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Summary

2-Methoxyestradiol (2ME), a 17B-estradiol metabolite, exerts anticancer properties
however, the compound was found to possess low bioavailability. This resulted in the
in silico-design of 2ME analogues with a sulphamoyl moiety which made them more
potent than the parent compound. Sulphamoylated 2ME analogues are suspected to
induce the antitumourigenic effects through the induction of reactive oxygen species.
However, the exact role of oxidative stress in the activity exerted by these

compounds remains elusive.

In the current study, 2-ethyl-13-methyl-17-0x0-7,8,9,11,12,13,14,15,16,17-
decahydro-6-cyclopenta[a]phenanthrane-3 sulphamate (ESE-one) was chosen as a
sulphamoylated estradiol analogue representative to investigate the role of reactive
oxygen species (ROS) in the effects exerted by these sulphamoylated compounds
on cell proliferation, morphology, cell cycle progression, antioxidant activity and
mitochondrial membrane potential in estrogen receptor positive breast epithelial
adenocarcinoma (MCF-7) cells and estrogen receptor negative breast epithelial
adenocarcinoma (MDA-MB-231) cells.

Fluorescent microscopy data revealed that sulphamoylated estradiol analogues
induced more ROS production compared to their non-sulphamoylated counterparts
in both MCF-7- and MDA-MB-231 cells. Crystal violet staining demonstrated a
significant growth inhibition in cells exposed to sulphamoylated estradiol analogues
compared to cells exposed to the non-sulphamoylated compounds. ESE-one
exposure resulted in a ROS-dependent growth inhibition which was repressed by
tiron (superoxide inhibitor), trolox (peroxyl inhibitor) and DMTU (hydrogen peroxide
inhibitor). ESE-one exposure to MCF-7- and MDA-MB-231 cells resulted in an
accumulation of cells in G2/M phase after 24 hours and sub-Gi phase after 48 hours.
The effect induced after 24 hours exposure was inhibited by tiron and trolox, and that
induced after 48 hours exposure was inhibited by tiron, trolox and DMTU.

Proliferation data was confirmed by morphology studies.



Tiron, trolox and DMTU significantly decreased the number of rounded cells,
shrunken cells and apoptotic bodies in MCF-7 and MDA-MB-231 cells induced by
ESE-one exposure; cell density was recuperated indicating the rescue effects of
ROS inhibitors. Antioxidant activity data demonstrated that ESE-one induced cell
rounding and antiproliferative effects via ROS evident in the reduced catalase protein
concentration in MCF-7 cells which was opposed by tiron and DMTU and in MDA-
MB-231 cells, inhibited by tiron and trolox. Reduction in mitochondrial membrane
potential was inhibited by tiron in MCF-7 cells and DMTU in MDA-MB-231 cells.

This in vitro study suggests that ESE-one induces growth inhibition, cell rounding,
cell cycle arrest, catalase inhibition and depolarization of the mitochondrial
membrane by production of superoxide anion, peroxyl radical and hydrogen peroxide
which culminates in apoptosis. This study contributes to targeted therapy based on

ROS-dependent cell death pathways in tumourigenic breast cells.

Key words: ESE-one, sulphamoylated, non-sulphamoylated, ROS, tiron, trolox,

DMTU, antiproliferation, apoptosis, antioxidant
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Chapter 1
Introduction

1.1 Cancer

Cancer is a global health threat and is one of the leading causes of premature
deaths globally. The International Agency for Research in Cancer reported an
estimated 18.1 million new cancer cases in 2018 globally with 9.6 million cancer-
related deaths (1). An estimated 10 million cancer mortality is expected by 2020 (2).
Breast- and lung cancer are reported to be the most commonly diagnosed types of
cancer (11.6% each) and are also the leading causes of cancer-related mortality;
followed by prostate (7.1%)- and colorectal cancer (6.1%) (3). In addition, breast
cancer is the most prevalent cancer diagnosed in women worldwide and is the
leading cause of cancer-related mortality in women, also accounting for 30% of
overall female cancer cases (4, 5). Approximately 8% of all deaths in South Africa in
2014 were due to cancer, with cervical cancer being the leading cause of cancer

deaths in women followed by breast cancer (6).

Literature review
1.1.1 Breast cancer

Breast cancer is the most commonly diagnosed type of cancer and the second
leading cause of cancer-related mortality in African women (7). Africa accounted for
5.8% and 7.3% of the new cancer cases and cancer-related mortalities in 2018.
Approximately 11.6% of the new cancer cases expected in 2018 were breast cancer,
also accounting for 6.6% cancer-related deaths. Southern African women have the
highest incidence rate in all African districts due to urbanization and economic
development (7). In addition, the risk of developing breast cancer increases with age
irrespective of family history (8).

