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ABSTRACT

Colorectal cancer (CRC) is the third most common malignancy detected and the second leading cause
of cancer-related mortality. Mammalian cells require metals for the physiological process as they are
part of the structure or co-factor of many proteins. However, excessive accumulation may manifest
in toxicity. In addition, the promotion of oncogenesis and tumour growth has been associated with an
increased presence of metals. Promising anticancer compounds that disrupt the onset and progression
of carcinogenesis are currently being intensely investigated by the scientific community. Hexacyclen,
a nitrogen electron donor and a potent metal ion chelator that binds various metal and transition metal
cations, is one such anticancer drug. The cytotoxic effects of Hexacyclen on human colorectal
adenocarcinoma cells (Caco2) and normal embryonic kidney cells (Hek293) were investigated in this
work after acute exposure (48 hours). The toxicity of Hexacyclen was studied in Hek293 and Caco2
cells at different concentration ranges [(0-500 uM) and (0-50 uM), respectively]. The MTT (to
determine IC2 and ICsp), ATP and mitochondrial membrane potential (AYM) assays were used to
assess metabolic activity, while TBARS, NOS and GSH assays were used to assess oxidative activity.
Caspase activity (-8, -9, -3/7), phosphatidylserine externalisation and LDH leakage were used to
assess cell death by apoptosis. In addition, western blotting was used to examine the expression of
antioxidant (SOD2, GPx, catalase), pro-and anti-apoptotic (p-p53, Bcl-2, HSP70, PARP, cPARP) and
inflammatory (NF-xB, STAT3 and p-STAT3) proteins. From the dose-dependent MTT curve, an IC2
and 1Cso of 6uM and 38uM (Hek293) and 1.2uM and 5uM (Caco?2 cells) were determined. The
decreased ATP concentration in Hek293 (p<0.05) and Caco2 (p>0.05) cells for both treatments was
consistent with altered AYM in both cell lines, indicating reduced metabolic activity. Elevated RNS
was implied by increased iNOS particularly at the Caco2 ICso (p<0.05) that promoted nitric oxide
production at the 1C2o (p>0.05) and ICso (p<0.05) for Hek293 and Caco?2 cells respectively. The
decreased MDA in Hek293 cells (p>0.05) was associated with increased SOD2 (p<0.05) and GPx
(p<0.05), while slightly increased MDA in Caco2 cells (p>0.05) accompanied increased SOD2
(p>0.05) and GPx (p<0.05 at the ICsg only). Furthermore, GSH levels were increased significantly in
ICso-treated Hek293 and Caco?2 cells (p<0.05), but downregulation of catalase in Hek293 and Caco2
cells was not significant. In this study, apoptosis was initiated by an increase in caspase-9 (ICsqo,
p<0.05) but not caspase 8, which was decreased for both treatments in Hek293 cells (p<0.05). In
Caco2 cells, caspase-8 (p<0.05) and caspase 9 (p>0.05) were increased. Anti-apoptotic Bcl-2
(p<0.05) and HSP70 (p<0.05 for Caco?2 cells) were downregulated in both cell lines. The activity of
p-p53 was not affected in 1C2, whereas it was significantly reduced in ICso-treated (p<0.05) in
Hek293 and Caco?2 cells. Apoptosis was executed as caspase 3/7 was increased in all treatments
(p<0.05), albeit non-significantly for ICxo-treated Hek293 cells. Moreover, phosphatidylserine

externalisation, an early apoptosis marker, was increased in both cell lines (p<0.05 for ICso-treated
Xiv



Hek293 cells), while LDH (a late marker) was increased for Hek293 cells (p<0.05) but not Caco?2
cells (p>0.05). Interestingly, decreased cPARP/PARP activity was observed for ICso-treated cells
(p<0.05) in both cell lines. Finally, the inflammatory markers NF-xB (p>0.05 for 1Cxo-treated Hek293
cells) and p-STAT3/STAT3 (p>0.05 for ICxo-treated Caco?2 cells) were downregulated in this study.
Hexacyclen induced apoptosis in Hek293 and Caco?2 cells via an RNS-mediated mechanism. Intrinsic
apoptosis was noted in Hek293 cells, while both pathways facilitated apoptosis in Caco2 cells.

Interestingly, apoptosis proceeded concurrently with a reduction in the NF-«B cell survival pathway.

Keywords: 1, 4, 7, 10, 13, 16-hexaazacyclooctadecane (Hexacyclen), inflammation, oxidative stress,

apoptosis, Hek293 cells, Caco?2 cells.
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CHAPTER1: INTRODUCTION

1.1 BACKGROUND

The term cancer is used to describe a large group of diseases characterized by the abnormally rapid
growth of cells that can spread to the surrounding tissues by metastasis (Hausman, 2019). Cancer is
ranked as one of the diseases that cause high rates of death throughout the world (Bray et al., 2018).
The World Health Organisation (WHO) has estimated that approximately 9.3 million new cancer
cases and 10.0 million cancer-associated deaths occurred in 2020 alone (Sung et al., 2021). The
number of new colorectal cancer cases predicted to have occurred in 2020 were beyond 1.9 million
and 935,000 deaths (Sung et al., 2021). Colorectal cancer (CRC) or bowel cancer is a form of
malignancy that affects the colon and rectum of the large intestine (Rawla et al., 2019). Risk factors
associated with the development of CRC include overconsumption of alcohol, tobacco smoking, high
ingestion of red meat and fats, and obesity (Kuipers et al., 2015). Additionally, males have a higher
risk of developing CRC than females. The study by Abancens and co-workers noted the difference in
sex dimorphism in CRC global incidence of young women between the age of 18-44 years and males
of same age. The better survival rate in female was linked to the steroid hormone oestrogen which
regulate genes and cellular signalling (Abancens et al., 2020). Genetic mutations such as familial
adenomatous polyposis (FAP), Lynch syndrome or hereditary non-polyposis CRC (HNPCC) and
Cowden syndrome are hereditary forms of risk factors linked to CRC (Aghabozorgi et al., 2020).
Furthermore, chronic inflammatory bowel disease (IBD) patients have an increased risk of colitis, a
coexistent primary sclerosing cholangitis and severity of bowel inflammation. Chronic exposure to
these risk factors induces proliferative growth of non-cancerous cells called polyps, which may take

up to 10-20 years before transforming into cancerous cells (Rawla et al., 2019).

Present anti-CRC therapeutics may involve a combination of approaches that may encompass surgery
to prevent the risk of spreading to healthy tissues (Kuipers et al., 2015). Unfortunately, due to the
aggressive nature of this form of cancer coupled with late diagnosis, there is a high probability that
cancer may have infiltrated other parts of the body such as the regional lymph nodes; in this case,
adjuvant chemotherapy and radiation therapy are also performed as treatment (Baur et al., 2019).
Current available CRC treatments are associated with severe side effects, and many chemotherapeutic
drugs are nephrotoxic causing acute kidney injury and nephritis (Heidari-Soreshjani et al., 2017,
Barnett and Cummings, 2018). In addition, non-specificity to cancer treatment and resistance
contribute to a low 5-year survival rate of patients (Spearman and Sonderup, 2014). Therefore, there

is still an urgent need for the discovery and design of new, potently effective anticancer agents that
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exert minimal to no side effects thus preserving the health of cancer patients. In recent years, scientists
have focused their attention on synthetic macrocyclic polyether molecules as potential anticancer
agents (Bader and Bukhzam, 2014).

A class of synthetic macrocyclic polyether molecules called crown ethers was first introduced in the
1960s as a treatment for cancer (Kralj et al., 2008, Igbal et al., 2022). This was due to the remarkable
features such as their ability to sequester metal ions and form complexes with drugs to pass through
cell membranes (Bader and Bukhzam, 2014). The macrocyclic compound 1, 4, 7, 10, 13, 16-
hexaazacyclooctadecane, also known as Hexacyclen or 18-aza crown-6, is a multidentate amine
macrocycle and an analogue of 18-crown-6 ether; it is reported to bind different metal cations and
transition metal cations (Austin and Rodgers, 2014). Hexacyclen preferentially binds alkali and
alkaline earth metal cations including tin (Sn?*), cobalt (Co®") and mercury (Hg?*), and transition
metal cations such as copper (Cu?*), Manganese (Mn?*), cobalt (Co?"), iron (Fe?*), nickel (Ni?*) and
zinc (Zn?*) (Austin and Rodgers, 2014). Crown ethers have been shown to enhance the activity of
antioxidant molecules during instances of oxidative stress and induce apoptosis without the
occurrence of necrosis (Boojar and Goodarzi, 2006b, Wong et al., 2010, Igbal et al., 2022). Oxidative
stress, accelerated cell cycle, avoidance of apoptosis and inflammation are hallmarks of cancer
(Aggarwal et al., 2019). Therefore, it is essential to understand molecular signalling pathways
responsible for cancer progression to discover a unique therapeutic strategy to target this disease.

Previous studies reported that cancer initiation, promotion and progression are linked to oxidative
stress (Hayes et al., 2020). Oxidative stress is described as a condition where the balance between the
production and removal of free radicals is disrupted (Sies, 2015, Hayes et al., 2020). Free radicals are
molecules produced by the body and are essential for normal cell signalling processes. However, the
overproduction of free radicals causes damage to the molecules of the cells including DNA, proteins
and lipids (Jat and Nahar, 2017). Free radicals are divided into reactive oxygen species (ROS) such
as superoxide (O2"), hydroxyl radicals ("OH) and hydrogen peroxide (H202), and reactive nitrogen
species (RNS) such as nitric oxide (NO) and peroxynitrite (ONOQ) (Lushchak, 2014, Hayes et al.,
2020). Intracellular balance mechanisms are mediated by antioxidants, which prevent free radicals
from damaging the cell by removing them (Adwas et al., 2019). Antioxidant enzymes include
superoxide dismutase (SOD) that converts O>" to H20, which is further neutralised by catalase to
water or interacts with reduced glutathione (GSH) in a reaction catalysed by glutathione peroxidases
(GPx-1) (Sharma et al., 2018). Several studies have noted that increased ROS production enhances

cell survival and proliferation (Arfin et al., 2021)



The cell cycle controls growth and proliferation by dividing the parent cell into two identical daughter
cells by mitosis. The cell cycle events are highly regulated by cyclin-dependent kinases (CDKSs)
associated with diverse types of cyclins, to allow the cell to proceed from one phase to another (Otto
and Sicinski, 2017). Cell movement to another phase is determined by checkpoints that inhibit the
cell cycle if DNA damage is encountered (Otto and Sicinski, 2017). The tumour suppressor proteins,
p53 and retinoblastoma (pRb), play a vital role in regulating the cell cycle and preventing cancer
development and progression (Ebata et al., 2016). The p53 and pRb are targeted mainly by
carcinogens and mutated causing continuous cell proliferation despite DNA damage, thus eventually

lowering the apoptosis rate (Williams and Schumacher, 2016).

Damaged, aberrant or excess cells are removed by apoptosis. Unlike other types of cell death, such
as autophagy and necrosis, apoptosis eliminates unnecessary cells without triggering an immune or
inflammatory response (Szondy et al., 2017). There are two apoptosis pathways; the intrinsic
(mitochondrial) and the extrinsic or receptor-dependent pathway (Pfeffer and Singh, 2018). The
extrinsic pathway is initiated by extracellular binding signals such as tumour necrosis factor-alpha
(TNF-a) and Fas ligand to their respective receptors, resulting in the activation of initiator caspase -
8/10 in the death inducing signalling complex by induced proximity (Yuan et al., 2018). The intrinsic
pathway is prompted by an internal stimulus such as free radicals that cause upregulated oncogenes
or damaged DNA within cells (Singh et al., 2019b). The internal stimulus that results in the damage
of DNA, coupled with the failure of p53 to repair the damage will enable the transcription of Noxa
and Puma. These proteins bind anti-apoptotic Bcl-2 to free pro-apoptotic Bax and Bak, thereby
inducing mitochondrial outer membrane permeabilization to facilitate cytochrome c release and the
activation of initiator caspase 9 (Pfeffer and Singh, 2018, Singh et al., 2019b). Both initiator caspases
can cleave and activate caspases 3/7, resulting in the execution of cell death. The dismantling of the
cell is accomplished by cleavage of caspase-associated DNase causing DNA fragmentation,
endonucleases that degrade nuclear materials and/or activating proteins for cytoskeleton degradation
(Pfeffer and Singh, 2018). Most human cancer malignancies have a decreased ability to undergo
apoptosis since the p53 tumour suppressor gene is inactivated (Aubrey et al., 2018). bysfunction of
p53 in tumours can also enhance chronic inflammation to promote tumour progression (Shi and Jiang,
2021).

Inflammation is the cellular process that involves the recruitment, activation and action of innate and
adaptive immunity (Greten and Grivennikov, 2019). Inflammation plays a vital role in host defence
against pathogens and is involved in tissue repair, renewal and remodelling (Greten and Grivennikov,

2019). However, chronic inflammation is often associated with several steps involved in
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carcinogenesis including alteration of the cell, promotion, proliferation, survival, invasion,
angiogenesis and metastasis (Singh et al., 2019a). One of the ways that chronic inflammation is linked
to cancer is by consequent activation of inflammatory signalling pathways such as nuclear factor
(NF)-xB, an inhibitor of NF-xB (IkB) and IxB kinase (IKK) pathway that plays a significant role in
the activation of pro-inflammatory cytokines and protein (Liu et al., 2017b). In tumours, NF-xB is
continuously activated and contributes to cancer by accelerating cell proliferation, inhibiting
apoptosis, promoting the initiation and progression of tumours as well as stimulating angiogenesis
and metastasis (Yang et al., 2020). Furthermore, inflammation is linked to oxidative stress, which

also contributes to cancer (Sharma et al., 2018).

To date, there is a lack of literature regarding the biochemical effects of Hexacyclen on different
cancer and normal cell lines. Hence, this study investigated the cytotoxic effects underlying the
mechanism of Hexacyclen on human colorectal adenocarcinoma (Caco2) and normal embryonic

kidney cells (Hek293) over a 48-hour acute exposure.

1.2 PROBLEM STATEMENT / RATIONALE

Cancer is ranked among the leading causes of death across the globe. Two types of cancer,
hepatocellular carcinoma and colorectal cancers, are significant contributors to cancer incidence and
mortality (Sung et al., 2021). The prognosis for liver and colorectal cancer is poor, with a low 5-year
survival rate and few patients surviving for more than a year after diagnosis (Spearman and Sonderup,
2014). The treatment for cancer includes chemotherapy, radiotherapy, ablation and surgery
(YYamashita and Kaneko, 2016). However, these treatments come with adverse side effects and are
not specific to cancer cells. In addition, many chemotherapeutics are nephrotoxic (Heidari-Soreshjani
et al., 2017, Barnett and Cummings, 2018). Side effects associated with chemotherapeutic agents
include papillary necrosis, cystic change, urothelial changes, infarction, interstitial nephritis, acute
tubular necrosis and haemorrhagic cystitis (Jia et al., 2015). For this reason, new and effective anti-
cancer therapies with minimal toxic side effects exerted on normal healthy non-cancer cells are vital
to overcoming the economic and healthcare expenses of cancer. In addition, effective treatment for

CRC is required.

1.3 SIGNIFICANCE / IMPLICATIONS

It is essential to develop effective cancer treatment to reduce the global burden associated with cancer.
Current available cancer treatments are expensive while associated with adverse side effect. This

further increase cost for the health sectors and to patients. Additionally, these treatments are often
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effective to patients for a short period with high recurrence rates. For this reason, it is essential to
discover, design and develop new effectively potent cancer treatments that have the potential to
reduce financial burden for both health department and patients while increasing survival rates for

colorectal cancer patients without compromising the health of normal non-cancer cells or organs.

1.4 RESEARCH QUESTION

What are the antioxidant and anti-proliferative effects of Hexacyclen on proliferation, apoptosis,
oxidative stress and inflammation in colorectal adenocarcinoma (Caco2) cells and human embryonic
kidney (Hek293) cells?

1.5 AIM

The study aims to investigate the cytotoxic, apoptotic, antioxidant and anti-inflammtory effect of
1,4,7,10,13,16-Hexaazacyclooctadecane (Hexacyclen) in colorectal adenocarcinoma (Caco2) cells
and human embryonic kidney (Hek293) cells.

1.6 NULL HYPOTHESIS

Hexacyclen will not induce apoptosis or alleviate oxidative stress and inflammation in Caco2 and
Hek?293 cells.

