 3A4 is the largest subfamily of cytochromes and a crucial P450 enzyme
found in the liver and gastrointestinal tract. It plays pivotal roles in the metabolism of
endogenous steroids and exogenous compounds such as plant phytochemicals making them
water-soluble for excretion (Gallo et al., 2019). Upregulation of CYP3A4 decreases the
efficacy of a drug as it is rapidly metabolised and excreted whilst inhibition of CYP3A4
increases bioavailability of active components in a drug (Le Corvaisier et al., 2021, Chen et
al., 2021). In this study, T. phanerophlebia inhibited CYP3A4 activity (Figure 4.12). This
finding suggests that HepG2 cells are highly susceptible and sensitive to the cytotoxicity of T.

phanerophlebia, this may be due to their reduced capacity to metabolise T. phanerophlebia. It
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is possible that the inhibition of CYP3A4 in our study could have been due to flavonoids or
other phytochemicals in T. phanerophlebia. Indeed, the flavonoids and furanocoumarins found
in grapefruit such as quercetin and bergapten had a dose-dependent inhibitory effect on
CYP3A4 activity in human liver microsomes (Ho et al., 2001). In addition, thein
vitro inhibition of cytochrome P450 by Terminalia chebula hydroalcoholic fruit pulp extract
in rat liver microsomes could have been due to chebulagic acid, chebulinic acid, ellagic acid or
gallic acid found in the extract (Ponnusankar et al., 2011). T.phanerophlebia, amongst other
Terminalia species, was found to contain phenolics, flavonoids, triterpenoids and tannins
(Adebayo et al., 2015).

The structure and organization of the mitochondria are pivotal to maintaining mitochondrial
homeostasis and an emerging biological target in aging, inflammation, neurodegeneration and
cancer (Mertens et al., 2021). The mitochondria are not only the powerhouse of the cell as they
generate most of the ATP via the Krebs cycle, but they also have a significant role in cell
signaling and cell viability (Jain et al., 2016). As observed in Figure 4.1, treatment with T.
phanerophlebia resulted in a dose—response decrease in cell viability. Loss of mitochondrial
integrity results in decreased enzymatic activity of various complexes for the electron transport
chain, including mitochondrial succinate dehydrogenase as well as the reducing equivalents
such as co-enzyme NADH, which causes reduced mitochondrial MTT conversion and
decreased cell viability (Stockert et al., 2018). The antiproliferative effects displayed by T.
phanerophlebia (Figure 4.1) may thus be mediated at complex Il of the ETC, resulting in a
decrease of MTT conversion to formazan. In this study, the ICso for T. phanerophlebia was
1396 pg/mL, which was slightly higher than the 1Cso of 1360 pg/mL obtained in a recent study
on T. phanerophlebia (Nyahada et al., 2021).

The significant decrease in ATP production (Figure 4.2) and dissipation of the A¥wm observed
in this study (Figure 4.3) attests to a disruption of mitochondrial integrity. Complexes I, 111 and
IV of the ETC generate the AWwm through the redox transformations in the Krebs cycle (Zorova
et al., 2018). The AW¥wm drives inward transport of cations and outward transport of anions
creating an electrochemical proton gradient across the mitochondrial membrane that is used to
produce ATP (Sivandzade et al., 2019). Limited fluctuations of both A¥m and ATP levels do
occur under normal physiological activity, but an elongated shift from AWwm threshold induces
inevitable loss of cell viability (Figure 4.1) and contributes to various pathologies (Zorova et

al., 2018). It is presumed that exposure of HepG2 cells to T. phanerophlebia for 48 hours
65




caused uncoupling of oxidative phosphorylation, which resulted in inhibition of ATP synthesis
as well as disruption of the A¥wm. In a study by Maués (2019) on murine glioma cells, flavonoids
resulted in the loss of mitochondrial integrity (Maués et al., 2019). Thus, flavonoids in T.

phanerophlebia may be implicated for the decrease in ATP production and A'Pm.