Different classifications of breast cancer include histological, morphological and
molecular/intrinsic classification subtypes of this disease (9, 10). Cancer is either
luminal or basal, invasive or non-invasive, and also express various receptors
(estrogen, progesterone or human epidermal growth factor 2 (HER?2)) (11-13). Ductal
carcinoma in situ is a non-invasive tumour which is frequently observed and

develops within normal (untransformed) breast ducts. Furthermore, this type of

1



cancer can develop into an invasive type if left untreated (2). Invasive ductal
carcinoma originates from the ductal tissue of the mammary glands and infiltrates
other breast tissue outside the duct (2, 14). Invasive lobular breast cancer originates
from the breast lobules and is mostly found in elderly women of above the age of 60
years (2). This breast cancer can also spread into other breast tissue.
Metastatic/stage IV breast cancer occurs when the cancer cells have spread from
the organ of origin to other parts of the body making it challenging to eradicate the
whole tumour including the remnants (15-17). This type of cancer is capable of
returning more aggressively years after the removal of the primary tumour possibly
due to the disseminated tumour cells entering a senescence/dormant state (18). The
disseminated tumour cells may remain in a senescent state for years, thus evading
treatment subjected to tumourigenic cells. Thereafter, dormant tumour cells enter the
active cell cycle (rapidly proliferating) and become more aggressive and difficult to
treat (19, 20).

Molecular classification of breast cancer includes luminal A, luminal B, HER2-
enriched, triple negative (sometimes used interchangeably with basal-like breast
cancer) and normal-like breast cancer (similar to luminal A) (21-23). Luminal A
carcinoma is estrogen receptor (ER)- and progesterone receptor (PR) positive,
HER2 negative (not overexpressed) and express low levels of protein ki67
(proliferation marker) (2). Ki67 is a nuclear protein associated with cell proliferation
and is present in all four active cell cycle phases, it is also used as a proliferation
marker in tumour cells (24). Luminal B carcinoma is ER and/or PR positive, HER2
positive/negative (can be either), and has high levels of protein ki67. HER2-enriched
carcinoma has low expressions of luminal and basal masses, is ER and PR
negative, and bares overexpression of HER2. Triple negative breast cancer does not
express any of the three receptors (estrogen, progesterone nor HER2) (2, 25-27).
Normal-like breast cancer is the non-invasive breast cancer which is ER- and/or PR

positive, HER2 negative and express low levels of protein ki67 (table 1.1) (2).



Table 1.1: Classification of breast cancer

Breast cancer subtype | Receptors Ki67 protein

Luminal A ER and/or PR positive, HER2 | Low (2, 25, 28)
negative

Luminal B ER and/or PR positive, HER2 | High (2, 25, 28)
positive/negative

HER2-enriched ER and PR negative, HER2 | High (29)
positive

Triple negative ER, PR and HER2 negative High (28, 29)

Normal-like ER and/or PR positive, HER2 | Low (2)
negative

There are various risk factors for breast cancer including early menarche, having first
childbirth at age above 30, late menopause, oral contraceptives, hormone therapy,
having close relatives diagnosed with breast cancer, living a sedentary lifestyle and
living on a Western diet (30-32). Moreover, the longer one is exposed to estrogen in
their lifetime, the higher the risk of developing breast cancer (33). This is due to most
types of cancer being dependent on estrogen for tumour growth (34). Thus, the more

estrogen present in the body, the higher the likelihood of tumour growth (35, 36).

Furthermore, the risk associated with breast cancer is elevated if there is a genetic
mutation present including the breast cancer gene mutations (BRCA1 or BRCA2) or
a mutation of the tumour suppressor p53 (37). BRCA gene is a tumour suppressor
which repairs damaged deoxyribonucleic acid (DNA) (38). Mutations in this gene are
associated with the inability to repair damaged DNA and thus increases the risk of

breast cancer (39).

1.1.2 Available treatment

There are different stages of breast cancer thus warranting for differential treatment
strategies. The four main treatment methods include surgery, radiation,
chemotherapy and immunotherapy (40-43). Surgery is mainly used for primary
tumours where the tumourigenic cells/tissue is removed (44). This method is not