1.7 HYPOTHESIS

Hexacyclen will alleviate oxidative stress and inflammation in Caco2 and Hek293 cells, but will

induce apoptosis in Caco2 cells only.

1.8 OBJECTIVES

The objectives of this study were to
° evaluate cell viability of Caco2 and Hek293 cells treated with Hexacyclen by
. using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay to
obtain an 1C20 and ICsp to be used in subsequent assays.
. quantifying ATP using luminometry.
. assessing the mitochondrial membrane potential using JC-10 dye.
° assess the effect of Hexacyclen on the protein expression of key cell cycle regulators, p53 and
PRb.

e  Determine whether Hexacyclen induced cell death in Caco2 and Hek293 cells by
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. assessing phosphatidylserine externalisation using the annexin V assay as an early marker
of apoptosis to quantify apoptotic cells (luminometry).

. measuring the activity of different caspases to elaborate pathways of apoptosis
(luminometry).

. detecting the presence of pro- or anti-apoptotic proteins (BCl,, Bax, HSP70, PARP and
cPARP) using the western blot.

evaluate the induction of oxidative stress in Caco2 and Hek293 cells by Hexacyclen using

. the TBARS and NOS assay for detection of oxidant production

. luminometry for GSH

. western blot for antioxidant enzymes (SOD2, GPx1 and catalase)

assess the effect of Hexacyclen on inflammation in Caco2 and Hek293 cells using western blot

for genes and proteins expressions (NF-xB, STAT3, p-STAT3).



CHAPTER 2: LITERATURE REVIEW

21 CANCER

The term cancer is used to describe a large group of diseases characterized by the rapid growth of
abnormal cells that may spread to the surrounding tissues by a process known as metastasis
(Hausman, 2019). The World Health Organisation (WHO) ranks cancer as one of the leading diseases
that cause death across the globe (Bray et al., 2018). The recent data from GLOBOCAN (2021) show
that cancer is now estimated to be the first or second leading cause of death before 70 years of age in
112 of 183 countries, and ranks third or fourth in 23 other countries (Sung et al., 2021). The WHO
estimated that 19.3 million new cancer cases and 10.0 million cancer deaths occurred in 2020 (Figure
2.1) (Sungetal., 2021). These figures are expected to increase by 45%, possibly exceeding 13 million
cases by 2030, with most deaths occurring in low- to medium-income countries like South Africa
(Bray et al., 2018). To date, lung malignancies remain the leading cause of cancer-related death
(Figure 2.1). It is estimated to cause approximately 1.8 million deaths (18%), followed by colorectal
(9.4%), liver (8.3%), stomach (7.7%), and female breast (6.9%) cancers (Figure 2.1) (Sung et al.,
2021).

Incidence Mortality

Other Other
cancer cancer
36.9% 29.2% Colorectum

9.4%

Colorectum ‘
10.0% Leukemia P
31% ~ Liver
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Figure 2.1: Ranking of the estimated 2020 cancer incidence and mortality by the International Agency for
Research on Cancer (Sung et al., 2021).



2.2 COLORECTAL CANCER

Colorectal cancer (CRC) is also referred to as bowel cancer, which is a form of malignancy that

affects the colon and rectum part of the large intestine (Rawla et al., 2019).

2.2.1 Colon and rectum

The colon and rectum are part of the large intestine (Kuipers et al., 2015). The colon is the longest
part of the large intestine which extends from the cecum of the small intestine. The roles of the colon
include absorption of the remaining water and salts from undigested food, lubrication of waste
products and storing waste temporally before it is passed to the rectum (Britannica, 2018). The rectum
is the last potion that extends to the anus. Waste enters the rectum and within the distended rectal
cavity, the pressure builds up for elimination (Kuipers et al., 2015, Britannica, 2018). In the inner
lining of the colon and rectum, a growth called polys can develop (Figure 2.3), and over time it can
turn into cancer (Kuipers et al., 2015). Together, colon and rectum cancer are referred to as colorectal

cancer (CRC) or bowel cancer (Rawla et al., 2019).

2.2.2 Incidence of CRC

Colorectal cancer has been ranked third as the most common cancer detected globally with 10.0%
compared to other types of cancer, while it is the second place in terms of mortality rate with 9.4%
(Figure 2.1) (Sung et al., 2021). The number of new colorectal cancer cases predicted to have occurred
in 2020 were beyond 1.9 million and 935,000 deaths (Sung et al., 2021). In 10 of 191 countries
nationwide, CRC is the most diagnosed type of cancer in males in comparison to females (Rawla et
al., 2019). There are low rates of colon and rectal cancer incidence in most regions of Africa (Rawla
et al., 2019). The incidence rate of colon cancer in Southern Africa for males and females is 8.7%
and 7.3% respectively, and the rate for rectum cancer is 7.2% and 5.0% in males and females (Figure
2.4 Aand B) (Sung et al., 2021). The data about CRC in low— and middle—-income countries (LMIC)
like South Africa is limited (Graham et al., 2012). A study by Motsuku et al. (2021) reported 33,232
incident CRC cases and 26,836 CRC deaths from 2002 to 2014 (Motsuku et al., 2021). According to
gender, 54% male and 46% female incident CRC cases, and 47% male and 53% female CRC deaths
were reported (Motsuku et al., 2021).
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2.2.3 Risk factors associated with CRC

It is predicted that greater than 80% of people with CRC were exposed to risk factors such as
older age, male gender, high consumption of red meat and fats and obesity (Kuipers et al.,
2015). Notably, overconsumption of alcohol and tobacco smoking increases CRC risk by more
than 20% (Rawla et al., 2019). Genetic mutations such as familial adenomatous polyposis
(FAP), Lynch syndrome or hereditary non-polyposis CRC (HNPCC) and Cowden syndrome
are hereditary forms of risk factors linked to CRC (Aghabozorgi et al., 2020). Particularly, FAP
and HNPCC disorders cause about 5-10% of all CRCs. The FAP accounts for nearly 1% and
is characterised by the presence of polyps throughout the intestine which may be attributed to
the mutated adenomatous polyposis coli (APC) gene which is inherited (Toma et al., 2012).
On the other hand, HNPCC contributes to approximately 3-4% of all CRC cases and is due to
mutations in DNA lesion repairing genes. It is distinguished by the early deposition of
numerous metachronous and synchronous colorectal tumours, accompanied by skin lesions and
extracolonic tumours (Toma et al., 2012, Aghabozorgi et al., 2020). Furthermore, chronic
inflammatory bowel disease (IBD) patients have an increased risk of colitis, a coexistent
primary sclerosing cholangitis and severity of bowel inflammation.

Generally, CRC starts in the mucosal epithelial cells as the non-cancerous proliferation growth
called polyps; this growth can take about 10-20 years before progressing into cancer (Rawla
et al., 2019). These polyps are constrained growths of abnormal cells located within the
intestinal mucosa that project into the lumen (Figure 2.3). Polyps generate enough genetic
changes, allowing them to enter the bowel wall, the hallmark of CRC (Simon, 2016).
Hyperproliferation of started polyps leads to developing a precancerous adenomatous polyp,
or adenoma, which arises from epithelial cells (Figure 2.3) (Simon, 2016). An adenoma is
classified as the obligated precursor of adenocarcinomas. Still, only about 10% of adenomatous
polyps grow while mutations and epigenetic changes may occur leading to the transformation
into malignant and adenocarcinoma cells (stage 1) (Figure 2.3) (Baur et al., 2019). An
adenocarcinoma is characterised by increased tumour volume that accounts for approximately
96 % of all CRCs and it eventually invades other tissues such as the serosa (Stage Il) and
visceral peritoneum (Stage I11) (Pickhardt et al., 2013). Stage IV of CRC is characterised by
adenocarcinoma metastasis via blood and/or lymphatic vessels to distant body sites, as seen in
Figure 2.3 (Baur et al., 2019).
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Figure 2.3: Different stages of CRC, showing the initial polyp transformation into an adenocarcinoma
(stage 1) that invades the surrounding tissue as it extends into the lumen (stages Il and I11) and eventually
starts to metastasise (stage IV) (Baur et al., 2019).

2.2.4 Diagnosis and treatment of CRC

The best way of early detection and preventing further pre-cancerous polyps into CRC is by
screenings (Baur et al., 2019). Screening for CRC is performed by examining the structure of
the colon and rectum using computed tomographic colonography (CTC), colonoscopy,
sigmoidoscopy or stool tests such as the faecal occult blood test (FOBT) (Baur et al., 2019).
The faecal immunochemical tests (FITs) and FOBT are frequently used to detect CRC by
detecting haemoglobin as a marker of occult blood in the stool (Simon, 2016). Normally,
surgery may be performed once CRC has been positively detected to prevent further risk of
spreading, by removing affected malignant tumours and nearby lymph nodes (Kuipers et al.,
2015). Once cancer has already spread to regional lymph nodes, adjuvant chemotherapy and/or
radiation therapy is performed as the treatment (Baur et al., 2019). Chemotherapeutic drugs
such as 5-fluorouracil (5-FU)-based drug (methotrexate, 5-FU) are used for treatment in stage
Il and stage 11l CRC (Baur et al., 2019). Advanced stages of CRC can be treated with drugs
like 5-FU and irinotecan (FOLFIRI), or folinic acid, 5-FU and oxaliplatin (FOLFOX)
(Baudino, 2015). Over the years, it has been recognised that patients on cancer treatment may

also present with symptoms associated with kidney disease, which occurred after receiving
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anticancer treatment. This link between cancer and kidney disease is now referred to as one-

nephrology (Lameire, 2014).

2.2.5 Nephrotoxicity: one-nephrology

The kidney is a vital organ that plays an essential role in maintaining homeostasis, excretion
of toxic metabolites and drugs, and detoxification (Kim and Moon, 2012, Al-Naimi et al.,
2019). The functional unit of the kidney, the nephron, is made up of the glomerulus and tubules
including the proximal and distal convoluted tubules connected by the loop of Henle. One of
the kidneys are functions to remove drugs from the renal capillaries mainly through glomerular
filtration (GF) and tubular secretion pathways. The GF excretes metabolites according to size,
thus unbound protein molecules can pass the capillary wall of the glomerulus (Breshears and
Confer, 2017). Protein-bound molecules in circulation are eliminated through urine by
secretion in the proximal tubule (Matyszko et al., 2016). Cancer treatment via chemotherapy
is reported to be helpful; however, it is associated with renal disease in about 60% of patients
with cancer (Horie et al., 2018). Nephrotoxicity arising from chemotherapy may cause a

deterioration in kidney function (Al-Naimi et al., 2019).

Chemotherapeutic drugs cause damage to the excretory pathways of the kidney. Mechanisms
of kidney injury include inflammation, renal tubular toxicity, glomerular damage, thrombotic
microangiopathy and crystal nephropathy (Al-Naimi et al., 2019). Side effects associated with
chemotherapeutic agents comprise papillary necrosis, cystic change, urothelial changes,
infarction, interstitial nephritis, acute tubular necrosis and haemorrhagic cystitis (Jia et al.,
2015). Other complications involve reduced total body water, which is linked to lowered
glomerular filtration rate (GFR), renal oxidative stress and excessive angiotensin-Il/endothelin
which further increases nephrotoxicity. Moreover, detoxification of some drugs by the kidney
favours the production of toxic metabolites and ROS that causes harm via DNA strand breaks,
lipid peroxidation, nucleic acid alkylation or oxidation and protein damage (Perazella, 2012).

Cisplatin, the most toxic anti-cancer drug injures the S3 segment of the proximal tubule,
thereby decreasing GFR (Matyszko et al., 2016). The kidney responds by increasing the
expression of several pro-inflammatory cytokines such as interleukin-6, tumour necrosis
factor-alpha, caspases and interferon-gamma (Ramesh and Reeves, 2002, Matyszko et al.,

2016). These molecules endorse the growth and maturation of T cells and neutrophils, mitogen-

12



activated protein kinase (MAPK) activation and p53 signalling. Alternately, inflammation and
oxidative stress allied with cellular injuries are triggered (Matyszko et al., 2016). Eventually,

this leads to kidney failure and dysfunction.

Due to the downfall of current treatments, the medicinal chemistry and pharmaceutical industry
focused their efforts on anticancer drugs that inhibit pathways that drive the onset and
development of carcinogenesis. These anticancer agents are considered potent metal ion
chelators (Gaur et al., 2018, Kontoghiorghes, 2020).

2.2 CROWN ETHERS

Crown ethers were first synthesized in the 1960s as synthetic macrocyclic polyether molecules
comprising a ring containing several ether groups (Kralj et al., 2008, Tan et al., 2017). Figure
2.4 depicts these macromolecules referred to as crown ethers; they are compared to a crown
sitting on one's head with the structure of a crown ether bound to a cation (Bader and Bukhzam,
2014). There are a variety of important crown ether members, but the most common are 12-
crown-4 (12C4), 15-crown-5 (15C5) and 18-crown-6 (18C6) (Morrison et al., 2017). These
molecules have been reported to have remarkable binding properties, the ability to sequester
metal ions and the ability to form complexes with drugs to allow movement through cell
membranes (Bader and Bukhzam, 2014, Morrison et al., 2017). The complexing ability of
crown ethers depends on selectivity, size of the compound, number and type of heteroatom
(Kralj et al., 2008). For example, 12-Crown-4 tends to be complex with Li*, while 18-crown-
6 selects K* (Bader and Bukhzam, 2014). Crown ethers are widely used in biology, chemistry
and industrial and pharmacological research (Kralj et al., 2008, Tan et al., 2017). Notably,
crown ethers play an essential role in drug delivery due to the ability to cross cellular
membranes after sequestering metals and are also used in other therapeutic areas, such as

antitumour treatment (Chehardoli and Bahmani, 2019).
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Figure 2.4: An example of 18-crown-6 (18C6) ether complexing the potassium (K+) ion (Chehardoli
and Bahmani, 2019).

2.3.1 1,4,7,10,13,16-Hexaazacyclooctadecane (Hexacyclen)

The repetitive oxygen units found in crown ethers (Figure 2.4) are replaced by other atoms,
such as nitrogen to form novel crown ethers including aza-crown ethers (Chehardoli and
Bahmani, 2019). The macrocyclic compound 1, 4, 7, 10, 13, 16-hexaazacyclooctadecane is an
anion binding sometimes referred to as Hexacyclen or 18-aza crown-6 (Figure 2.5).
Hexacyclen is an example of aza-crown ether (Austin and Rodgers, 2014). This compound has
been proven to have a potent ability to form complexes and is highly selective for different
inorganic anions, inorganic phosphate, AMP, ADP and ATP (El-Hashani et al., 2007). The 18-
aza crown-6 ring consists of nitrogen known to display electron-donor properties, favouring
complexes with cations (El-Hashani et al., 2007). Hexacyclen shares similar properties with
known metal chelators such as the ethylenediaminetetraacetic acid (EDTA) macrocyclic
chelator 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), which has been
previously exploited for its anti-cancer properties (Kahnt et al., 2019). Hexacyclen has been
reported to preferentially bind alkali and alkaline earth metal cations including tin (Sn*), cobalt
(Co%") and mercury (Hg?*), and transition metal cations such as copper (Cu?*), Manganese
(Mn?*), cobalt (Co?*), iron (Fe?*), nickel (Ni?*) and zinc (Zn?*) (Austin and Rodgers, 2014).
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Figure 2.5: The structure of 1, 4, 7, 10, 13, 16-hexaazacyclooctadecane crown ether (El-Hashani et
al., 2007, Austin and Rodgers, 2014).

The ability of crown ethers to cross the cell membrane during drug delivery has been
investigated and it was found that they can easily penetrate the membrane due to their lipophilic
properties (Chehardoli and Bahmani, 2019). Lipophilicity refers to the affinity of the drug
toward a lipid setting which is important for penetration through the lipid membrane during
drug delivery. The beneficial effect of using crown ethers as drug carriers is that they possess
the capability of reducing the toxicity of the drugs (Chehardoli and Bahmani, 2019). Cytotoxic
effects of 15-crown-5 and 18-crown-6 were investigated by Boojar and Goodarzi (2006) in
which they investigated the role of the crown ether in oxidative stress within lung tissue (Boojar
and Goodarzi, 2006b). It was revealed that these crown ethers enhance the activity of
antioxidant molecules such as superoxide dismutase (SOD), catalase, and glutathione
peroxidase (GPx-1) due to the induced production of ROS (Boojar and Goodarzi, 2006b).
Furthermore, a study conducted by Wang et al. (2010) identified synthesized crown ether host-
rotaxanes (CEHRS) derivatives as ionophores compounds that induced apoptosis without
necrosis by enhancing Mg?* and Ca?* intracellular concentration in SKOV-3 cell line (Wang
et al., 2010).