The mitochondria are also the major source of ROS production. The results in Figure 4.8C,
strongly suggest that the uncoupling of oxidative phosphorylation may have facilitated the
accumulation of O.™, which then triggered the upregulation of mitochondrial SOD2 (Figure
4.9D) in order to prevent the oxidation of macromolecules, such as lipids by catalyzing the
dismutation of O™ to H202 and O.. Furthermore, the SOD2 (Figure 4.8C and 4.9D)
dismutation of the O>™ to H2O; effectively inhibited the production of RNS such as ONOO"
(Figure 4.5). Similarly in a study by Gu (2006) there was increase in O3 generation and a
decrease in endothelial NO synthase protein expression following inhibition of HSP90 by
geldanamycin which binds to the ATP binding site of HSP90 inhibiting the ATP/ADP cycle
(Gu et al., 2006). In this study, the significant decrease in HSP90 protein expression (Figure
4.9C) may be attributed to inhibition by flavonoids found in T. phanerophlebia because
epigallocatechin gallate, the primary flavonoid in green tea has been reported to inhibit HSP90
by binding at or near to a C-terminal ATP-binding site of HSP90 thereby preventing
dimerization (Yin etal., 2009, Steinmann et al., 2013, M. Hugel and Jackson, 2012, Huo et al.,
2008). The HSP inhibition disrupts H-O> balance by increasing H>O2 and O." leading to
generation of oxidative stress (Sable et al., 2018). Complex Il of the ETC is also a major site
of H20. production when there are increased concentrations of succinate (Kamarauskaite et al.,
2020, Jardim-Messeder et al., 2015).

The fate of H20. would be *OH which through Fenton-type reactions is an initiator of lipid
peroxidation. However, the decrease in MDA (Figure 4.4) and extracellular LDH (Figure 4.7)
suggests that the phytochemicals in T. phanerophlebia could have inhibited lipid oxidation.
According to Matsui and co-researchers (2001), elligitannins and anthocyanins possibly
contribute to modulating the oxidative stress environment; these phytochemicals are present in
T. phanerophlebia (Bedekar et al., 2010, Matsui et al., 2001, Yi et al., 2020, Brown and Kelly,
2007). Furthermore, methyl gallate found in Terminalia species has protective properties
against H2O2 injury (Acharyya et al., 2015, Crispo et al., 2010). The presence of methyl gallate
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in T. phanerophlebia could have protected the HepG2 cells from lipid peroxidation and

contributed to the maintenance of the cell membrane integrity observed in this study.

The protective effect of T. phanerophlebia on oxidative stress was associated with elevated
Nrf2 mRNA expression (Figure 4.8A), and associated increase in the transcription of the
antioxidant genes such as SOD2 (Figure 4.9D). The transcription factor Nrf2 is a modulator of
oxidative stress that regulates components of the glutathione and thioredoxin antioxidant
systems by regulating gene expression of antioxidant response elements (ARE) and phase Il
detoxifying enzymes such as GSH, SOD2, NADPH, NAD(P)H quinone oxidoreductase 1,
heme oxygenase 1 (HO-1), GPx-1 and ferritin resulting in inhibition of inflammation (Ahmed
etal., 2017, Reuland et al., 2013, Ma, 2013, Tonelli et al., 2018). However, GSH (Figure 4.6)
and GPx-1 (Figure 4.8B) were decreased in this study. The decrease in GSH concentration
(Figure 4.6) suggests that GSH may have been employed to neutralise H.O> and lipid radicals
because at lower concentrations H>O2 can be decomposed to water by GPx-1, using GSH as an
electron donor (Mahesh et al., 2009, Sharma et al., 2018). The significant decrease of GSH
levels and the activities of antioxidant enzymes SOD2 (Figure 4.9D) and GPx-1 (Figure 4.8B)
was similar to a study on rat erythrocytes conducted by Hebbani and co-investigators (2021),
whereby activities of GSH and GPx-1 were decreased and SOD2 increased in response to T.
arjuna (Hebbani et al., 2021).

Transcription factor STAT3 is a cytoprotective transcription factor in cells exposed to oxidative
stress and deletion of STAT3 sensitizes and increases the susceptibility of cells to the effects
of oxidative stress (Barry et al., 2009). In this study, the protein expression of STAT3 (Figure
4.9B) was similar to the control following exposure to T. phanerophlebia suggesting that
HepG2 cell death was not in response to oxidative stress as the STAT3 protein expression was
unchanged. The activity of STAT3 is highly dependent on the electron transport chain, on the
activities of ATP synthase and adenine nucleotide translocase (Suchalatha et al., 2007). A study
by Xie and co-researchers (2018) revealed that the chemical and genetic inhibition of STAT3
sensitized HCC cells thereby inducing downstream events that led to cell death (Xie et al.,
2018).