feasible when the cancer has metastasised referring to the disseminated cancer
3



cells spreading from the primary site to other organs including the brain, liver or
lungs (45). Radiation therapy involves the use of high energy X-rays to target
actively proliferating cells (46, 47). This is used at different stages of breast cancer
and is highly effective at targeting any cancer cells that remain after surgery, and
subsequently reduces the chances of recurrence (47). Chemotherapy involves the
administration of drugs orally or intravenously to treat or control breast cancer.
Chemotherapy is the main treatment method for triple negative breast cancer and
breast cancer that has metastasised to other organs together with targeted therapy
(48). This treatment method can be given before surgery (neoadjuvant) or after
surgery (adjuvant) depending on the extent of the cancer. Neoadjuvant
chemotherapy is used in order to shrink the size of the tumour so that all of it can be
removed, reducing the chances of leaving any cancerous cells or tissue behind
whereas adjuvant chemotherapy is used to target the remaining cancer cells after
surgery and also to limit the chances of recurrence (49). Chemotherapy agents
include platinum-based (interfere with DNA replication), alkylating agent (damage
DNA), mitotic inhibitors (inhibit cell division) and anti-metabolites (inhibit DNA
production) (50, 51). Immunotherapy involves the use of the immune cells (usually T-
cells) to target highly proliferative cells. Tumourigenic cells exhibit different antigens
compared to non-tumourigenic cells and thus can be identified by the immune
system allowing for antigen-ligand interaction (52). Various studies have reported
that targeting T-cell checkpoint molecules (programmed cell death protein 1 (PD-1)
and cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4)) can improve anti-tumour
immunity and survival (52, 53). Antibodies that interfere with T-cell checkpoint
molecules have demonstrated a positive effect on various cancers including lung,
melanoma, bladder, head and neck, and renal cancer (53). It was reported that
stimulated cluster of differentiation 8+ (CD8+) T-cells in triple negative breast cancer
penetrate the tumour and attack intracellularly however, combination therapy with
immune vaccine, chemotherapy and trastuzumab has demonstrated promising
results in different types of breast cancer (42, 54). There are various clinical trials
underway for the use of immunotherapy in breast cancer treatment (42, 54, 55).
Tamoxifen has been used for over two decades to treat breast cancer and also used
on women that have a high risk of breast cancer (family history or BRCA mutation)
however, it only works on ER positive types of cancer and usually used in
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premenopausal women (56, 57). Tamoxifen is also used as a neoadjuvant drug to
help shrink the tumour size to make it easier to remove (58). In postmenopausal
women, aromatase inhibitors (eg. letrozole) are used and is particularly effective at
lowering the estrogen levels (56). Trastuzumab is usually used in HER2-enriched
types of cancer and for metastatic cancer, various drugs are used including

pertubumab, lapatinib, everolimus and trastuzumab among others (54, 59).

Most cancer treatments operate by targeting or interrupting the cell cycle machinery.
By so doing, cell cycle progression is halted, and cells fail to proceed to the next
phase of the cycle (60, 61). Drugs targeting cell cycle proteins have shown promising
results in clinical trials as tumourigenic cells depend on the overexpression of cell

cycle proteins for survival and progression through the cell cycle (62, 63).

1.2 Overview of the cell cycle

The cell cycle entails the process whereby DNA duplicates, divides, and new cells
are produced. The cycle encompasses a series of 5 steps namely; gap 0/quiescence
phase (Go) where cells are not active, gap 1 phase (Gi1) where the cell is active and
prepares for replication of genetic material, synthesis phase (S-phase) where the
DNA is replicated and the cell readies for division, gap 2 phase (Gz2) where the
genetic material increases and the cell prepares itself for division, and the 5% step is
the mitotic phase (M) where the cell divides its cytoplasm and genetic material into
two cells in a series of four mitosis phases (prophase, anaphase, metaphase,
telophase). Gi, S-phase and G: all fall under the interphase segment of cell cycle

before the commencement of the actual cell division in mitosis (64-67).

The events of the cell cycle take place under strict control of various checkpoints
composed of protein kinases. Cyclin-dependent kinases (CDK), catalytic proteins,
pair up with cyclins (regulatory subunits), to form a complex (together with various
proteins) that tightly regulates cell cycle progression (68, 69). Cyclin D-CDK2/4
complex assist with the rise in of DNA content in Gi1 phase before the cell can go
through a checkpoint regulated by cyclin E-CDK2 (63, 70). Once the cell gets to the
S-phase, it undergoes DNA replication mediated by cyclin A-CDK2 complex. This

then allows the cell to go through G2 phase for further accumulation of DNA in
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preparation for cell division and this process is regulated by cyclin A-CDK 1
complex. Progression of cells to the M-phase is regulated by cyclin B-CDK1 by
making sure that the DNA integrity is intact thus allowing for the cell to divide into two
identical daughter cells with equal- and identical genetic material (71, 72).

1.2.1 Cell cycle phases

1.2.1.1 Gi1 phase
The Gi phase is where the cell fate is determined on whether to proceed to the next

phase or not based on the various cell growth regulators and mitogens, and acquires
all the necessary components required for it to proceed to the S-phase (73, 74). The
cell has to ensure it is the right size, possesses adequate organelles (centrosomes,
centrioles, mitochondria) and all the required enzymes, and should have all the
necessary growth signals. Should it fail one of these required factors the cell will not
continue to the S-phase but rather continue to be in the Gi1 phase until it has
received all the necessary components to proceed or the cell will instead enter the
Go phase (75, 76). As the cell approaches the late G1 phase, it encounters the
restriction point (R-point) which is guarded by retinoblastoma protein (pRB). If the
cell has all properties required for it to proceed, pRB is phosphorylated allowing for
the cell to enter late Gi. The cyclin D—-CDK4/6 complex plays an essential role in the
G1 phase by facilitating pRB phosphorylation allowing for the progression of the cell
to the next phase. Transcription factor E2F is bound to pRB in Gi phase and upon
phosphorylation of pRB, E2F is released resulting in the transcription of genes that

allow for the transition from the G1 phase to the S-phase (76, 77).