Previous studies have shown the role of crown ethers in cellular processes such as oxidative
stress and apoptosis may be due to their ability to interact with metal ions such as potassium
(K*), chloride (CI") and calcium (Ca?*) (Chehardoli and Bahmani, 2019). These ions are
essential for cell proliferation and are considered critical regulators of apoptosis (Kunzelmann,
2005, Chehardoli and Bahmani, 2019). For the cell cycle to progress through the G1 phase,
activation of K channels are required for cells to proliferate, whereas apoptotic processes are
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induced by changes in ionic strength due to K* efflux, CI- efflux and Ca?* influx (Kralj et al.,
2008, Urrego et al., 2014). It has been reported by most studies that K* efflux induces cell
shrinkage and apoptosis by either plasma membrane potential or disrupting the mitochondria.
At the same time, K* channel blockers hinder cell proliferation by arresting cells in the G1
phase (Litan and Langhans, 2015).

The organic tridentate ligand 1,4,7-tiazacyclononane (TACN) is also a member of aza-crown
ethers with strong chelating abilities (Somboro et al., 2019). The cytotoxic effect of TACN has
been previously investigated and found not to induce oxidative stress and cell death in HepG2
and Hek293 cells (Mcoyi et al., 2020, Tsotetsi et al., 2020). Therefore, it is important to exploit
the effect of other aza crown ethers such as Hexacyclen in cellular processes including

inflammation, oxidative stress and mechanisms of cell death.

24 INFLAMMATION

Inflammation is a cellular process that involves the recruitment, activation and action of innate
and adaptive immunity (Greten and Grivennikov, 2019). Inflammation plays an essential role
in host defence against pathogens and is also involved in tissue repair, renewal and
remodelling. Chronic inflammation has been linked to various chronic infections such as cancer
(Greten and Grivennikov, 2019). Triggers of chronic inflammation include exposure to
asbestos and silica, which have been linked to pneumonia and lung cancer; alcohol abuse,
which has been linked to liver inflammation and cancer; and inflammatory bowel disease
(IBD), which has been linked to the onset of colon cancer (Lin and Karin, 2007, Zhao et al.,
2021). The role of chronic inflammation in cancer is that it causes tumours by genetically
altering normal cells to become malignant, promoting the growth of the altered cells and
encouraging tumour progression by becoming increasingly aggressive (Taniguchi and Karin,
2018). The link between cancer and chronic inflammation in the promotion and progression of
tumours is the continuous activation of the NF-kB-kinase/ NF-kB (IKK/NF-«kB) signalling
pathway. This is further connected to overexpression of Signal Transducer and Activator of
Transcription-3 (STAT -3), which play an essential role in the activation of pro-inflammatory
cytokines such as TNF-o, IL -1 and IL-6 (Ji et al., 2019, Zhao et al., 2021).
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2.4.1 The nuclear factor-kappa B (NF-kB) signalling pathway

The NF-kB signalling pathway is a recognised key regulator of cellular responses in the innate
and adaptive immune systems. It contributes to the pathogenesis of several diseases including
cardiovascular disorders, diabetes and cancer (Mitchell et al., 2016). The NF-kB protein
contributes toward carcinogenesis by accelerating cell proliferation, inhibiting apoptosis,
promoting the initiation and progression of tumours and stimulating angiogenesis as well as
metastasis (Yu et al., 2017). In cancer cells, the genes encoding the NF-«kB transcription factors
or genes that control the protein are mutated leading to its continuous activation (Yu et al.,
2017). In normal non-cancer cells, the activation of the NF-xB pathway is dependent on the
degradation of the IkB(s) proteins, which are inhibitors of NFkB. The IkBs proteins are
degraded due to phosphorylation through the IxB kinase (IKK) complex activated by cytokines
like TNF and IL1, produced by tissue macrophages (Dorrington and Fraser, 2019). The NF-xB
signalling pathway can be activated in one of two ways, namely, the canonical (classical) and

non-canonical (alternative) pathways (Figure 2.6) (Liu et al., 2017b).

2.4.1.1 Canonical pathway

The canonical signalling pathway (Figure 2.6) is rapidly activated by inflammatory stimuli
including pro-inflammatory cytokines TNFa and IL1, pathogen-associated molecular patterns
(PAMPs) and damage-associated molecular patterns (DAMPS). These molecules act through
specific receptors such as tumour necrosis factor receptor (TNFR), interleukin-1 receptor (IL -
1R), toll-like receptors (TLRs) and antigens (Taniguchi and Karin, 2018). The binding of
inflammatory stimuli to their respective receptors activates the receptor to recruit and
phosphorylate adaptation molecules called the IKK complex. The IKK complex consists of
several subunits, namely the catalytic subunits IKKa (IKK1) and IKKf (IKK2) and a
regulatory subunit NF-kB essential modulator (NEMO) (IKKy) (Yu et al., 2017). The active
IKK complex causes phosphorylation, ubiquitination and degradation of IkB proteins such as
IkB-alpha (a), and subsequently, the IkB protein releases p50: RelA and p50:c-Rel dimers
(Taniguchi and Karin, 2018). The p50:RelA and p50:c-Rel dimers translocate to the nucleus
and activate the transcription of various target genes (Giuliani et al., 2018). The canonical
pathway is activated for innate immunity and is responsible for inhibiting apoptosis under most

conditions in response to infections or exposure to proinflammatory cytokines (Yu etal., 2020).
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Figure 2.6: The canonical (classical) and noncanonical (alternative) pathways of NF-kB (Williams et
al., 2014).

2.4.1.2 The non-canonical pathway

The alternative or non-canonical pathway (Figure 2.6) is activated by another set of receptors,
including nuclear factor kappa B receptor activator (RANK), B-cell activating factor receptor
(BAFFR), TNFR2, lymphotoxin-p receptor (LTBR), CD40 and Fn14 (Taniguchi and Karin,
2018). The activation of these receptors induces the recruitment and activation of NF-xB
inducing kinase (NIK), which in turn phosphorylates and activates mainly IKK1 (Yu et al.,
2020). The activation of NF-«xB via the non-canonical pathway is therefore independent of the
activity of IKK2 and NEMO (Liu et al., 2017a). The active IKK1 causes the proteasome-
dependent degradation of the RelB inhibitor NF-kB p100, resulting in the activation of the
RelB/p52 complex that translocate and binds to DNA (Sun, 2017). The non-canonical NF-xB

pathway is mainly activated to regulate the adaptive immune system (Hariharan et al., 2021).

In lung, lymphoma, breast, and liver cancer, NF-kB persistence in the nucleus is reported where

it controls the expression of several genes linked with proliferation, invasion, angiogenesis and

18



metastasis of cancer (Fan et al., 2013). Furthermore, NF-xB promotes cell survival via its
transcription regulation of anti-apoptotic genes, including Bcl-2 family members such as Bcl-
2 and Bcl-xL, and inhibitor of apoptosis proteins like Ciapl, Ciap2, XIAP (Luo et al., 2005,
Fan et al., 2013). Also, constitutive activation of NF-kB via both classical and alternative
pathways further upregulates the production of major inflammatory factors, for example, IL-6,
IL-1, IL-8 and TNFa (Fan et al., 2013, Yu et al., 2017). Notably, the NF-kB activity in tumours
requires a constitutively activated STAT3, which is also reported to be upregulated in cancer
(Yoon et al., 2012).

2.4.2 Signal transducer and activator of the transcription (STAT) signalling pathway

The STAT3 protein is a member of the STAT transcription factor family along with STAT1,
STAT2, STAT4, STATS5, STATSB, and STAT6, which are involved in regulating various
cellular signalling processes (Martincuks et al., 2017). Generally, STAT3 is activated mainly
by binding of IL-6 and IL-1p cytokines to gp130 and IL-6 receptors, which activates the Janus
kinase (JAK) (Fan et al., 2013, Lin et al., 2020). Phosphorylated JAK recruits and activates
STATS3 via phosphorylation at Tyr705 (Lin et al., 2020). Dimers of phosphorylated STAT3
translocate to the nucleus to regulate several genes involved in cell proliferation, survival,
invasion and metastasis (Egusquiaguirre et al., 2018), as seen in Figure 2.7. The prolonged
signalling by both the innate and adaptive systems can cause excess free radicals and depletion

of antioxidant molecules, thus causing oxidative stress (Mittal et al., 2013).
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Figure 2.7: Activation of the extrinsic pathway of a STAT3 signalling pathway (prepared by author).

2.5 OXIDATIVE STRESS

Oxidative stress refers to the inequality of free radical and antioxidants molecules in the body
that can lead to cellular damage (Sies, 2015). Free radicals contain an unpaired electron in the
outer orbital; they are therefore highly reactive and can oxidize or reduce other atoms (Adwas
et al., 2019). Reactive oxygen species (ROS) are important free radicals derived from oxygen
that are produced as a by-product of cellular metabolism, while reactive nitrogen species (RNS)
are nitrogen-containing radicals derived from reaction with ROS. Thus, oxidative stress may
be further defined as an imbalance between ROS and RNS, and the diminished ability of the
host’s antioxidant defence system (NavaneethaKrishnan et al., 2019). Cellular antioxidants and
free radical imbalances are strongly associated with cardiovascular diseases, Parkinson's
disease, diabetes, Alzheimer’s disease, arthritis, arteriosclerosis, cataracts, as well as cancers
(Khan et al., 2020).

The ROS molecules are generated from different sources (Figure 2.8) including exposure to
UV light, pollution, cigarette smoking and consumption of processed and unprocessed foods,

to name a few. Examples of ROS include superoxide anion (Oz"), hydrogen peroxide (H20>),
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hypochlorous acid (HOCI), hydroxyl radicals ("OH), hydrogen peroxide, and singlet oxygen
(Adwas et al., 2019). Examples of RNS include nitric oxide (NO) and peroxynitrite CONOO);
‘'ONOO is formed when O’ reacts with NO (Figure 2.9), and is the source of other RNS
(Lushchak, 2014). Free radicals are produced by the cell to act as secondary messengers in
signalling cascades, which are essential for the normal physiological functions of the cell (Sies,
2015). The overproduction of ROS and RNS can cause damage to the biomolecules of the cell
such as proteins, lipids, DNA and carbohydrates, ultimately resulting in the loss of cell integrity
thereby triggering the onset of diseases (Figure 2.8, Figure 2.9) (Jat and Nahar, 2017).
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Figure 2 8: Sources of ROS and inhibition via antioxidant response, thus oxidative stress (Sharifi-Rad
et al., 2020).

Intracellular balance mechanisms are mediated by antioxidants that prevent free radicals from
damaging the cell by removing them (Adwas et al., 2019). Antioxidants are classified into
distinct groups, namely the neutralizing enzymes such glutathione peroxidase (GPx-1),
superoxide dismutase (SOD) and catalase (CAT), and the non-enzymatic antioxidants like
reduced glutathione (GSH), ascorbic acid (Vitamin C), alpha-tocopherol (Vitamin E),
flavonoids and carotenoids (Dumanovi¢ et al., 2021). The free radical, O2" is produced in the
mitochondria through complexes I and 111 of the electron transport chain (Zhao et al., 2019). It
is converted by SOD into H202, which is then reduced to water in a reaction catalysed by GPx-
1, using GSH as a source of electrons (Figure 2.9); GSH is oxidised to glutathione disulphide

(GSSG) in this reaction and is replenished through the action of glutathione reductase
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(Ighodaro and Akinloye, 2018). The H202 may also be converted to water and oxygen by CAT,
or react with transition metals in the Fenton reaction to form the potent "“OH (Figure 2.9)
(Dumanovi¢ et al., 2021). The master transcription factor called the nuclear factor erythroid 2-
(NFE2-) related factor 2 (Nrf2), also regulates oxidative stress by upregulating the expression
of SOD, GSH, CAT, GPx-1, heme oxygenase-1 (HO-1, and peroxiredoxin (PRX) antioxidant
enzymes (Khan et al., 2020).
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Figure 2.9: Detoxification of free radicals from different sources by antioxidant molecule (Redza-
Dutordoir and Averill-Bates, 2016).

It has been reported that oxidative stress contributes to the initiation, promotion and
progression stages of carcinogenesis (Gavet and Pines, 2010, Zahra et al., 2021, Aggarwal et
al., 2019). In the initiation stage, structural alterations and gene mutations are introduced due
to DNA damage caused by ROS (Aggarwal et al., 2019). During the promotion stage, ROS
causes cell-to-cell communication blockage, abnormal gene expression and modification of
second-messenger systems, and cell proliferation is increased while apoptosis is decreased.
Lastly, oxidative stress participates in the progression stage by adding further DNA alterations
to the initiated cell population (Aggarwal et al., 2019). Several studies have noted that
increased ROS production enhances cell survival and proliferation (Arfin et al., 2021,
Aggarwal et al., 2019, Zahra et al., 2021).
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26 CELL CYCLE CHECKPOINTS

The cell cycle is a highly coordinated process that plays a role in maintaining, retaining, and
passing down genetic information from parent cells to daughter cells, in a very organised
manner through DNA replication and cell division (Mens and Ghanbari, 2018). Somatic cells
undergo two main phases during cell division: the interphase and mitotic phase (Otto and
Sicinski, 2017). The interphase of the cell cycle consists of different subdivisions, including
the G1/GO phase, S-phase and G2-phase (Otto and Sicinski, 2017). The cell cycle is regulated
by two groups of proteins: the cyclin-dependent kinases (CDKSs) including CDK2, CDK4 and
CDKG® that are expressed throughout the cycle and the cyclins such as A-, B-, D- and E-type
cyclins which are synthesised and degraded during a specific time of the cycle as seen in Figure
2.10 (Visconti et al., 2016). The binding of specific cyclins activates the CDKs, and their
activity is inhibited by cycle inhibitory proteins called cyclin kinase inhibitors (CKIs) such as
15, p16, p18, pl19, p21, p27 and p57 (Otto and Sicinski, 2017).
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Figure 2.10: Cell cycle phases regulated by different cyclin-CDKs complexes (Mok et al., 2018).

The cell cycle also contains several checkpoints. The role of checkpoints is to regulate the cell
cycle by ensuring that the cell undergoes cell arrest, promoting repair and progression, and
stimulating cell death if cell repair failed (Visconti et al., 2016). Different cell cycle

checkpoints include G1/S and G2/M checkpoints that are regulated by the tumour suppressor
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proteins, retinoblastoma protein (pRb) and p53 (Figure 2.11) respectively (Visconti et al., 2016,
Liu et al., 2019).
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Figure 2.11: Different types of cell cycle regulatory proteins (Subramanian et al., 2013).

The tumour suppressor p53 protein, essential for regulating the cell cycle, is known to prevent
several diseases including cancer (Ebata et al., 2016). The p53 protein was discovered in 1979
and has been recognised as the most critical tumour suppressor, which is referred to as an all-
powerful guardian of the cell (Liu et al., 2019). The p53 transcription factor is encoded by the
TP53 gene, which is mutated in more than 50% of human cancers (Ebata et al., 2016).
Activation of p53 is stimulated exogenously by ROS such as O, H.O, and "OH that causes
damage to proteins, lipids and DNA (Shi et al., 2021). Activated p53 regulates stress signals
such as telomere erosion, oncogene activation, hypoxia, and ribosomal stress. It also controls
several cellular processes like apoptosis, cycle arrest, DNA repair, autophagy, ferroptosis or

senescence to ensure cell survival or limit the malignant transformation of the cell (Liu et al.,
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2019). In the cell cycle, p53 is activated in the G1 checkpoint in response to DNA damage
(Figure 2.11) (Otto and Sicinski, 2017). Activated p53 initiates cell cycle arrest to facilitate
DNA repair and survival by inducing the expression of the CDK inhibitor, p21CIP1, leading
to inhibition of cyclin E-CDK2 complexes. The activity of p53 is negatively regulated by
Mouse double minute 2 homolog (MDMZ2) protein, which maintains its stability by acting as
an E3 ligase to ubiquitinate p53, thus degrading and inactivating it (Figure 2.11) (Hou et al.,
2019). However, when DNA damage occurs, the AFR tumour suppressor, also known as p14
in humans, is induced to negatively regulate MDM2 by sequestering it, therefore increasing
the levels of p53 as seen in Figure 2.11 (Subramanian et al., 2013). When the DNA repair
mechanism fails, p53 triggers the cell to undergo cell death (Pfeffer and Singh, 2018).