Apoptosis is programmed cell death that occurs in multicellular organisms and can either be
executed through the intrinsic or extrinsic pathway (Kaczanowski, 2020). In this study, T.

phanerophlebia caused a down-regulation of both Fas protein (Figure 4.9A) and the activity of
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caspase 8 (Figure 4.10A) in treated cells, relative to the control implying that the extrinsic
pathway leading to cell death was not activated. Caspase 9 (Figure 4.10B) and caspase 3/7
(Figure 4.10C) activities were also downregulated. Figure 4.11 supports these findings since
there was no externalisation of PS and cell death was neither through apoptosis or necrosis and
suggesting that apoptosis was not executed. The p38 MAPK is activated by stressful stimuli
especially ROS and is linked to the oxidative stress response and inflammation as it further
activates NF-xB and COX2 (Yong et al., 2009, Nys et al., 2010, Zhao et al., 2019, Yang et al.,
2014). In this study, there was up-regulation of p38 (Figure 4.9E) in response to T.
phanerophlebia suggesting cellular response to the oxidative stress environment. However,
NF-xB was down regulated (Figure 4.8D) despite upregulation of pro-inflammatory and
stressful stimuli, NF-kB was potentially inhibited by some polyphenols in T. phanerophlebia,
thus inhibiting both the extrinsic and intrinsic apoptosis. Some phytochemicals such as gallic
acid have been found to inhibit the translocation and transcriptional activity of NF-kB in the
nucleus by inhibiting its binding to target DNA (Seo et al., 2018). In cultured Human
Umbilical Vein Endothelial Cells (HUVEC), gallic acid was found to inhibit TNF-a that plays
a role in the induction of translocation of NF-xB (Bustami et al., 2018). A study on osthole
by Yang and co-authors (2014) yielded similar results to the present study whereby Nrf2 was
upregulated, but NF-xB and apoptosis were inhibited in a mouse model of accelerated focal
and segmental glomerulosclerosis (FSGS). (Yang et al., 2014). In another study by Wen
(2010), Terminalia catappa L. hydrophilic extract attenuated the expression of MMP-1, -3, and
-9 by inhibiting the phosphorylation of ERK, JNK, and p38 (Wen et al., 2010).

Thus T.phanerophlebia activated the Nrf2-mediated antioxidant defence in order to combat
oxidative stress in the HepG2 cells (Figure 5.1).

68




HEPG2 cell

antioxidant °

>
;
: %’“m
-
-

0 0
e nucleus Sot®

cytoplasm

Created in BioRender.com bio

Figure 5.1: The collective biochemical effects of T. phanerophlebia crude aqueous leaf extracts on
HepG2 cells. There was a decrease in both A%y and ATP resulting in HSP90 activity which increased
02" and H,0, The increase in Oz triggered the upregulation of Nrf2 and SOD2 which neutralised the
free radicals to H,O by GSH. Even though p38 was upregulated, apoptotic cell death was prevented

through downregulation of NF-kB and STAT3 (prepared by author).
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CHAPTER 6: CONCLUSION

The study investigated the safety of the T.phanerophlebia aqueous extract as well as its
potential anticancer activity. Discovery of natural plant extracts or plant-derived compounds
that are safe and capable of selectively inhibiting the proliferation of cancer or inducing cancer
cell apoptosis would benefit research and cancer therapy.

In summary (Figure 5.1), T. phanerophlebia caused a decrease in A¥m accompanied by a
decrease in ATP resulting in HSP90 activity which increased O™ and H20>. The increase in
0O." was supported by the increase in SOD2. However, oxidative stress was prevented by
upregulation of Nrf2, which facilitated neutralisation of free radicals to H>O by GSH and the
decrease in MDA. Despite p38 upregulation, apoptotic cell death was prevented through
downregulation of NF-xB and STAT3. T. phanerophlebia therefore activates Nrf2 to prevent
oxidative stress, but induces cell death through a signaling pathway other than apoptosis or

necrosis.

Future studies should involve a positive control in order to have more comparable results of
the effects of T. phanerophlebia. There were also limitations in this study in measuring NO
concentration from the cell culture medium due to its very short half-life. There is need for
future studies measuring cellular nitrate/nitrite from cell lysates. Future studies are also
required to determine the mode of cell death initiated by T. phanerophlebia in HepG2 cells as

well as possible effects of T. phanerophlebia in vivo.
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5. Protein standardisation
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