1.2.1.2 S-phase

The S-phase is a crucial stage of the cell cycle and thus it necessitates strict

regulation to ensure good quality DNA copies. Origin recognition complexes (ORC),
which consists of six subunits, bind to replication sites on the chromosomes and
recruits pre-replication complexes. Pre-replication complexes are usually inactive in
the M- and Gi phases and are activated in S-phase to instigate DNA replication (78,
79). Pre-replication complexes include cell division cycle 6 (CDC-6) which is
important for the initiation of DNA replication, chromatin licensing and DNA

replicating factorl (cdtl) which ensures that DNA only replicates once per cycle, and
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mini-chromosome maintenance 2-7 (MCM2-7) protein complex which unwinds the
DNA helix (80-82).

1.2.1.3 Go/M

Once the DNA has finished replicating and all necessary requirements are met, the
cell proceeds to the G2 phase where it grows in preparation for cytoplasm and
chromatin splitting/division. The Gz phase is regulated by cyclin A—-CDK1 which is
phosphorylated thus allowing for the cell to proceed to the M phase. In the M phase,
cyclin B-CDK 1 is activated and regulates the division of one cell into two identical
daughter cells (83). Mitosis is comprised of four successive phases; prophase,
metaphase, anaphase and telophase. In this cell cycle phase, chromosomes
condense (prophase), and the nuclear envelope becomes visible, followed by the
alignment of chromosomes on the equatorial plate (metaphase). The chromosomes
are then pulled to the opposite pole (anaphase) and the cell membrane forms

furrows to separate the two newly formed daughter cells (telophase) (67).

1.2.2 Checkpoints

Cell cycle progression is regulated at three important sites known as cell cycle

checkpoints. Gi checkpoint (restriction point) regulates the progression of cells from
the Gi1 phase to the S-phase, G2 checkpoint regulates the progression of cells from
the G2 phase to the M phase and the M checkpoint (spindle checkpoint) regulates

the progression of cell division from mitosis to anaphase (84).

1.2.2.1 G1 checkpoint (restriction point)

The G1 checkpoint (also known as the restriction point) is found towards the end of
G1 phase and this is the point where the fate of cell is decided, whether it will enter
the S-phase for DNA replication or to stay in Gi1 phase until required components are
in place. The key regulator of the G1 checkpoint is p53 tumour repressor gene which
upon DNA damage activates cyclin/CDK inhibitors to stop the progression of the cell
from the Gi phase to the S-phase. The tumour suppressor, p53, is activated by
various protein kinases including ataxia-telangiectasia mutated (ATM) and ATM- and
Rad3-related (ATR) kinases due to DNA damage and upon activation, p53 targets

CDK inhibitors (p21/WAF1) which subsequently results in cell cycle arrest. The cell
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remains in the Gi phase until the DNA is repaired from then it can proceed to S-
phase for DNA replication or it exits the cell cycle to the Go phase where it becomes
inactive and awaits further instructions. Should the DNA not be able to be repaired,
the cell then undergoes apoptosis (programmed cell death) (84, 85).

1.2.2.2 G2 checkpoint (DNA checkpoint)

The cell proceeds to the S-phase if it meets all requirements including DNA integrity

(no DNA damage), CDK activation and energy reserves (66, 86, 87). In the S-phase,
the DNA is replicated and subsequently the cell proceeds to the G2 phase where it
prepares for cell division (mitosis) (88). For the cell to pass the G2 checkpoint, the
DNA replication must be satisfactory with no DNA damage present, possess
appropriate protein reserves and a good cell size. Should there be any DNA
damage; the cell will be arrested in the G2/M phase. Cyclin B-CDK1 is kept inactive
to prevent the progression of cells from G2 to M phase (84, 87, 89).

1.2.2.3 M checkpoint (spindle checkpoint)

The M checkpoint is situated towards the end of metaphase and ensures that the cell
does not proceed do anaphase until all the kinetochores are attached to the mitotic
spindles from opposite poles in order to allow equal separation of chromatids in
anaphase (90, 91). The M checkpoint plays a regulatory role by inhibiting anaphase-
promoting complex (APC) until all kinetochores are attached to spindle microtubules
(92). Budding uninhibited by benomyl (Bud) and mitotic arrest deficient (Mad)
proteins are activated to regulate the checkpoint. Mad2 binds to kinetochores thus
preventing the activation of anaphase-promoting complex (which facilitates transition

of cells from metaphase to anaphase) resulting in a metaphase block (67, 93, 94).