2.7 CELL DEATH

Cells can die in various ways including autophagic cell death (ACD), necrosis and apoptosis
(Figure 2.12) (Galluzzi et al., 2018). Cell death by ACD occurs when the cytoplasmic
organelles such as mitochondria or the endoplasmic reticulum are sequestrated into
autophagosomes that fuse with the lysosome to form autolysosome (Green and Llambi, 2015).
Cell death by autophagy is usually triggered by low ATP levels, nutrients and damaged
organelles. Therefore, it is the way of cell survival under metabolic crisis (Green and Llambi,
2015). Necrosis is the type of cell death induced by cellular stressors such as irradiation, oxygen
deprivation (hypoxia), ischemia (restricted blood supply), cytokines, pathogens, heat and
toxins (Galluzzi et al., 2018). Necrosis results in a loss of energy, swelling of the cell and
damage to the plasma membrane. As a result, the components of the cytosol leak into the
extracellular space, where they can cause inflammation, ultimately damaging surrounding

tissue (Choi et al., 2019). Apoptosis is the programmed form of cell death.
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Figure 2.12: Different types of cell death namely apoptosis, autophagy and necrosis (Mizushima and
Komatsu, 2011).

2.7.1 Apoptosis

Apoptosis is a form of cell death, also known as programmed cell death, characterised by a
reduction in cell volume (pyknosis), fragmentation of the cell nucleus (karyorrhexis),
chromatin condensation and distension of the plasma membrane, as well as the formation of
intact small vesicles called apoptotic bodies (Kroemer et al., 2009, Pfeffer and Singh, 2018).
The term “apoptosis” was conceived by Kerr, Wyllie and Currie in 1972 to relate to this type
of cell death with the “dropping off” leaves from trees in autumn (Kerr et al., 1972). The
process of apoptosis is initiated by both internal and external factors that lead to the activation
of cysteine proteases proteins called caspases (Pfeffer and Singh, 2018). After that, the
activated caspases cause the cleavage of crucial cellular protein, degradation of nuclear scaffold
and cytoskeleton, and activate DNase that degrades nuclear DNA (Green and Llambi, 2015).
There are two pathways of apoptosis, the intrinsic (mitochondrial) and extrinsic (receptor-
dependent) pathways (Pfeffer and Singh, 2018).

2.7.1.1 Extrinsic pathway

The extrinsic signalling pathway (Figure 2.13) is triggered by extracellular signals such as
tumour necrosis factor (TNF), Fas ligand (Fas-L), and TNF-related apoptosis-inducing ligand

(TRAIL), which bind to tumour necrosis factor (TNF) gene superfamily receptors to induce
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apoptosis (Zaman et al., 2014). The binding of the signalling factors causes the recruitment of
the adapter protein in the cytoplasm, such as the Fas-associated death domain (FADD) and the
TNF receptor-associated death domain (TRADD), which have corresponding death domains
to bind to the receptors (Pfeffer and Singh, 2018). The adaptor protein is then activated and
associated with pro-caspase-8 and -10, forming a death-inducing signalling complex (DISC)
in which pro-caspase-8 and 10 are activated to form caspase-8 and -10 (Green and Llambi,
2015). Activated initiator caspase-8 subsequently activates executor caspase-3/-7 (Figure 2.13)
(Pfeffer and Singh, 2018). Activated caspase-8 also contributes to the intrinsic pathway by
stimulating the cleavage of BID to tBid, which causes mitochondrial outer membrane
permeabilization (MOMP) through the activation of Bax and Bak (Huang et al., 2016).

2.7.1.2 Intrinsic pathway

The intrinsic mechanism of apoptosis (Figure 2.13) relies on the mitochondria and associated
proteins. This process is triggered by internal stimuli such as free radicals, hyperthermia,
toxins, viral infections, hypoxia and radiation that causes upregulated expression of oncogenes
or damaged DNA in cells (Green and Llambi, 2015). The intrinsic pathway is regulated by the
B-cell lymphoma protein 2 (Bcl-2) family proteins, both pro-apoptotic and anti-apoptotic
members (Pfeffer and Singh, 2018). The pro-apoptotic Bcl-2 such as Bak and Bax are
sequestered by anti-apoptotic proteins like Bcl-2, BclXy, Bcl-W and Bcl-B, preventing them
from inducing apoptosis (Goldar et al., 2015). Pro-apoptotic proteins will be activated when
p53-mediated repair of damaged DNA fails; in this event, p53 will cause the transcription of
BH3-only Bcl-2 family proteins, Puma and Noxa (Pfeffer and Singh, 2018). Both Puma and
Noxa bind and inhibit anti-apoptotic Bcl-2 proteins, thus releasing Bax and Bak. Homo- or
heterodimerisation of Bax and Bak, and their insertion into the outer mitochondrial membrane
induces MOMP (Pfeffer and Singh, 2018).

The induction of MOMP facilitates the release of cytochrome c, second mitochondria-derived
activator of caspase/direct inhibitor of apoptosis-binding protein with low pl (Smac/DIABLO),
serine protease HtrA2/Omi, apoptosis inducing factor (AlF) and endonuclease G and from the
mitochondrial intermembrane space (Green and Llambi, 2015). The release of cytochrome c
recruits apoptotic protease-activating factor-1 (Apaf-1), dATP and procaspase- 9, forming an
apoptosome in which pro-caspase-9 is activated to caspase-9 (Lopez and Tait, 2015). The

activated caspase-9 activates the executor caspase-3/7 (Pfeffer and Singh, 2018). Apoptosis
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induced by Smac/DIABLO and Omi disrupts the activity of inhibitors of apoptosis protein
(IAP), while AIF and endonuclease G play arole is the condensation of chromatin, thus causing
DNA fragmentation (Kalkavan and Green, 2018).

[ Intrinsic pathway ] [ Extrinsic pathway ]

@ Ligand (e.g. TRAIL)

Q) Death receptor (e.g. DR5)

Intracellular stress
(e.g. oxidative stress, ischemia)

06\ D(’ Caspase 8

(@) Procaspase 3

)
—> — ﬁ Caspase 3

C -
_ caspase 9 ﬂ
Apoptosome

Figure 2.13: The extrinsic and extrinsic pathways of apoptosis (Loreto et al., 2014).

Caspase 3/7 triggers the morphological changes associated with apoptosis. A cell that has
undergone apoptosis is indicated by the flipping of the phosphatidylserine from the cytoplasmic
side or in the inner plasma membrane to the exterior of the membrane bilayer (Kupcho et al.,
2019).
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CHAPTER 3: MATERIALS AND METHODS

3.1 MATERIALS

The Hek293 and Caco2 cells were acquired from Highveld Biological (Johannesburg, South
Africa (SA)). Hexacyclen was purchased from Sigma Aldrich (Johannesburg, SA). Cell culture
reagents and plasticware were obtained from Whitehead Scientific (Johannesburg, SA). The
western blot reagents were purchased from Bio-Rad (Hercules, CA, USA), whilst all of the
antibodies and Promega products were purchased from Cell Signalling Technology (CST)
(Anatech (Johannesburg, SA). Unless stated otherwise, all other reagents were purchased from

Merck (Darmstadt, Germany).

3.2 CELL CULTURE

The Hek293 and Caco2 cells were cultured (37°C, 5% CO,) in 25¢cm? flasks and reconstituted
in a complete culture medium (CCM) containing Dulbecco’s Modified Eagle Medium
(DMED), supplemented with 10% foetal calf serum, 1% L-glutamine and 1% penicillin-
streptomycin-fungizone. Cell growth was consistently monitored and CCM was changed when
needed. The Caco?2 cells were washed with 0.1 molar (M) phosphate-buffered saline (PBS).
The Caco2 cells were trypsinised with 1ml trypsin at approximately 80% confluent, while
Hek293 cells were detached by moderate agitation. Cells were counted using the trypan blue

exclusion method.

3.3 PREPARATION OF THE TREATMENT

A stock solution of Hexacylen [3870 micromolar (uM)] was prepared by dissolving 5mg in
5ml of CCM. The treatment medium was diluted with CCM to obtain the treatment

concentrations used in this study.

34 3-(4,5-DIMETHYLTHIAZOL-2-YL)-2,5-DIPHENYLTETRAZOLIUM
BROMIDE (MTT) ASSAY

3.4.1 Principle

The colorimeter MTT assay was performed to determine cell viability and cytotoxicity. The

principle of this assay is based on the reduction of a yellow water-soluble MTT salt to produce

a purple formazan product (Bahuguna et al., 2017) (Figure 3.1). This metabolic activity is due
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to NAD(P)H-dependent mitochondrial dehydrogenase enzymes that reduce NAD(P)H to
NAD*/NADP* in viable cells. The formazan produced is solubilised with an organic solvent
like dimethyl sulfoxide (DMSQ). The intensity of formazan colour, quantified by measuring
the optical density using a plate reader at a wavelength of 570 nanometres (nm) and 690nm, is
directly proportional to the number of viable cells hence illustrating cell viability (Bahuguna
etal., 2017).
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Figure 3.1: The reaction showing the reduction of MTT to formazan crystals [Adapted from
(Kamiloglu et al., 2020)].

3.4.2 Protocol

The MTT assay was conducted to determine the cytotoxicity and half-maximal inhibitory
concentration (ICso) of Hexacyclen in Hek293 and Caco? cells. The suspension of Hek293 and
Caco? cells were seeded into a 96-well microtiter plate at a concentration of 15,000 cells/well
(200pl/well) in triplicate, and cells were allowed to attach overnight (37°C, 5% CO,). Cells
were then treated with different concentrations of Hexacyclen [Hek293 (0-500uM) and Caco2
(0-50uM)] and incubated for 48 hours (37°C, 5% CO,). After incubation, sample treatments
were removed and replaced with 20ul of 5mg/ml MTT salt solution (in 0.1M PBS) and 100pl
of CCM, then incubated for 4 hours (37°C, 5% CO>). The MTT salt solution was discarded
after incubation and 100pl of DMSO was added to each well and incubated for 1 hour to
solubilise formazan crystals (37°C, 5% CO). The absorbance was measured using a
SPECTROstar® Nano microplate reader (BMG LABTECH, Ortenberg, Germany) at 570nm
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with a reference wavelength of 690nm. Cell viability percentage, relative to the control was

calculated using the absorbance values:

average absorbance of treated cells

x 100

% cell viability =

average absorbance o f control cells

GraphPad Prism v5.0 software (GraphPad Software Inc., La Jolla, California, USA) was used
to construct a concentration-response curve to determine the concentration of Hexacyclen that
produced half of the maximum inhibition (ICso); the concentration that produced 20%
inhibition (IC20) was extrapolated from the curve. The ICso and 1C2 [Hek293 (138 and 6 pM),
and Caco2 (5 and 1.2 uM)] were used to treat cells in subsequent assays (48 hours, 37°C, 5%
CO»), while untreated cells were immersed in only CCM to serve as the control. The treatment
medium was retained to quantify lactate dehydrogenase (LDH), malondialdehyde (MDA) and
nitrites/nitrates concentration. The treated cells were washed 3x 0.1M PBS, then trypsinised

and counted for luminometry and protein isolation.

3.5 ATP QUANTIFICATION ASSAY

3.5.1 Principle

Intracellular adenosine triphosphate (ATP) is required by metabolic active cells for life, as
functional energy. It is produced via the electron transport chain (ETC) during oxidative
phosphorylation and at the substrate level by tricarboxylic acid cycle (TCA) or the Krebs cycle
(Zhao et al., 2019). The ATP assay was used as a viable cell biomarker because when a cell is
damaged, it loses membrane integrity and the ability to synthesize ATP. The ATPases quickly
deplete the stores of ATP in the cytoplasm (Kamiloglu et al., 2020). The ATP detection reagent
contains a detergent to lyse the cells, ATPase inhibitors to stabilize the ATP released from the
lysed cells, luciferin as a substrate and the stable form of luciferase enzyme to catalyse the
reaction that generates photons of light (Figure 3.2) (Sanna et al., 2018). The luminescent
signal produced is directly proportional to the concentration of ATP present in the cell
(Kamiloglu et al., 2020).
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Figure 3.2: The schematic representation of ATP assay principle in the reaction catalysed by

luciferase enzyme (Kamiloglu et al., 2020).

3.5.2 Protocol

Intracellular ATP levels were quantified using the Promega CellTiter-Glo® assay (#G7570,
Anatech, Johannesburg, South Africa). The reagents were prepared according to the
manufacturer’s instructions. Cell suspension of Hek293 and Caco?2 cells were seeded into a
white opaque 96-well luminometer plate at a concentration of 20,000 cells/well (200ul/well)
in triplicate and incubated overnight (37°C, 5% CO.). After incubation, the cell culture medium
was removed and cells were treated with the respective concentration of Hexacyclen treatment
solution (control, I1Czo, ICso; 200uL), then incubated for 48 hours (37°C, 5% CO,). Thereafter,
sample treatment was removed and 50ul of 0.1M PBS and 25pul of the ATP reagent was added
to each well. Incubation in dark for 30 minutes at room temperature (RT) allowed the luciferin-
luciferase reaction to occur, thus producing a luminescent signal proportional to the levels of
intracellular ATP. Luminescence was quantified using the Modulus™ microplate luminometer

(Winooski, USA) and the data generated was expressed as relative light units (RLU).

3.6 JC-10 MITOCHONDRIAL MEMBRANE POTENTIAL ASSAY

3.6.1 Principle

The mitochondrial membrane potential (A¥YM) was used as an indicator for the function of the
mitochondria. The mitochondrion is referred to as a powerhouse of the cells where cellular
energy in the form of ATP is produced through the electron transport chain (Sakamuru et al.,

2016). Therefore, the AYM is used as an indicator of healthy functioning cells. The AYM assay
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is based on the cationic, lipophilic JC-10/JC-1 dye, which concentrates in the mitochondrial
matrix in cells with a polarized mitochondrial membrane, forming red fluorescent aggregates
that can be detected at 540/590nm (Sivandzade et al., 2019). However, in necrotic and
apoptotic cells the A¥M collapse causes JC-10/JC-1 to diffuse out of mitochondria and return
to its monomeric form that fluoresces green; monomers are detected at 490/525nm (Figure

3.3). The ratio of the red/green fluorescence intensity indicates AYM.
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Figure 3.3: Schematic representation of the principle of JC-10 mitochondrial membrane potential

assay (Sivandzade et al., 2019).

3.6.2 Protocol

The AWM, a key indicator of appropriate mitochondria functioning, was quantified using JC-
10 dye (MAK159, Sigma, Johannesburg, South Africa). The cell suspensions of Hek293 and
Caco?2 cells were seeded into a white opaque 96-well luminometer plate (20,000 cells/well
(200pl/well) in triplicate and incubated overnight (37°C, 5% CO3). After incubation, the
medium was removed and cells were treated with the respective concentrations of Hexacyclen
treatment solution (control, 1C2, ICs0; 200uL/well), then incubated for 48 hours (37°C, 5%
COy). Afterwards, sample treatments were removed and 50l of 0.1M PBS was added to each
well. In addition, 25ul of JC-10 reagent was prepared according to the manufacturer’s
guidelines and subsequently added to each well. The plate was incubated in the dark for 30

minutes at RT, then fluorescence was measured at 540/590nm and 490/525nm respectively,
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using a Modulus™ microplate luminometer (Turner Bio-systems, Sunnyvale, California,
USA). The data was obtained as relative fluorescence units (RFU) and was expressed as

red/green fluorescence intensity.