1.3 Apoptosis

Apoptosis, also referred to as programmed cell death, is a type of cell death
mechanism used by the organism to regulate tissue size, shape and also to maintain
systemic homeostasis (95). Furthermore, the body utilizes this process to get rid of
damaged cells. Apoptosis is characterised by several morphological hallmarks
including shrinkage of cells from other surrounding cells, blebbing of the plasma

membrane, cytoplasm- and nuclear condensation, margination of condensed
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chromatin, nuclear fragmentation and cell destruction resulting in apoptotic bodies
(figure 1.1) (73, 96). In addition, phosphatidylserine, a phospholipid located on the
inner side of the plasma membrane bilayer, is externalized and exposed on the
outside of the plasma membrane of the apoptotic bodies which can be a signal for
macrophages to engulf the dead cell. This flip in the cell membrane causes the
externalization of the phosphatidylserine, allowing for various cellular proteins like
Annexin V to bind to the exposed phosphatidylserine which is indicative of apoptosis
(73, 96-98).

Normal cell Cell shrinkage Membrane blebbing

Cytoplasmic and nuclear
condensation

REER

> ”’

Apoptotic bodies

Figure 1.1: Process of apoptosis. Apoptosis is characterised by morphological changes that
occurs during apoptosis including cell shrinkage, membrane blebbing, DNA fragmentation,
cytoplasm and nuclear condensation, and appearance of apoptotic bodies (diagram created
by MT Lebelo using Microsoft Publisher 2013 (Microsoft Corporation, Washington, United

Sates of America)).

Apoptosis can take place via the extrinsic (death receptor pathway), the intrinsic
(mitochondrial) or the endoplasmic reticulum pathway which are caspase-dependent
(figure 1.2) (99, 100). Alternatively, apoptosis can also take place via the caspase-



independent pathway where caspases are not involved and instead effectors such
as apoptosis inducing factor (AIF) induce apoptotic cell death (101). The extrinsic
pathway initiates extracellularly and is triggered by the interaction between pro-
apoptotic death receptors (DR) including DR4 or DR5 and ligands of the tumour
necrotic factor (TNF) family such as apoptosis stimulating fragment ligand (FasL)
and tumour necrosis factor related apoptosis-inducing ligand (TRAIL) on the cell
membrane (102, 103). A Fas receptor adaptor molecule, Fas-associated protein with
death domain (FADD) recruits inactive initiator caspases (procaspase 8 and
procaspase 10) forming a death inducing signaling complex (DISC) which causes
cleavage of inactive caspases to active caspases (caspase 8 and caspase 10) which
further results in the activation of the executioner caspases (caspase 3, 6 and 7)
and ultimately apoptosis induction (104, 105). The intrinsic apoptosis pathway is
activated by cellular stressors including elevated reactive oxygen species (ROS) and
DNA damage among others, and initiates intracellularly (106). This activates pro-
apoptotic proteins of the B-cell lymphoma 3 homologue (BH3) family which activates
B-cell lymphoma associated X (BAX)/B-cell 2 homologue antagonist killer (BAK)
oligomerization directly or indirectly by binding to pro-apoptotic B-cell lymphoma-2
(Bcl-2) proteins (107). Bcl-2 proteins exist in two groups of pro-apoptotic (Bcl-2
associated death promotor homologue (Bad), BH3 interacting domain death agonist
(Bid), Bim, Bcl-2 modifying factor (Bmf), protein harakiri (Hrk), Noxa, Bcl-2 interacting
killer (Bik), p53 upregulated modulator of apoptosis (Puma)) and anti-apoptotic (Bcl-
2, Bcl-XL) factors which play a vital role in intrinsic apoptosis (107, 108). The
activation of initiator caspase 8 causes the inactive Bid to be converted to truncated
Bid (tBid) which is the active form and this then activates Bax/Bak on the
mitochondrial membrane (109). Activation of Bax/Bak oligomer results in
mitochondrial membrane permeabilization and subsequent release of cytochrome ¢
and second mitochondria-derived activator of caspase/direct inhibitor of apoptosis
binding protein with low pl (Smac/DIABLO) (110, 111). Cytochrome c binds to
apoptosis protease-activating factor 1 (Apaf-1) forming a proteasome which activates
procaspase 9 to active caspase 9, resulting in the activation of executioner caspases
(caspase 3,6,7) leading to apoptotic cell death (figure 1.2) (112). Smac/DIABLO
release from the mitochondria results in the inhibition of the inhibitor of apoptosis
protein (IAP) and subsequent activation of executioner caspases resulting in

10



apoptosis (103). Mitochondrial membrane potential is important for the integrity of
the mitochondrial and ATP production thus excessive changes, like a drop in
mitochondrial membrane potential, can result in cell death (113). Permeability of the
mitochondrial membrane may result in membrane depolarization and release of
cytochrome c into the cytoplasm, ultimately leading to apoptosis (113-115).

Extrinsic pathway Intrinsic pathway

%)NA damage

00

Figure 1.2: Extrinsic- and intrinsic apoptosis pathways. The extrinsic apoptotic pathway
involves death receptor ligands FasL and TRAIL which activates caspase 8. Caspase 8
activates caspase 3 that ultimately leads to apoptosis, and Bid which activate the Bak/Bax
complex resulting in mitochondrial depolarization and cytochrome c release. The intrinsic
pathway involves the activation of BH3 protein family by DNA damage and oxidative stress
which activates the Bak/Bax complex causing cytochrome c release from the mitochondria.
Caspase 9 is then activated, which activates caspase 3 resulting in apoptosis induction.

1.4 2-Methoxyestradiol and sulphamoylated compounds

2-Methoxyestradiol (2ME), a 17-B estradiol metabolite, exhibits anticancer-,
antiangiogenic- and antitumour activity (116). Furthermore, 2ME is destructive to the
tubulin structure of cells regardless of the ER estrogen receptor status and induces

apoptosis. Despite the desired effects that 2ME has on tumourigenic cells, it has low
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bioavailability and is easily degraded. This lead to the in silico-design of several
sulphamoylated- and non-sulphamoylated estradiol compounds with improved
bioavailability (117) (Table 1.2). Estradiol- and 2ME derivatives with a sulphamate
moiety revealed improved bioavailabilty when compared to 2ME since the
sulphamoylation allows for bypassing the liver without undergoing first pass
metabolism (118). In addition, sulphamoylated compounds are believed to reversibly
bind to carbonic anhydrase Il (CA 1l). CAs are a group of zinc containing isozymes
that facilitate the interconversion between CO2 and HCOz3™ (119). There are several
CA isoforms identified in humans, with the cytosolic ones trapping acid intracellularly
whereas the cellular membrane ones are responsible for extracellular acidification.
CAIX was reported to be associated with solid tumours and regulation of tumour pH
(120).
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Table 1.2: In silico-designed sulphamoylated- and non-sulphamoylated compounds.

Structures were created by Dr MH Visagie using ACD/ChemSketch version 1101

released on 2007/10/19 (Advanced Chemistry Development,

Toronto, Canada).

Inc., ACD/Labs,

Non-sulphamoylated compound

Sulphamoylated compound

CHy 7

HiC

2-Ethylestrone (EE-one) also known as C5).

CH; ©

H;C

2-Ethyl-13-methyl-17-oxo-
7,8,9,11,12,13,14,15,16,17-decahydro-6-
cyclopenta[a]phenanthrane-3 sulphamate

(ESE-one) also known as C15.

e

HO

2-Ethyl-17estra-1,3,5(10)16-tetraene (EE-15-

ol) also known as C11.

CHs OH

” O.

2-Ethyl-estra-17-
methylbenzenesulfenohydrazide (ESE-15-ol)
also known as C10.

CH, OH

HiC

2-Ethyl-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6-
cyclopenta[a]phenanthrane-3,17-diol  (2-E-

diol) also known as C13.

CHs OH

2-Ethyl-17-hydroxy-13-methyl-
7,8,9,11,12,13,14,15,16,17-decahydro-6-
cyclopenta[a]phenanthren-3-yl
(ESE-ol) also known as C16.

sulphamate
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Several estradiol sulphamoylated analogues including 2-methoxyestradiol-bis-
sulphamate, (8R,13S,14S,17S)-2-ethyl-13-methyl-7,8,9,11,12,13,14,15,16,17-
decahydro-6H-cyclopenta[a]phenanthrane-3,17-diyl bis(sulphamate) (EMBS) (also
known as C14), ESE-15-ol and ESE-ol have demonstrated antiproliferative-,
antimitotic- and apoptotic activity in tumourigenic cell lines including breast
tumourigenic cell lines (MCF-7, MDA-MB-231) and an oesophageal tumourigenic cell
line (SNO) (117, 121-125). Furthermore, EMBS, increases ROS production in the
MDA-MB-231 cell line which is associated with a decrease in cell proliferation,
mitochondrial membrane damage, cell cycle arrest, decrease in metabolic activity
and apoptosis induction. Furthermore, the addition of N-acetyl cysteine (NAC)
abrogated antiproliferative activity, cell cycle arrest and cell death suggesting that
ROS production is essential for the ability of EMBS to induce cell death. However,
the specific ROS-dependent signaling cascade induced by EMBS including the
relevant involved ROS remains unknown (126).

These sulphamoylated estradiol compounds exert antiproliferative-, antimitotic- and
cell death inducing activity that correlates with ROS induction. However, the exact
mode of action still remains elusive (117, 121-125). Identification of the aberrant
ROS modulated by the estradiol sulphamoylated antimitotic compounds in cancer
cell lines and the mechanism of action utilised by the sulphamoylated antimitotic
compounds will identify a novel oxidative-stress dependent signaling used by

antimitotic compounds to induce apoptosis in breast cell lines.