3.7 THIOBARBITURIC ACID REACTIVE SUBSTANCES (TBARS) ASSAY

3.7.1 Principle

The TBARS assay was used as an indicator of oxidative stress by measuring the lipid
peroxidation end-product malondialdehyde (MDA) (Ghani et al., 2017). Lipid peroxidation is
the attack of lipids containing carbon-carbon double bond(s), especially polyunsaturated fatty
acids, by free radicals thereby removing hydrogen to form a lipid radical in the initiation stage.
Subsequent reaction of a lipid radical with oxygen during the progression stage produces a
peroxyl radical, which abstracts a hydrogen from another lipid molecule generating a new lipid
radical that continues the chain reaction and a lipid hydroperoxide. The reaction is terminated
by antioxidants that donate their electrons to the lipid radicals resulting in the formation of non-
radical molecules. Malondialdehyde (MDA) is produced as a by-product of lipid peroxidation
and is used as an indirect marker of oxidative stress (Alché, 2019). The MDA reacts with
thiobarbituric acid-butylated hydroxytoluene (TBA-BHT) in the presence of heat and acid to
produce a coloured MDA-2TBA end-product that absorbs light at 530-540 nm (Figure 3.4),
BHT prevents the oxidation of lipids during the reaction (Labudda, 2013). The intensity of the
colour at 532 nm corresponds to the level of lipid peroxidation in the sample (Ghani et al.,
2017).

ci +2Y \I/ Y+2H20
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Figure 3.4: The reaction of malondialdehyde (MDA) with two molecules of thiobarbituric acid
(TBA) to form an MDA-TBA adduct (Labudda, 2013).
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3.7.2 Protocol

Five labelled test tubes for each cell line (Hek293 and Caco2) were prepared (control, 1Cxo,
ICso, positive and negative controls). The treated and untreated supernatant samples (200pl),
as well as positive (199ul of CCM and 1ul of MDA) and negative (200pl of CCM) controls
were added to their respective labelled test tubes, followed by the addition of 200ul of 7%
phosphoric acid (HsPOa) to each sample. Thereafter, 400pl of TBA/BHT solution was added
into each tube containing the sample except the negative control test tube; 3mM HCI (200ul)
was added to the negative control, which served as the blank. All tubes were briefly vortexed
and the pH was acidified in all test tubes by adding 200ul of 1M HCI. All test tubes were boiled
at 100°C for 15 minutes in a hot water bath. Afterwards, test tubes were removed and allowed
to cool to RT. Butanol (1500ul) was added to each tube and vortexed for 30 seconds. Samples
were placed aside to allow the separation of the mixture into two distinct layers. Then, 500pl
of the upper butanol layer was pipetted into a microcentrifuge tube. Samples (100ul) were
pipetted into a 96-well plate, in triplicate. The absorbance was measured using a
SPECTROstar® Nano microplate reader (BMG LABTECH, Ortenberg, Germany) at 532nm
with a reference wavelength of 600nm. The absorbance readings were used to calculate MDA
levels by dividing the absorbance with the absorption coefficient [156 millimolar (mM™)] to

generate the mean MDA concentration (uWM).

sample absorbance
156mM~—1

[MDA] = x1000

3.8 NITRIC OXIDE SYNTHASE (NOS) ASSAY

3.8.1 Principle

The NOS assay was used to determine nitric oxide concentrations based on the enzymatic
conversion of nitrate to nitrite by nitrate reductase (Antoniou et al., 2018). The reaction is
facilitated by vanadium chloride (VClz), followed by colorimetric detection of nitrite as an azo
dye product of the Griess reaction, which is based on the two-step diazotization reaction. In
this reaction, acidified NO- produces a nitrosating agent that reacts with sulfanilic acid to
produce the diazonium ion (Figure 3.5). This ion is then coupled to N-(1-naphthyl)
ethylenediamine (NEDD) to form the chromophoric azo-derivative, which absorbs light at 540-
570 nm (B6hmer et al., 2014).
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Figure 3.4: The principle of nitric oxide synthase assay based on Griess Reaction (Antoniou et al.,
2018).

3.8.2 Protocol

Sodium nitrate standards (0-200uM) were prepared and 50ul of each concentration was
aliquoted into a 96-well microtiter plate in triplicate. The treated and untreated supernatant
samples (50pl) of each cell line were also added into separate wells of the 96-well plate in
triplicate. Thereafter, 50ul VCls, 25ul SULF and 50ul of NEDD were added sequentially to
each well and the plate was incubated in the dark for 45 minutes (37°C, 5% CO,). After
incubation, the absorbance was measured using a SPECTROstar® Nano microplate reader
(BMG LABTECH, Ortenberg, Germany) at 540nm with a reference wavelength of 690nm.
The average absorbances of sodium nitrate were used to prepare a standard curve, and the
extrapolated equation was used to determine the nitrate and nitrite concentrations (uM) of

treated and untreated samples.

3.9 GLUTATHIONE ASSAY

3.9.1 Principle
Reduced glutathione (GSH) is an important intracellular antioxidant that serves as a co-factor

for glutathione peroxidase and glutathione-S-transferase (GST). The quantity of GSH thus

36



provides an indication of oxidative stress in cells (Matuz-Mares et al., 2021). The GSH assay
(Figure 3.6) relies on the conversion of a luciferin derivative into luciferin in a reaction
catalysed by GST in the presence of GSH. A luciferin detection reagent couples the reaction
with luciferase and ATP producing a luminescent signal that is proportional to the amount of
GSH (Salbitani et al., 2017).
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Figure 3.5: The schematic representation of glutathione (GSH) assay principle (Li et al., 2013).

3.9.2 Protocol

Intracellular GSH levels were quantified using the GSH-Glo™ assay (Cat. #V6911/2). The
Hek293 and Caco?2 cells were seeded into a white opaque 96-well luminometer plate (20,000
cells/well cells, 200ul/well), in triplicate and incubated overnight (37°C, 5% CO,). After
incubation, the medium was removed and cells were treated with respective Hexacyclen
concentrations (control, 1Cz, ICso. 200pul), then incubated for 48 hours (37°C, 5% CO).
Thereafter, treatment medium was removed and 50ul of 0.1M PBS was added to each well.
Afterwards, GSH-Glo™ reagent was prepared according to the manufacturer’s guidelines and
25ul added to each well. The plate was incubated in dark for 30 minutes at RT, then the
luminometric detection reagent (12.5ul) was added. After 15 minutes, luminescence was
measured using a Modulus™ microplate luminometer (Turner Bio-Systems, Sunnyvale,

California, USA). The obtained data was expressed as mean RLU.
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3.10 ANNEXIN V ASSAY

3.10.1 Principle

The Annexin V assay allows for differentiation between apoptotic and necrotic cells. Viable
cells consist of an asymmetrical plasma membrane, which is lost during apoptosis.
Phosphatidylserine is an integral component of the plasma membrane that is used as a
biomarker to detect early apoptosis since it flips from the inside surface to the exterior (Kupcho
et al., 2019). The apoptotic cells are detected by labelled Annexin V, which binds specifically
to exposed charged head groups of phosphatidylserine through a Ca?* dependent process
(Figure 3.7) and emits a luminescent signal that is proportional to phosphatidylserine exposure
(Demchenko, 2012). Propidium iodide or an analogous fluorescent DNA-binding probe is used
in conjunction with labelled Annexin V. Propidium iodide is a vital dye that will only enter
cells due to loss of membrane integrity and is thus a marker of necrosis; necrotic cells are
permeable while viable/apoptotic cells are not permeable (Crowley et al., 2016).
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Figure 3.6: Schematic representation of changes in the plasma membrane during early events of

apoptosis (prepared by author).

3.10.2 Protocol

The presence of apoptosis was detected using the Annexin V apoptosis and necrosis assay. The
Hek293 and Caco?2 cell suspensions were seeded into a white opaque 96-well luminometer
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plate at a concentration of 20,000 cells/well (200ul/well) in triplicate and incubated overnight
(37°C, 5% COy). After removing the culture medium, 200pl of Hexacyclen treatments solution
was added to the respective wells (control, 1Czo, ICs0). The plate was incubated for 48 hours
(37°C, 5% COy), then the treatment medium was replaced with 50ul of 0.1M PBS. The
RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay reagent (Cat. #JA1011) was
prepared according to the manufacturer’s guidelines and 25ul was added to the sample wells.
After 30 minutes incubation (dark, RT), the luminescent and fluorescent signal was detected
using the Modulus™ microplate luminometer (Turner Bio-systems, Sunnyvale, California,

USA) and the results were expressed as mean RLU and RFU respectively.

3.11 LDH ASSAY

3.11.1 Principle

The LDH assay was used to determine levels of damage to the cell membrane. The LDH is a
stable cytoplasmic enzyme that is released when cells undergo cellular damage due to the loss
of membrane integrity (Kamiloglu et al., 2020). This assay is driven by the LDH enzyme,
which catalyses the conversion of lactate to pyruvate, while oxidizing reduced nicotinamide
adenine dinucleotide (NADH) to produce NAD™ as seen in Figure 3.8 (Forest et al., 2015). In
this reaction, NADH reduces the yellow tetrazolium (iodonitrotetrazolium or 2-(4-iodophenyl)
-3-(4-nitrophenyl) -5-phenyl-2H-tetrazolium, INT) salt into a water-soluble red formazan dye.
Formazan is measured at 490/600nm and is directly proportional to the level of damage present

within a given sample (Kamiloglu et al., 2020).

Lactate INT

f“ NAD+
: -4 Al | | Diaphorase
LDH ‘ ‘ NADH w

Pyruvate

LDH

Figure 3.7: The Schematic representation of the principle of the LDH assay catalysed by lactate

dehydrogenase converting lactate to pyruvate (Forest et al., 2015).
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3.11.2 Protocol

The levels of damage to the cell membrane were determined by measuring the extracellular
LDH levels using a Cytotoxicity Detection Kit (#0474926001, Roche, Mannheim, Germany).
The treated and untreated supernatant samples (50ul) of each cell line (Hek293 and Caco?2)
were added into a 96-well microtiter plate, in triplicate. The substrate mixture (25ul)
comprising of dye solution (INT/sodium lactate) and catalyst (diaphorase/NADp) was added
into each well with the sample and the plate was incubated (in the dark, RT, 30 minutes). Stop
solution (12.5ul/well) was added into all wells containing samples and the absorbance was
measured at 490nm with a reference wavelength of 600nm, using a SPECTROstar® Nano
microplate reader (BMG LABTECH, Ortenberg, Germany). The results obtained were
represented as mean optical density (OD).

3.12 CASPASE ACTIVATION

3.12.1 Principle

The activity of caspases 8, -9 and -3/7 was assessed using the Promega caspase-glo® assay.
Caspases are a family of cysteine proteases that play an important role during apoptosis to
proteolytically disassemble most cellular structures such as the cytoskeleton and cell junctions
(Pfeffer and Singh, 2018). The caspase activity assays contain cell lysis and an aminoluciferin-
DEVD substrate that is cleaved by the respective caspase to release aminoluciferin. The
released animoluciferin reacts with luciferase in the presence of ATP, magnesium ions (Mg?*)
and O> to generate light that is quantified by the luminometer (Scabini et al., 2011) (Figure

3.9). The amount of light produced is proportional to the active caspases in the sample.
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Figure 3.8: An example of the principle of caspase activity assay catalysed by caspases (Li et al.,
2013).
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3.12.1 Protocol

The activity of caspases 8, -9 and -3/7 were assessed using Promega caspase-Glo® assays. The
Hek293 and Caco?2 cell suspensions were seeded into a white opaque 96-well luminometer
plate at a concentration of 20,000 cells/well (200ul/well) in triplicate and incubate overnight
(37°C, 5% COy). Following incubation, 200pl of Hexacyclen treatment solution was added
after removing the culture medium (control, ICzo, ICsp), then incubated for 48 hours (37°C, 5%
CO:y,). Thereafter, sample treatment medium was removed and 50! of 0.1M PBS was added to
each well. The Caspase-Glo®-3/7, -8 and -9 reagents [#G8090, #G8200 and #G8210
respectively, Promega (Madison, Wisconsin, USA)] were prepared according to the
manufacturer’s instructions, and the caspase reagent (25ul) was added into the relevant
treatment wells. The plate was then incubated (dark, 30 minutes, RT). Luminescence was
detected using the Modulus™ microplate luminometer (Winooski, USA) and the data obtained

was expressed as mean RLU.

3.13 WESTERN BLOTTING

3.13.1 Principle

The western blotting assay was used for the detection and characterization of proteins. Firstly,
proteins of interest are extracted from a homogenous sample, then quantified and standardised
(Mohammad, 2016). The proteins are separated according to their molecular size in a
polyacrylamide gel applying an electrophoretic current. The separated proteins are transferred
to a high-affinity membrane. Subsequently, membranes are blocked to reduce non-specific
binding, and precise proteins are detected using primary antibodies. Secondary antibodies are
linked to a label that can be detected with a chemiluminescent substrate to develop a signal,
which is theoretically proportional to the degree of antigen/antibody binding (Figure 3.10).
Finally, the resultant bands are analysed by applying densitometry software (Bass et al.,
2017).

41



1- Preparation of 2. Resolve proteln samples 3- Electrophoretically transfer

: fractionated proteins from gel
protein samples on SDS-PAGE gel. Sats membians
‘. "'#‘13:,-..
: e
SEERERANEN : * "
) 3 - Joeron
_ .. z
' F 4- Block the membrane
v Tramsfer Samdwich g
with neatral protein
(BSA or milk casein).
7- Incubate the blot with 6- Incubate the membrane §- Incubate the membrane
chemiluminescent HRP- with HRP-labelled antibody with primary antibody )
substrate and expose to film. specific to prey protein. specific to desirable
protein.
w
A0 .-
00 .-
2 -
2 -
2 .

Figure 3.9: Western blotting procedure (Mohammad, 2016).

3.13.2 Protocol

Western blotting was used to detect and quantify the expression of proteins in a homogenous
sample. Following treatment, the crude protein was isolated from treated and untreated cells
using Cytobuster™ reagent (Novagen, San Diego, CA, USA) supplemented with protease and
phosphatase inhibitor [(Roche (Germany), 05892791001 and 04906837001 respectively]. The
cytobuster reagent (400ul) was added to the treated and untreated flasks, which were then
placed on ice for 15 minutes and scraped. The cell lysate was collected into a microcentrifuge
tube and placed on ice for a further 10 minutes, then centrifuged at 10,000xg, 4°C for 5 minutes.
The supernatants containing the crude protein were removed and subsequently quantified using

the bicinchoninic acid (BCA) assay.

Using a 96-well microtiter plate, 25ul of the crude protein and bovine serum albumin (BSA)
standards (0, 0.2, 0.4, 0.6, 0.8 and 1mg/ml) were added, in triplicate. The BCA solution (4ul
CuSO4 and 198ul BCA) was prepared and 200ul was added to each of the sample and standard
wells. The plate was then incubated at 37°C for 30 minutes and absorbance was measured at
562nm using a SPECTROstar® Nano microplate reader (BMG LABTECH, Ortenberg,

Germany). A standard curve was constructed using the mean absorbances of the standards and
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the protein concentration of each sample was calculated using the extrapolated equation. The
protein samples were standardised to 1mg/ml, and Laemmli buffer [de-ionised water (dH20),
0.5M Tris-HCI (pH 6.8), glycerol, 10% of sodium dodecyl sulfate (SDS), 3-mercaptoethanol,
1% bromophenol blue] was added to each sample in a 1:4 ratio. The samples were then boiled

at 100°C for 5 minutes, placed at RT to cool down and stored at -80°C until use.

The standardised samples (25ul) were loaded into prepared polyacrylamide gels. The gels
comprised a lower 10% resolving gel layer and an upper 4% stacking gel layer [10% resolving
gel: dH20, 1.5M Tris-HCI (pH 8.8), 10% (w/v) SDS, 30% Acrylamide/Bis, 10% ammonium
persulfate (APS) and tetramethyl ethylenediamine (TEMED) and 4% stacking gel: dH20, 0.5M
Tris-HCI (pH 6.8), 10% (w/v) SDS, 30% Acrylamide/bis, 10% APS and TEMED]. The gels
were submerged in 1x running (electrode) buffer [dH.O, Tris, glycine, pH 8.3, 4°C) and

subjected to an electric field for 90 minutes at 150V using a Bio-Rad compact power supply.

Once the electrophoresis was completed, the gels were placed into a cold transfer buffer (dH-O,
Tris, glycine, methanol, pH 8.3) for 10 minutes. Then, proteins were electro-transferred onto a
nitrocellulose membrane using the Transblot®Turbo™ Transfer system (Bio-Rad, California,
USA). The transfer method involves assembling of the sandwich using the electrophoresed
polyacrylamide gel, nitrocellulose membrane and fibre pads in a cassette, removal of air
bubbles, submerged in transfer buffer, drainage of excess buffer and applying external electric
current (25V, 2.5mA, 30 minutes). Following transfer, the nitrocellulose membranes were
blocked for 2 hours at RT with 2% BSA in Tris-buffered saline [TTBS; 150mM sodium
chloride (NacCl), potassium chloride (KCI), 25mM Tris; pH7.5) containing 0.05% Tween20].
Blocking solution was then removed and the membrane was probed for 1 hour on the shaker
(RT) with primary antibodies [SOD2 (13141), GPx1 (3286), iINOS (13120), CAT (12980), p-
p53 (48818), Bcl-2 (15071), Bax (5023), HSP70 (46477), PARP1 (9542), cPARP1 (9541), NF-
kB p65 (8242), STAT3 (4904), and pSTAT3 (9145)] at 1:1000 dilution in 2% BSA/TTBS.
The membranes were then incubated overnight at 4°C, to allow the binding of the primary

antibody to the specific targeted protein.

The next day, the membranes were equilibrated to RT for 1 hour, and primary antibodies were
then removed and washed five times with TTBS (10 minutes per wash). Following the wash,
membranes were incubated with 5ml of secondary antibody conjugated to horse-radish
peroxidase (HRP) [anti-rabbit IgG, 7074 (SOD2, catalase, iNOS, GPx1, Bax, PARP1,
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CPARP1, NF-kB p65, STAT3, and pSTAT3) or anti-mouse 1gG, 7076 (p-p53, Bcl-2, HSP70)]
in a 1:2500 dilution in 2% BSA/TTBS for 2 hours on the shaker (RT) and incubated overnight
at 4°C. The secondary antibody was removed and the membranes were rinsed five times with
TTBS (10 minutes per wash). Images of the nitrocellulose membranes were viewed using the
Clarity Western ECL Substrate (catalogue no. 1705061, Bio-Rad) and captured using the
Chemidoc™ Imaging System and Bio-Rad imaging system (Bio-Rad, California, USA).

Membranes were then quenched using 5% hydrogen peroxide (H202) (37°C, 30 minutes),
rinsed twice with TTBS and blocked in 2% BSA in TTBS (1 hour) before being probed for
beta (B)-actin (AObD12141, Sigma) (1 hour, RT), a house-keeping protein that is used to
normalise protein expression. The nitrocellulose membranes were washed three times with
TTBS (10 minutes per wash) and viewed. Images were captured using the Chemidoc™
Imaging System and Bio-Rad imaging system (Bio-Rad, California, USA) and were analysed
by measuring the band intensity of each protein and the bands were normalised against B-actin.

Data was presented as mean relative band density (RBD).

3.14 DATA ANALYSIS

All statistical analyses were carried out using GraphPad Prism V5 (GraphPad Software Inc.,
La Jolla, USA). For all experiments three replicates were used, and experiments were repeated
to ensure reproducibility. Data was expressed as mean + standard deviation. One-way analysis
of variance with a Tukey’s post-test and an unpaired students t-test with Welch’s correction
was used to determine statistically significant differences (p < 0.05) between the treatments

and the control.
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CHAPTER 4 : RESULTS

41 CELL VIABILITY AND METABOLIC ACTIVITY

4.1.1 Cytotoxic response

The toxicity of Hexacyclen was measured in Hek293 and Caco2 cells using the MTT assay
(Figure 4.1). The dose-response curve revealed a decrease in cell viability with increasing
Hexacyclen concentration (0-500uM) in Hek293 cells (Figure 4.1A). Similarly, cell viability
decreased in Caco?2 cells for Hexacyclen treatments (0-50uM, Figure 4.1B). The inhibitory
concentrations that resulted in 50% and 20% (ICso and 1C2o) cell death was 138uM and 6uM
respectively for Hek293 cells, and 5uM and 1.2uM in Caco? cells, respectively. The recorded

ICs0 and 1C20 concentrations were used in all subsequent assays.
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Figure 4.1: A dose-dependent curve showing a decline in cell viability in Hek293 (A) and Caco2 (B)

cells after 48 hours of treatment with a varying concentration range of Hexacyclen.

4.1.2 ATP production

The luminometric CellTiter-Glo® quantified intracellular concentrations of ATP in Hek293
and Caco?2 cells. The ATP levels in Hek293 cells (Figure 4.2A) were decreased to 0.66-fold
and 0.50-fold for 1C20 (11470000+ 88190 RLU ; p = 0.0032) and ICso (8631000+£65940; p =
0.0014) respectively, in relation to the control (17270000+£318000 RLU). In Caco2 cells, the
ATP concentration decreased from 2133000+274500 RLU in the control to 1883000+85980
RLU in ICx-treated cells. A decrease to 0.39-fold of the control was observed in ICso-treated
Caco2 cells (821700+193600 RLU) (Figure 4.2B).
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Figure 4.2: (A) A significant decrease ATP concentration in Hek293 cells treated with 1C2 and ICso
(**p = 0.0032, **p = 0.0014; using the unpaired t-test with Welch’s correction). (B) A non-significant

decrease in ATP concentration was detected in Caco2 cells.

4.1.3 JC-10 Mitochondrial Membrane Potential Assay

The AYM changes in Hek293 and Caco2 cells were detected using the JC-10 dye. The AYM
of Hek293 cells was decreased by the 1C2 (0.05283+0.0009528 RLU; p = 0.0166) and I1Cso
(0.04533+0.0007219 RLU; p = 0.0012) treatments to 0.89- and 0.77-fold in relation to the
control (0.0591+0.0008660 RLU), respectively (Figure 4.3A). The IC (0.06257+0.001848
RLU) and ICso (0.06187+0.0002603 RLU) Hexacyclen treatments did not significantly
decrease the AYM of Caco2 cells relative to the untreated control (0.0656+0.0001732 RLU);
AWM decreased to 0.95-fold and 0.94-fold of the control respectively (Figure 4.3B).
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Figure 4.3: (A) The AYM was significantly decreased in Hek293 cells (*p = 0.0166, **p = 0.0012,

using the unpaired t-test with Welch’s correction) after 48-hour exposure. (B) The ICy and ICsg

treatments maintained A¥YM of Caco?2 cells similar to the control.
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4.2 OXIDATIVE STRESS

4.2.1 Production of RNS

The presence of RNS was identified by indirect measurement of nitrate and nitrite levels to
quantify nitric oxide using the NOS assay. When related to control (4.457+0.1883 uM), the
extracellular levels of RNS in Hek293 cells were elevated non-significantly to 1.07-fold of the
control by the ICx treatment (4.783+£0.0000001947 uM; p = 0.2254), while RNS were
increased significantly to 1.29-fold by ICs treatment (5.761+0.06276 uM; p = 0.0224) (Figure
4.4A). The RNS were minimally increased in Caco2 cells from the control (3.696+ 0.2510uM)
t0 4.022+0.06276 UM (p = 0.3347) and 4.565+0.2510 uM (p = 0.0917), representing 1.09-fold
and 1.24-fold increases for the ICz0and ICso treatments, respectively (Figure 4.4B).

Western blotting was used to determine the effects of Hexacyclen on protein expression of
iINOS. The ICx (0.6646+0.04136 RBD, p = 0.3900) and ICso (0.8187+0.1103 RBD, p =
0.2121) treatments induced non-significant 1.11 and 1.37-fold increase in protein expression
of iINOS in comparison to the control (0.5990+0.05076 RBD) in Hek293 cells (Figure 4.4C).
The recorded protein expression of iNOS in the control Caco?2 cells was 0.6119+0.03405 RBD.
The ICy treatment non-significantly increased iNOS expression by 1.17-fold to
0.7164+0.03713 RBD (p = 0.1296), while the ICso caused a significant 1.62-fold increase to
0.9897+0.01525 RBD (p = 0.0096) in Hexacyclen-treated Caco?2 cells (Figure 4.3D).
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Figure 4.4: The 1Cy induced a non-significant increase while the 1Csy caused a significant elevation in
RNS (A), whereas iNOS expression was increased non-significantly for both t reatments in Hek293
cells (C). The RNS were non-significantly increased (B), while iNOS expression was upregulated
significantly by the 1Cso in Caco?2 treated cells (D) (*p = 0.0224, **p = 0.2121, using the unpaired t-test

with Welch’s correction).

4.2.2 ROS and the antioxidant response

4.2.2.1 The MDA levels and SOD2 expression

The MDA levels were measured to quantify ROS as an indicator of lipid peroxidation using
the TBARS assay. Hexacyclen induced a non-significant reduction of ROS in Hek293 cells to
0.78-fold (0.1058+0.003205, p = 0.1562) and 0.81-fold (0.1047+0.004274 uM; p = 0.1548) of
the control (0.1261 + 0.008547 uM) for the 1C20 and ICsp respectively (Figure 4.5A). Slight
1.11- and 1.05-fold increase in ROS was triggered by the 1C2 (0.1111+0.007704 uM; p =
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0.3450) and ICsp (0.1090+£0.003701 uM; p = 0.2952) Hexacyclen treatments in relation to the
control (0.1004+0.005653 uM) as observed in Caco?2 cells after 48 hour (Figure 4.5B).

Protein expression of SOD2 was significantly upregulated in Hek293 cells from 1.831+0.03548
RBD in the control to 2.988+0.05259 uM (1.63-fold, p = 0.0004) and 4.648+0.2788 uM (2.54-
fold, p = 0.0098) for the IC2 and ICso Hexacyclen treatments respectively (Figure 4.5C).
Meanwhile, minimal increase in SOD2 protein expression to 1.04-fold and 1.11-fold of the
control (2.755+0.08766 RBD) was noted for the I1C2 (2.860+0.01316 RBD; p = 0.3574) and
ICs0 (3.063+0.07069 RBD; p = 0.0716) Hexacyclen treatments in Caco?2 cells (Figure 4.5D).
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Figure 4.5: The MDA levels were non-significantly decreased in Hek293 cells (A), but slightly
increased in Caco?2 cells (B). Protein expression of SOD2 was significantly upregulated in Hek293 cells
(**p < 0.005, using the unpaired t-test with Welch’s correction) (C) and non-significantly increased in

Caco? cells following a 48-hour treatment (D).

4.2.2.2 GSH and GPx-1 antioxidants

The GSH levels were quantified to measure the antioxidant response to the presence of

oxidative stress. In Hek293 cells, the quantity of GSH was increased by the 1C2 and ICso
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treatment concentrations to 96160+£10860 RLU (p = 0.5714) and 128000+4467 RLU (p =
0.0129), representing a 1.08- and 1.44-fold change respectively, when compared to the
untreated control (88870+£308.6 RLU) (Figure 4.6A). In the 1Cy treatment, Caco2 cells
increased GSH levels 1.11-fold to 237700£10960 RLU (p = 0.1801), whereas a significant
3.39-fold increase in GSH was noted for the 1Cso treatment (729800+42440 RLU, p = 0.0067)
compared to the control (215000£2087 RLU) (Figure 4.6B).

A significant 2.83- and 4.46-fold elevation in GPx-1 protein expression was induced in Hek293
cells by the I1C20 (1.665+0.05984 RBD, p = 0.0016) and I1Cso (2.628+0.1621 RBD, p = 0.0077)
Hexacyclen treatment, when compared to the control (0.5887+0.07808 RBD) (Figure 4.6C).
However, the 1C2 (2.476+0.08291 RBD, p = 0.0718) induced a non-significant 1.16-fold
upregulation of GPx-1 protein expression in Caco?2 cells, while the ICso (2.886+0.1592 RBD,
p = 0.0268) triggered a significant 1.35-fold increase from 2.139+0.09118 RBD in the control
(Figure 4.6D).
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Figure 4.6: (A) The GSH levels were increased by the ICy and ICs treatments in Hek293 cells (*p =
0.0129). (B) The IC4 induced a non-significant increase, while the 1Cso caused a significant elevation
in GSH levels in Caco2 cells (**p = 0.0129). (C) The GPx-1 expression was significantly increased by
both treatments in Hek293 cells (**p = 0.0016 and **p = 0.0077 for the ICx and ICso respectively) after
48-hour exposure. (D) An ICy treatment non-significantly increased GPx-1 activity in Caco?2 cells,
while the 1Cso produced a significant increase (*p = 0.0567). *, ** - unpaired t-test with Welch’s

correction.
4.2.2.3 Catalase activity

In Hek293 cells, catalase protein expression in the 1C2 (1.366+0.07263 RBD; p = 0.8862) was
similar to the control (1.338+0.1616 RBD), but decreased non-significantly to 0.64-fold of the
control for the 1Cso treatment (0.8552+0.1264 RBD; p = 0.1002) (Figure 4.7A). Hexacyclen
downregulated catalase protein expression by 0.59-fold (0.6326+0.08384 RBD; p = 0.0742)
and 0.46-fold (0.4888+0.04085 RBD; p = 0.0567) for the 1C20 and ICso respectively, compared
to the control (1.068+0.1381 RBD) (Figure 4.7B).
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Figure 4.7: (A) While catalase the same in ICxtreated Hek293 cells, it was non-significantly decreased
by the ICso treatment in comparison to the untreated control. (B) Catalase was non-significantly

downregulated in Caco2 cells.

43 CELL DEATH

4.3.1 Initiation of apoptosis
4.3.1.1 Initiator caspases

The initiation of apoptosis through the extrinsic (caspase-8 activity) and intrinsic (caspase-9
activity) pathways was assessed. Following treatment, the activity of caspase-8 in Hek293 cells
was significantly reduced to 0.67-fold and 0.48-fold in the 1C2 (5683000£15460 RLU; p =
0.0129) and ICs treatments (4090000+297800 RLU; p = 0.0021) respectively, in comparison
to the control (8459000+317800 RLU) (Figure 4.8A). In contrast, the IC20 and 1Csg Hexacyclen
treatments caused a significant 1.25-fold and 1.34-fold elevation to 3739000+£108100 RLU (p
= 0.0213) and 3971000£76440 RLU (p = 0.0070) respectively, compared to 2974000£34570
RLU in the Caco2 control cells (Figure 4.8B). Results indicated a slight 1.09-fold increase in
caspase 9 activity induced by IC20 (8419000+411800 RLU; p = 0.2345) and a significant 1.16-
fold increase induced by 1Cso (8923000+17400 RLU; p < 0.0001) Hexacyclen treatment in
comparison to the control (7725000£15430 RLU) in Hek293 cells (Figure 4.8C). Furthermore,
caspase 9 activity was elevated 1.53-fold and 1.19-fold by 1C2 (7229000+1141000; p =
0.3538) and 1Cso (5638000+40240 RLU; p = 0.5453) treatments respectively, compared to the
control (4711000+£1069000 RLU) in Caco?2 cells (Figure 4.8D).
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Figure 4.8: The activity of caspase 8 was significantly reduced in Hek293 for the ICz (*p = 0.0129)
and ICso (**p = 0.0021) Hexacyclen treatments (A), while it was significantly increased in Caco2 cells
(*p = 0.0213; **p = 0.0070) (B) after 48-hours of treatment. Hexacyclen treatment slightly increased
the activity of caspase-9 in Hek293 cells (ICso, ***p < 0.0001) (C). Furthermore, caspase 9 activity was
elevated non-significantly by 1C4 and ICsq treatments in Caco2 cells exposed to Hexacyclen for 48-
hours (D). *, ** - unpaired t-test with Welch’s correction).

4.3.1.2 p-p53 pro-apoptotic protein

Western blotting was used to determine the effects of Hexacyclen on protein expression of p-
p53. Figure 4.9A shows that the p-p53 protein expression in Hek293 cells was similar to the
control at the 1C» (2.450+£0.07415 RBD vs. control: 2.523+0.04203 RBD, p = 0.4588), but a
significant decrease to 0.48-fold of the control was observed at the 1Cso (1.223+0.1598 RBD,
p = 0.0158). Similarly, no effect was induced by Hexacyclen in the I1Cyo-treated Caco2 cells
(2.183+0.03289 RBD vs. control: 2.107+0.1831 RBD, p = 0.7209) treatment, while the ICso
significantly reduced the activity of p-p53 to 0.37-fold (0.7834+0.07255 RBD, p = 0.0214)
compared to control Caco2 cells (Figure 4.9B).
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Figure 4.9: (A) Hexacyclen induced a non-significant decrease in p-p53 expression of Hek293 cells at
the 1Cy, and a significant downregulation at the 1Cso (*p = 0.0158). (B) No effect was detected for the
ICy treatment, while the 1Cso significantly reduced the activity of p-p53 in Caco2 cells (*p = 0.0214).