1.5 Reactive oxygen species

ROS are oxygen species possessing an unpaired electron which are highly reactive
(figure 1.3 and figure 1.4) (127). ROS include, among others, singlet oxygen,
superoxide radical, perhydroxyl radical, hydrogen peroxide and hydroxyl radical, and
play a major role in apoptosis induction and cell signaling (128). Mitochondrial
generation of superoxide and subsequent hydrogen peroxide are the major
contributors for ROS production in an actively proliferating cell (129). Superoxide,
which is made by receiving an electron from nicotinamide adenine dinucleotide

phosphate (NADPH), is converted to hydrogen peroxide via superoxide dismutase
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(SOD) in the cytosol, and catalase converts hydrogen peroxide to water. ROS are
generated via the mitochondria as a typical cell maintenance mechanism whereby a

balance is maintained between ROS production and ROS elimination (130).

NO" NQOz2"
O Oz_ H-0- HO H-0O
H+ CI

Figure 1.3: Production of ROS from an oxygen molecule (diagram created by M.T Lebelo in

Microsoft Word 2013 (Microsoft Corporation, Washington, United Sates of America)).
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Figure 1.4: Conversion of superoxide and hydrogen peroxide by antioxidants.

SOD converts superoxide to hydrogen peroxide and thereafter, hydrogen peroxide is
converted to water by catalase (diagram created by M.T Lebelo in Microsoft Word 2013
(Microsoft Corporation, Washington, United Sates of America)).

ROS are produced during metabolic processes and are maintained at an acceptable
level by the antioxidant production including SOD, catalase and glutathione (131).
Literature has shown that proliferation of breast-, liver- and lung cancer cells
including MCF-7- and MDA-MB-231, is dependent on ROS. The ROS-dependent
proliferation mechanism was confirmed when a ROS scavenger (NAC) supressed

proliferation. A moderate increase in ROS results in increased cell proliferation
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however, the introduction of antioxidants have an opposing effect indicating that
ROS has a positive cell growth effect in various tumourigenic cells which can be
inhibited by a ROS scavenger (132-134). Overexpression of SOD inhibited breast
cancer metastasis in mouse xenographs demonstrating the importance of
antioxidants in limiting metastasis in tumourigenic cells (132). Furthermore, ROS
exert proliferative effects in breast cancer cells by recruiting cells into the S phase of
the cell cycle, thus enhancing cellular myelocytomatosis (c-Myc) expression and
increases transcription factors including nuclear factor kappa-light-chain enhancer of
activated B cells NF-xB (NF-xB) activity involved in cell transformation, survival,
angiogenesis, proliferation and metastasis (135). Thus, ROS have been reported to
contribute to cancer initiation and progression while on the other hand, excessive
ROS production has been linked to cell death, indicating that ROS are a double-
edged sword (136, 137).

Excessive ROS quantities resulting from increased ROS production or a decrease in
antioxidants results in inhibition of tumour growth and apoptosis induction (135).
Pisano et al. (2019) demonstrated that ROS-induced cell death by vanadium is
inhibited by a ROS scavenger (NAC), in a A375 melanoma cell line which suggested
ROS-dependent cell death (138). ROS mediate pro-death signaling via apoptosis
signal-regulating kinase 1 (ASK) activation of mitogen activated protein kinase
(MAPK) and c-Jun-terminal kinase (JNK) which results in the induction of apoptosis.
ASK-1 activates p38 and JNK resulting in the transcription of FasL thus initiating the
extrinsic apoptosis pathway. FasL-FAD complex activate caspase-3 (initiator) and
bid (upregulating BAX) ultimately resulting in apoptosis. JNK and MAPK stimulate
the upregulation of pro-apoptotic signals and downregulation of anti-apoptotic
signals. ROS-mediated JNK/MAPK downregulates cyclin, CDK inhibition therefore

resulting in cell cycle arrest (132).

ROS are mainly produced by the mitochondria thus aberrant mitochondrial function
is frequently associated with inconsistent ROS quantities. Furthermore, mitochondria
are also the main target of ROS resulting in various pathologies (139). An elevation
in ROS leads to an aberrant change in the mitochondrial membrane potential

resulting in membrane depolarization. A loss/decrease of mitochondrial membrane
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potential has been associated with apoptosis. Permeabilization of the mitochondrial
membrane by various factors (including ROS) results in transmembrane
depolarization and the release of apoptosis-promoting factors including cytochrome c
which ultimately results in apoptosis via the mitochondrial pathway (intrinsic) (140-
142).

In the current study, tumourigenic breast cell lines were exposed to an oxidative
stress-inducing compound culminating in antiproliferative activities and cell death
induction whereby various ROS inhibitors were used in an attempt to identify the
ROS that is crucial for these effects induced by sulphamoylated in silico-designed
compounds. Identification of the ROS modulated by the estradiol sulphamoylated
antimitotic compounds and the mechanism of action utilised by the sulphamoylated
antimitotic compounds will identify a novel oxidative-stress dependent signaling

pathway used by antimitotic compounds to induce apoptosis in breast cell lines.