* - unpaired t-test with Welch’s correction.

4.3.1.3 Bcl-2 and HSP70 anti-apoptotic proteins

Western blotting was used to measure the expression of Bcl-2 and HSP70 anti-apoptotic
proteins. Both treatments significantly downregulated Bcl-2 protein expression in Hek293
(Figure 4.10A) and Caco? cells (Figure 4.10B). In Hek293 cells, the Bcl-2 protein expression
was downregulated to 0.71-fold (1.658+0.08550 RBD, p = 0.0151) and 0.73-fold
(1.709£0.09449 RBD, p = 0.0211) of control levels (2.332+0.1031 RBD) respectively.
Similarly, Bcl-2 was decreased from 2.438+0.09669 RBD in the control to 1.596+0.05695
RBD (0.67-fold, p = 0.0049) and 1.629+0.05906 RBD (0.65-fold, p = 0.0057) in Caco2 cells.

Furthermore, the activity of HSP70 protein was also decreased by both treatments in Hek293
(Figure 4.10C) and Caco2 (Figure 4.10D) cells respectively. A non-significant decrease to
0.78-fold (1.242+0.02898 RBD; p = 0.0575) and 0.79-fold (1.265+0.06860 RBD; p = 0.0551)
for observed for IC2o- and ICso-treated Hek293 cells, in relation to the control (1.597 + 0.08425
RBD). When compared to the control (1.287+0.02898 RBD), significant reduction in HSP70
protein expression to 0.79-fold (1.010+0.01584 RBD; p = 0.0036) and 0.71-fold
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(0.9100+0.006852 RBD; p = 0.0062) was detected in Caco2 cells for the 1C2 and ICso

treatments respectively.
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Figure 4.10: Bcl-2 expression was downregulated significantly was in both Hek293 and Caco2 cells
(*p=0.0151and *p =0.0211, and **p = 0.0049 and **p = 0.0057, respectively) (A and B). The activity
of HSP70 protein non-significantly decreased in Hek293 cells, whereas it was significantly reduced in
Caco?2 cells (**p = 0.0575; **p = 0.0551) (C and D). *, ** - unpaired t-test with Welch’s correction.

4.3.2 Execution of apoptosis
4.3.2.1 Caspase activation

The execution of apoptosis was assessed by quantifying the activity of the executor caspase
3/7. Caspase 3/7 activity was increased to 1.15- and 3.64-fold in treated Hek293cells at 1C2
(1649000431920 RLU; p=0.1784) and ICso (5209000+176700 RLU; p = 0.0003) respectively,
in relation to the control (1430000+102600 RLU) (Figure 4.11A). Moreover, the 1Cx resulted
in a significant increase to 1.49-fold (2183000+138300 RLU; p = 0.0414) and the ICs to 1.66-
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fold (2445000+104100 RLU; p = 0.0038) in comparison to the control Caco2 cells
(1469000457830 RLU) (Figure 4.11B).

Protein expression of PARP and cleaved PARP were analysed to determine the PARP/cPARP
ratio; similar PARP/CPARP ratio was detected for 1Czo-treated Hek293 (1.674+0.06152 RBD,
p = 0.9830) and Caco2 (0.6574+0.008394 RBD, p = 0.7887) cells compared to their respective
controls (1.677+0.07006 and 0.6625+0.01549 RBD, respectively). However, the 1Cso caused a
significant decrease to 0.19-fold of the control in the PARP/cCPARP ratio in Hek293 cells
(0.3257+0.03742, p = 0.0374), and to 0.67-fold of the control in Caco2 cells (0.4448+0.01486
RBD, p = 0.0020) (Figure 4.11C and D).
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Figure 4.11: (A) Caspase 3/7 activity in Hek293 cells was increased non-significantly by the 1Cx
treatment and significantly increased by the 1Cso treatment (***p = 0.0003). Furthermore, the treatments
significantly increased the activity of caspase 3/7 in Caco2 cells after 48-hour exposure (*p = 0.0414;
**p = 0.0038) (B). No effect was induced by the 1Cy in both cell lines, while the 1Cs significantly
reduced the cPARP/PARP ratio in treated Hek293 and Caco2 cells (C and D) (*p = 0.0374, **p =
0.0020). *, ** - unpaired t-test with Welch’s correction.
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4.3.2.2 Apoptosis markers

The annexin V assay detected PS externalisation as an early apoptosis marker. The externalised
PS was similar to the control for the 1C2 (482000£26440, p = 0.9768), and significantly
elevated 4.51-fold for the ICso (2143000+77380, p = 0.0177) when compared to the control
(475100£210900 RLU) in Hek293 cells (Figure 4.12A). However, the 1C20 and I1Cso treatments
non-significantly increased PS from 27830+3930 RLU in the control to 28980+374.0 (1.04-
fold, p = 0.7969) and 39080+4195 (1.40-fold, p = 0.1452) respectively in Caco2 cells (Figure
4.12B).

The LDH assay was used to determine possible membrane damage by measuring the
extracellular LDH leakage from the cytoplasm. The IC2 and ICsp Hexacyclen treatments
significantly increased the extracellular levels of LDH in Hek293 cells from 0.0890+0.005196
OD in the control to 0.1230+0.002887 OD (1.38-fold, p = 0.0106) and 0.3270+0.03349 OD
(3.67-fold, p = 0.0197), respectively (Figure 4.12C). The 1C2 treatment non-significantly
decreased the extracellular levels of LDH to 0.81-fold (0.1767+0.005487 OD, p = 0.1228)
compared to the control (0.2187+0.01530 OD), in contrast to the ICso treatment that non-
significantly increased extracellular LDH to 1.23-fold (0.2687+0.01588 OD, p = 0.1082) in
comparison to the control Caco?2 cells (Figure 4.12D).
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Figure 4.12: The externalised phosphatidylserine was non-significantly increased by the ICy and
significantly increased by the 1Csy Hexacyclen treatment in Hek293 cells (*p = 0.0177) (A), whereas it
was non-significantly increased in Caco?2 cells after 48-hours of exposure (B). The extracellular levels
of LDH were significantly increased after 1Cy and 1Cso Hexacyclen treatment of Hek293 cells (*p <
0.05) (C), while a non-significant decrease and non-significant increase was observed for the ICz0- and

ICso-treated Caco?2 cells (D). * - unpaired t-test with Welch’s correction.

44 INFLAMMATION

The expression of NF-kB, STAT3 and p-STATS3 proteins, which are involved in cell survival
pathways, was determined by the western blotting. In Figure 4.13A, the protein expression of
NF-xB was minimally decreased to 0.91-fold of the control at the IC2 (0.7317+0.01755 RBD,
p = 0.3013) in Hek293 cells after 48hrs exposure to Hexacyclen, while a significant decrease
from 0.7998+0.04607 RBD in the control to 0.3147 £+ 0.03430 RBD (0.39-fold, p = 0.0035)
was induced by the ICsp treatment. In Caco2 cells, a significant decrease to 0.39- and 0.55-fold
was induced by the 1C2 (0.1750+0.008183 RBD; p = 0.0351) and ICso (0.2466+0.03631 RBD;
p = 0.0497) respectively, compared to the control (0.4490+0.05206 RBD) (Figure 4.13B).

When compared to the control (0.2120£0.02027), the p-STAT3/STAT3 ratio was significantly
decreased at the 1C2 (0.1054+0.01602, p = 0.0258) and 1Cso (0.03587+0.004986, p = 0.0137),
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representing a 0.50- and 0.17-fold decrease, respectively (Figure 4.13C). However, p-
STAT3/STAT3 ratio in Caco2 cells was decreased to 0.86- and 0.38-fold at ICxo
(0.1176+0.01080, p = 0.6158) and ICsp (0.05180+0.004760, p = 0.0307) respectively (Figure
4.13D).
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Figure 4.13: (A) A non-significant (IC) and significant (ICso, **p = 0.0035) decrease in NF-xB
activity was observed in Hek293 cells. (B) There was a significant decrease in NF-xB detected in Caco?2
cells for the 1Cy and ICso Hexacyclen treatments after 48-hours of exposure (*p = 0.0351 and *p =
0.0497 respectively). (C) The p-STAT3/STAT3 ratio was significantly decreased in Hek293 cells (*p
= 0.0258, *p = 0.0137). (D) Hexacyclen slightly decreased the p-STAT3/STATS3 ratio at the 1Cy, but
significant reduction was observed for ICso-treated Caco?2 cells (*p = 0.0307). *, ** - unpaired t-test

with Welch’s correction).
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CHAPTER 5 : DISCUSSION

Cancer is fast becoming a global healthcare and economic burden, affecting both developing
and first-world countries. Hepatocellular carcinoma (HCC) and colorectal cancers (CRC) are
major contributors to the incidence and mortality rate of cancer (Sung et al., 2021). Current
cancer therapeutics such as chemotherapeutic drugs, surgery and radiation have gained a
negative reputation due to their excessive cost, limited accessibility and invasiveness (Heidari-
Soreshjani et al., 2017, Barnett and Cummings, 2018). It has also been noted that anticancer
drugs cause nephrotoxicity, which contributes to approximately 60% of acute renal injuries.
Therefore, it is important to study the effect of anticancer drugs in normal kidney cells. Recent
studies have shown interest in anticancer drugs that inhibit pathways that drive the onset and
development of carcinogenesis, including anticancer agents that are considered potent metal
ion chelators (Gaur et al., 2018, Kontoghiorghes and Kontoghiorghe, 2020). One such cancer
therapeutic drug is Hexacyclen, a nitrogen-electron donor that favours the formation of
complexes with cations and can bind the different metal and transition metal cations (EI-
Hashani et al., 2007, Austin and Rodgers, 2014). To date, this is the first study to investigate
the biochemical effects underlying the mechanism of Hexacyclen on human -derived colorectal
adenocarcinoma cells (Caco2) and normal embryonic kidney cells (Hek293) after 48-hour

exposure.

In this study, the MTT assay assessed the cell viability of metabolically active cells exposed to
Hexacyclen. Hexacyclen induced a dose-dependent decline in cell viability in both cell lines
(Figure 4.1A and B), indicating that the reduction of the MTT salt by succinate dehydrogenase
(SDH) was decreased (Bahuguna et al., 2017). The enzyme SDH contributes to the electron
transport chain (ETC) by transferring electrons from FADH> to complex 111 while catalysing
the oxidation of succinate to fumarate (Huang and Millar, 2013, Zhao et al., 2019, Moosavi et
al., 2020). The enzyme SDH has iron-sulfur centres and inhibition of SDH by Fe?*chelation
has been reported in other studies (Kim and Moon, 2012, Kontoghiorghes and Kontoghiorghe,
2020). Thus, Hexacyclen-induced inhibition of SDH via chelation may be the possible cause
of reduced cell viability. Interestingly, 18-crown-6, an analogue of Hexacyclen, demonstrated
a similar cytotoxic effect against the WI38 cells, where a dose-dependent reduction in cell

viability was observed (Boojar and Goodarzi, 2006a). Furthermore, Hexacyclen homologue
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1,4,7-Triazacyclononane (TACN) triggered a decline in cell viability in HepG2 and Hek293
cells (Mcoyi et al., 2020, Tsotetsi et al., 2020).

The possible inhibition of SDH by Hexacyclen could disrupt ATP production, thus impacting
the ability of cells to carry out vital cellular processes necessary for survival. The results from
this study showed that both the 1C2 and ICso (Figure 4.2A and B) had considerably lower
intracellular levels of ATP after being treated with Hexacyclen. It is well established that two
components, the proton gradient and mitochondrial membrane potential (A¥M), are essential
for ATP synthesis through oxidative phosphorylation (OXPHOS) in the mitochondria (Zhao et
al., 2019). The proton gradient is generated by the transfer of electrons from NADH to
complexes I, 111 and 1V of the ETC (Zhao et al., 2019). Subsequently, ATP is produced when
adenosine diphosphate (ADP) is phosphorylated by ATP synthetase at complex V
(Vakifahmetoglu-Norberg et al., 2017). Enzymes catalysing complexes I, 11l and IV contain
iron-sulphur (Fe-S) clusters. Since Hexacyclen is a Fe?* chelator, it likely chelated Fe?* in these
complexes (I, 11, 1) leading to impaired proton gradient formation by the ETC and resulting
in reduced ATP production (El-Hashani et al., 2007). These findings are consistent with the
study carried out by Zhang (2019), who reported that chelating Fe?* from complex | with
deferoxamine (DFO), a known hexadentate iron chelator, suppressed the ETC of osteoclast

precursors in vitro (Zhang et al., 2019).

Overall, the depletion of the ATP (Figure 4.2) is consistent with the dying of cells observed
(Figure 4.1), thus validating the disturbance in the appropriate functioning of mitochondria, the
cellular organelle responsible for ATP production. Indeed, decreased ATP production is
associated with reduced AYM; the A¥YM is produced by the proton pumps of complexes I, 111
and IV which also contribute to the production of ATP (Zorova et al., 2018). With the exception
of the Caco2 ICy treatment, this study showed that the AYM was significantly reduced by the
Hexacyclen treatments (Figure 4.3A and B), indicating that the ETC was hampered, resulting
in proton gradient disruption and electron leakage (Adwas et al., 2019).

Disruption of the ETC and the leakage of electrons at complex | and complex IIl form
superoxide (O2"), the first ROS formed via oxygen reduction (Adwas et al., 2019). Under
normal circumstances, the ROS are formed to act as secondary messengers in signalling
cascades, which is vital for the normal physiological functions of the cell (Sies, 2015). The Oy

produced by mitochondria is transformed into hydrogen peroxide (H202) by SOD2 (lghodaro
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and Akinloye, 2018). In this study, upregulated protein expression of SOD2 in Hek293 and
Caco? cells (Figure 4.5C and D) may be attributed to increased O>". Similar induction of SOD2
was induced in HepG2 cells by the metal chelator TACN (Mcoyi et al., 2020). The consequent
increase in H2O: in the presence of increased SOD?2 is toxic to somatic cells and leads to the
formation of hydroxyl radicals ("fOH) via the Fenton reaction. The ‘OH can oxidise
biomolecules including the membrane, proteins and DNA and cause oxidative stress (Jat and
Nahar, 2017).

Excess O2" may also contribute to reactive nitrogen species (RNS) formation by reacting with
nitric oxide (NO) to produce peroxynitrite (ONOO"). In this study, NO concentration was
increased in both Hek293 and Caco2 cells (Figure 4.4A and B). The NO is produced by
inducible NOS (iNOS) in the presence of L-arginine, O and NADPH as co-substrate
(Forstermann and Sessa, 2012). Thus, NO elevation is due to increased protein expression of
iNOS in both Hek239 and Caco2 cells (Figure 4.4C and D). The enzyme iNOS is a heme-Fe®*
protein with N-terminal oxygenase and C-terminal reductase, with a flavin mononucleotide
(FMN) binding subdomain (Cinelli et al., 2020). The FMN domain contributes to the
conversion of heme iron from iron (111) to iron (I1), thus recruiting and activating molecular
oxygen to form a Fe3*-NO complex (Campbell et al., 2014, Cinelli et al., 2020). Moreover, it
is reported that iron (111) prefers reacting with oxygen rather than nitrogen (Sanchez et al.,
2017). Since Hexacyclen is a nitrogen compound, it is possible that Fe** chelation in iNOS was
not supported. In addition, Hexacyclen is a chelator of divalent metal cations (Varadwaj et al.,
2011). Therefore, increased NO (Figure 4.4A and B) and O’ triggered an increase in ONOO"
(Pfeffer and Singh, 2018). The resultant nitrosative stress is associated with damage of
biomolecules including protein oxidation, protein nitration, enzyme inactivation and lipid
peroxidation (Radi, 2018, Ighodaro and Akinloye, 2018, Sharifi-Rad et al., 2020).

Lipid peroxidation is one of the most severe side effects of ROS- and RNS-induced cellular
damage but can also be induced by RNS. Malondialdehyde (MDA), the by-product of lipid
peroxidation, is a well-known indicator of oxidative stress (Alché, 2019). The results of this
study indicated that Hexacyclen reduced the MDA levels in Hek293 cells (Figure 4.5A), while
MDA levels were not significantly increased in Caco2 cells (Figure 4.5B). The reduction in
MDA in Hek293 cells implies that the Fenton reaction was inhibited by Hexacyclen Fe?
chelation. Furthermore, the presence of ROS stimulated antioxidant molecules to prevent

cellular damage by detoxifying free radicals (Adwas et al., 2019). Indeed, the H.O, may be
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eliminated by the antioxidant enzyme glutathione peroxidase (GPx-1) to H20O (Ighodaro and
Akinloye, 2018, Adwas et al., 2019). Thus, the enhanced activity of GPx-1 (Figure 4.6C and
D) in both Hek293 and Caco2 cells contributed to H>O, removal. It is interesting to note that
the GPx1 response in Caco2 cells was not as significant as in Hek293 cells (Figure 4.6C and
D), and this limited antioxidant response by GPx-1 may account for the differences in MDA

levels observed (Figure 4.5A and B).

Another crucial antioxidant is glutathione (GSH) which is used in the reaction catalysed by
GPx-1 and is transformed into oxidised glutathione (GSSG) (Adwas et al., 2019). This study
showed that Hexacyclen 1C2o and 1Cso treatments increased intracellular GSH concentrations
in Hek293 cells and Caco?2 cells (Figure 4.6A and B). The data suggest that GSH is possibly
replenished by glutathione reductase in the presence of NADPH and is thus available to prevent
the accumulation of ROS (Figure 4.5B). Alternatively, GPx-1, GSH and SOD2 increases are
associated with a transcription factor Nrf2 which is upregulated by oxidative stress to activate
the transcription of antioxidants (Khan et al., 2020). Additionally, catalase, a porphyrin heme
(iron) containing protein, detoxifies H20, to Oz and H20 (Ighodaro and Akinloye, 2018). It
was shown in this study that the downregulation of catalase expression for both 1C2g and 1Csg
treatments may be attributed to Hexacyclen-Fe?* chelation in Hek293 and Caco2 cells (Figure
4.7A and B). Similarly, TACN downregulated catalase while SOD2, GPx-1 and GSH
concentrations were elevated in HepG2 cells (Mcoyi et al., 2020). Furthermore, the study by
Boojar and Goodarzi (2006) revealed that 15-crown-5 and 18-crown-6 ether indeed enhanced
the activity of SOD2, catalase and GPx-1 antioxidant molecules due to the induced production

of ROS within lung tissue (Boojar and Goodarzi, 2006a).

Research shows that ROS, particularly H202, contributes to NF-kB activation (Lingappan,
2018). Since ROS were not upregulated in this study (Figure 4.5A, B), this could be linked to
reduced expression of NF-«kB in Hek293 (Figure 4.13A) and Caco?2 (Figure 4.13B) cells. NF-
kB persistence in the nucleus is reported where it controls the expression of the number of
genes linked with proliferation, invasion, angiogenesis and metastasis (Fan et al., 2013). Also,
NF-kB promotes cell survival via transcriptional regulation of anti-apoptotic genes, including
Bcl-2 and XIAP (Luo et al., 2005, Fan et al., 2013). The decrease in NF-«kB could also have
contributed to the downregulation of the Bcl-2 protein observed in this study (Figure 4.10A
and B). Contrastingly, TACN upregulated NF-kB expression in Hek293 cells, but this was

associated with inhibition of apoptosis (Tsotetsi et al., 2020).
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Among other functions, NF-xB upregulates the production of major inflammatory factors, such
as IL-6 and IL-1p cytokine that activates the STAT3 signalling pathway (Fan et al., 2013). It
was therefore not surprising that the protein expression of STAT3 was concurrently decreased
in Hek293 and Caco2 cells (Appendix 7). Furthermore, STAT3 was not activated via
phosphorylation by JNK2 at Tyr705 (Appendix 7) with a consequently decreased ratio of p-
STAT3/STAT3 in both cell lines (Figure 4.13C and D); this phosphorylation is crucial for
STAT3 dimerization, nuclear translocation and DNA binding (Lin et al., 2020, Tolomeo and
Cascio, 2021). This trend of reduced expression of STAT3, pSTAT3 and p-STAT3/STAT3 has
been observed in pancreatic cancer (PANC-1 and MIAPaCa-2) and prostate cancer (DU145)
cell lines in response to di-2- pyridylketone-4,4-dimethyl-3-thiosemicarbazone (Dp44mT) and
di-2-pyridylketone 4- cyclohexyl-4-methyl-3-thiosemicarbazone (DpC) metal chelators (Lui et
al., 2015). Interestingly, p-STAT3 recruits and activates another STAT3 to form a dimer that
translocates to the nucleus to control the expression of many genes that inhibit apoptosis
including Bcl-xL, survivin and 1APs (Yu et al., 2009, Tolomeo and Cascio, 2021). Therefore,
a decrease in active p-STAT3 implies that fewer anti-apoptotic proteins were transcribed.
Moreover, NF-xB activity in tumours requires a constitutively activated STAT3 (Yoon et al.,
2012), thus a decrease in STAT3 expression may also have resulted in the downregulation of

NF-xB (Figure 4.13A and B), and therefore apoptosis was favoured.

Free radicals (ROS and RNS) and oxidative stress are known to activate p53 in physiological
settings to aid cell cycle arrest and promote DNA repair and survival (Redza-Dutordoir and
Averill-Bates, 2016). The phosphorylated p53 (p-p53) is a stable and active form involved in
downstream processes (Phatak and Muller, 2015). Proper functioning and stable p53 require
the binding of Zn?* metal ions (Phatak and Muller, 2015). Likely, Zn?* chelation by Hexacyclen
could have caused the downregulation of p53 expression (Figure 4.9A and B). Similarly, a
decrease in p53 was induced by Di(2-picolyl) amine (DPA) metal chelator in Hek293 cells
(Satyo et al., 2020). Nevertheless, when the DNA repair mechanism fails, p53 causes apoptosis
by initiating the transcription of pro-apoptosis proteins such as Noxa and Puma; these pro-
apoptotic proteins function to inhibit anti-apoptotic proteins like Bcl-2 that obstruct apoptosis
(Pfeffer and Singh, 2018, Redza-Dutordoir and Averill-Bates, 2016). In this study, the
downregulation of Bcl-2 protein expression (Figure 4.10A and B) implies that its inhibition by
pro-apoptotic protein may have occurred. The Bcl-2 protein usually prevents apoptosis via

heterodimer formation with Bax and Bak; therefore, downregulation of Bcl-2 suggests an
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increase in Bax protein expression (Redza-Dutordoir and Awverill-Bates, 2016). Indeed,
Hexacyclen downregulation of Bcl-2 prompted significantly increased Bax protein expression
in Hek293 cells (Appendix 4). Reduced HSP70 protein expression ensured Bax function was
not inhibited since Bax’s ability to initiate apoptosis in human cancer cells also requires
dimerization and translocation to the mitochondria, which is blocked by HSP70 (Yang et al.,
2012, Wang et al., 2014). In this study, Bax-induced MOMP was not impeded due to decreased
HSP70 (Figure 4.10C and D). Furthermore, Hexacyclen-induced Zn?* chelation facilitated Bax
activation, since Zn?* is an inhibitor of Bax (Ganju and Eastman, 2003, Austin and Rodgers,
2014). This is plausible since Bax upregulation in HCT116 colon cancer cells by N,N,N’,N'-
tetrakis(2-pyridinylmethyl)-1,2-ethanediamine (TPEN) metal chelator induced cell death
(Fatfat et al., 2014). Activated Bax, together with Bak, causes mitochondria outer membrane
permeabilization (MOMP), leading to the release of pro-apoptotic proteins including
Smac/Diablo, cytochrome ¢, endoG and apoptosis-inducing factor (AlIF) to the cytosol (Pfeffer
and Singh, 2018). In this study, the released cytochrome c recruited procaspase-9 and Apaf-1
to form the apoptosome in the presence of dATP (Lopez and Tait, 2015). Inhibition of
apoptosome formation by HSP70 binding to Apaf-1 could not occur due to a decrease in HSP70
(Figure 4.10C and D) and procaspase-9 was cleaved to active caspase-9 (Figure 4.8C and D)
(Lietal., 2000, Beere et al., 2000, Wang et al., 2014). This is indicative of increased apoptosis
initiation via the mitochondria-dependent apoptotic pathway. Following activation, caspase-9
induces proteolytic cleavage to activate the executor caspase-3/7 (Pfeffer and Singh, 2018).

Elevated caspase 3/7 activity in both cell lines (Figure 4.11A and B) was accomplished via the
intrinsic pathway for both cell lines (Figure 4.8C and D) and the extrinsic pathway of apoptosis
facilitated by active caspase-8 (Figure 4.8B) for Caco-2 cells. Execution of apoptosis is
mediated by active caspase 3/7 through cleavage of CAD, causing DNA fragmentation and/or
activating proteins or endonucleases, which degrades nuclear materials and cytoskeleton
protein (Pfeffer and Singh, 2018). Caspase-3/7 is also responsible for the cleavage of an ATP-
dependent Zn-finger endonuclease called Poly (ADP-ribose) polymerase 1 (PARP-1), which
functions to recognize DNA strands breaks and repair the damage (Mashimo et al., 2021). This
study indicated that PARP-1 expression was decreased in Hek293 and Caco?2 cells (Appendix
6), which may be attributed to Zn-finger chelation by Hexacyclen that results in inactive PARP-
1. Similarly, Zn?* chelation from PARP-1 by TPEN and arsenite inhibited its activity in the
human keratinocyte cell line (HaCaT) (Sun et al., 2014). Cleavage of PARP-1 by caspase-3/7
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forms 89 and 24 kDa fragments, which were decreased in this study (Appendix 6) (Sun et al.,
2014). Accordingly, the cleaved PARP-1 to PARP-1 (cPARP/PARP-1) was significantly
reduced in Hek293 and Caco2 cells (Figure 4.11C and D). Nevertheless, apoptosis could still
proceed due to AIF and endonuclease G released following MOMP and was confirmed by the
externalisation of PS and LDH markers of apoptosis. Externalisation of PS was also increased
(Figure 4.12A and B) in response to caspase 3/7 (Figure 4.11A, B), suggesting that Hexacyclen
induced apoptosis in Hek293 and Caco2 cells since flipping of PS from the inside plasma
membrane to the outside surface is used as an early marker of apoptosis (Lee et al., 2013).
Increased LDH levels (Figure 4.12C and D), a stable cytoplasmic enzyme, also indicate
apoptosis since LDH is rapidly released when cells undergo cellular damage due to the loss of
membrane integrity (Kumar et al., 2018, Kamiloglu et al., 2020). This agrees with the cell
viability decline reported prior and confirms the type of cell death.
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CHAPTER 6 : CONCLUSION

Hexacyclen is a potent metal ion chelator and is considered an anticancer agent. However, the
cytotoxic effect of Hexacyclen on CRC and human kidney cells has not been determined.
Hence, biochemical effects of Hexacyclen in Caco2 and Hek293 cells were investigated

following a 48-hour exposure.

A summary of the results is presented in Figure 6.1. The ROS production induced upon
treatment with 1Cx and 1Cso was associated with decreased cell viability, mitochondrial
membrane potential and ATP. However, upregulation of antioxidants molecules including
SOD2, GPx and GSH eliminate ROS, thus ameliorate oxidative stress. The study revealed that
RNS increased upon exposure to Hexacyclen as shown by NO and iNOS elevation, leading to
cell death. Apoptosis was a mechanism of cell death as shown by increases in Bax, Caspase-9,
-3/7, externalised phosphatidylserine and LDH. Apoptosis was mediated mainly by intrinsic
pathway in Hek293 cells, while both pathways facilitated apoptosis in Caco2 cells
Furthermore, NF-«xB / cell survival pathway was reduced, allowing a decrease in anti-apoptosis
proteins such as Bcl-2, alternately favouring the intrinsic apoptotic pathway. Hexacyclen
induced similar biochemical effect in Caco2 and Hek293 cells. This implies that there is a
possibility of Hexacyclen inducing nephrotoxicity if used in vivo. However, Caco2 cells were
sensitive at low concentration of Hexacyclen, hence, it can be used to help in the development

of new promising therapeutic treatments for CRC without stimulating kidney toxicity.

There is a need to investigate the mechanism that led to NF-xB and STAT?3 signalling pathways
decrease including the initiator cytokines such as TNFa, IL-6 and IL-1f3. Also, the cytotoxicity
of Hexacyclen in other cell lines including in human hepatocellular carcinoma cells and in-vivo

studies must be conducted.
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Figure 6.1: Schematic overview of the biochemical effects of Hexacyclen on cell viability, metabolic

activity, oxidative stress, apoptosis and inflammation on human colorectal adenocarcinoma cells

(Caco2) and normal embryonic kidney cells (Hek293) over 48-hour acute exposure. (Prepared by

Author).
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APPENDICES

Appendix 1: Cell viability of Hek239 cell

Hek293 cells were treated with a range concentration of Hexacyclen (0 — 500 uM) for 48 hours.
Cell viability of Hek293 cells decreased in a dose-dependent manner and an 1Cso and 1Czo of
138uM and 6uM were recorded (Appendix Table 1)

Hexacyclen Concentration | Average % Viability Log
(ng/ml) Absorbance [Hexacyclen ]
0 1.63 100
25 1.10 59 1.40
50 0.91 52 1.70
100 0.69 41 2.00
200 0.73 44 2.40
300 0.72 45 2.70
400 0.72 47 2.88
500 0.59 37 3.00

78



Appendix 2: Cell viability of Caco2 cells

Caco? cells were treated with a varying range of Hexacyclen concentrations (0 — 50 uM) over

48 hours. A dose-dependent decrease was revealed by the MTT assay and an 1C50 and 1C20

of 5uM and 1.2uM were detected (Appendix Table 2).

Hexacyclen Concentration | Average % Viability Log [Hexacyclen]
(ng/ml) Absorbance
0 2.69 100
2.5 1.69 63 0.40
5 1.15 43 0.70
10 0.48 18 1.00
20 0.45 17 1.30
30 0.43 16 1.48
40 0.62 23 1.60
50 0.45 17 1.70
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Appendix 3: Nitrate standard curve

Table 3: The determination of the nitrates and nitrites standard.

Nitrite Standard Concentration (UM) | Absorbance Average absorbance
0 0 0 0
25 0.138 0.146 0.142
50 0.271 0.281 0.276
75 0.303 0.388 0.3455
100 0.445 0.526 0.4855
125 0.679 0.606 0.6425
150 0.711 0.733 0.722
175 0.754 0.789 0.7715
200 0.827 0.935 0.881
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Figure 1: Standard curve generated from nitrates and nitrites standards and was used to

determine nitrates and nitrites concentration in samples.
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Appendix 4: Protein standard curve

Bovine Serum Albumin (BSA) was used for protein quantification and standardisation

Concentrations OD1 OoD2 Average Avg-Blank
0 0.069 0.075 0.072 0
0.2 0.133 0.136 0.1345 0.0625
0.4 0.188 0.193 0.1905 0.1185
0.6 0.218 0.219 0.2185 0.1465
0.8 0.277 0.281 0.279 0.207
1 0.274 0.344 0.309 0.237
0,3
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Figure 2: standard curve generated from BSA standard and used to determine protein

concentrations in samples.
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Appendix 5: Bax protein expression in Hek293 cells

Control IC5o IC50
Treatment concentration (pM)

Figure 3: Hexacyclen induced a significant increase in Bax activity at 1C2o and I1Cso in Hek293
cells treated for 48 hours (**p < 0.0001, **p= 0.0002, using an unpaired t-test with Welch’s

correction).
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Appendix 6: Activity of PARP-1 and cPARP-1
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Figure 4: A non-significantly decline was triggered at 1C2 in PARP-1 and cPARP-1 of Hek293

and Caco?2 cells while an 1Csg caused a significant decreased after 48-hour treatment period
(*p=0.0134, **p=0.0020, **p=0.0086, **p= 0.0012, using an unpaired t-tests with Welch’s

correction).
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Appendix 7 protein activity of STAST-3 and pSTAST-3
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Figure 5: Stat-3 activity was significantly decreased by the ICsq in Hek293 cells while it was
significantly decreased by the 1C2o in Caco?2 cells (*p= 0.0146, *p= 0.0458). In Hek293 cells,
P-Stat3 was significantly reduced at IC20 and IC50 meanwhile in Caco?2 cells was decreased

non-significantly (*p=0.0147, *p= 0.0103, using an unpaired t with Welch’s correction).
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