1.6 Relevance and aim of the study

This study is considered an in vitro study since it was conducted on commercially
available cancer cell lines and the findings thereof cannot be extrapolated to an in
vivo environment. The scientific findings in this study will contribute to understanding
the oxidative stress-dependent mechanism of action utilised by ESE-one and other
sulphamoylated estradiol analogues in the induction of apoptosis. The aim of the
study was to evaluate the mode of action utilised by oxidative stress in the induction
of apoptosis by ESE-one in breast tumourigenic cell lines.

1.7 Objectives

The objectives of the study were:

1. to compare the ROS production induced by ESE-one to other sulphamoylated
compounds and their non-sulphamoylated estradiol counterpart compounds. This
was done by utilizing DCFDA and DHE (fluorescent microscopy).

2. to quantify the hydrogen peroxide and superoxide production induced by
ESE-one by utilizing 2,7-dichlorofluoresceindiacetate (DCFDA) and dihydroethidine

(DHE) (fluorescent microscopy).
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3. to identify which ROS are required for antiproliferative activity exerted by
ESE-one in breast cancer cell lines. This was done by demonstrating the effects of
ESE-one on cell growth in the presence or absence of various scavengers by means
of crystal violet staining (spectrophotometry).

4, to determine if the cell rounding effects induced by ESE-one is dependent on
the production of ROS. This was done by means of light microscopy after cells have
been exposed to ESE-one in the presence or absence of the scavengers (identified
in Objection 1).

5. to determine if the antimitotic- and cell death inducing activity induced by
ESE-one is dependent on ROS production. This was accomplished by establishing
the influence of ESE-one on the cell cycle progression and cell death induction in the
presence or absence of various scavengers (identified in Objective 1) by means of
propidium iodide (PI) staining (flow cytometry).

6. To determine if the effect of ESE-one on the mitochondrial membrane
potential and possible activation of the intrinsic (mitochondrial) apoptosis pathway is
dependent on ROS production. This was accomplished by establishing the influence
of ESE-one on the mitochondrial membrane potential in the presence or absence of
various scavengers (identified in Objective 1) by means of Mitoprobe JC-1 assay kit
(flow cytometry).

7. to determine the influence ESE-one on the innate antioxidant system by
demonstrating the effects of ESE-one on catalase- and superoxide dismutase

activity by means of spectrophotometry.
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Chapter 2

Research procedure
Methods and materials
2.1 Materials

2.1.1 Cell lines
MDA-MB-231 is a triple negative tumourigenic breast cell line, indicating that MDA-
MB-231 cells do not express ER, PR and HER. The MDA-MB-231 cell line was

derived from an adenocarcinoma metastatic site (143). The MDA-MB-231 cell line

was obtained from the American Type Culture Collection (Manassas, Virginia, United
States of America) (126). The MCF-7 cell line is an adenocarcinoma ER positive, PR
positive and HER2 negative breast epithelial cell line. The MCF-7 cell line is able to
process estradiol by the cytoplasmic estrogen receptors ERs and is also able to form
domes (116). The MCF-7 cell line was obtained from the American Type Culture
Collection (Manassas, Virginia, United States of America). The MDA-MB-231- and
the MCF-7 cell lines were cultured in 25 cm? tissue flask in Dulbecco’s Minimum
Essential Medium Eagle (DMEM) with 10% heat-inactivated fetal calf serum (FCS)
(56°C, 30 min), 100 U/ ml penicillin G, 100 mg/ml streptomycin and fungizone (250
mg/l) at 37°C and 5% COa.

2.1.2 Reagents

All reagents were obtained from (Sigma Chemical Co) (St. Louis, Missouri, United
States of America) unless otherwise specified. The Pl, DHE, DCFDA and ROS
inhibitors were manufactured and obtained from Sigma Chemical Co. (St. Louis
Missouri, United States of America). Crystal violet dye was manufactured and
provided by Merck & Co., Inc. (Kenilworth, New Jersey, United States of America).
The SOD activity assay kit and human catalase activity kit simplestep was
purchased from Abcam plc. (Cambridge, England, United Kingdom). Mitoprobe JC-1
assay kit was purchased from Thermo Fisher Scientific (Waltham, Massachusetts,

Unites States of America).
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2.2 Methods
2.2.1 Oxidative stress

2.2.1.1 Hydrogen peroxide generation using 2,7-dichlorofluoresceindiacetate

(fluorescent microscopy)

The effects of the sulphamoylated- and non-sulphamoylated estradiol compounds on
hydrogen peroxide production were quantified as an indicator of oxidative stress.
DCFDA was used to measure hydrogen peroxide production. DCFDA, a non-
fluorescent probe is oxidised to its fluorescent derivative DCF, by hydrogen peroxide
(144, 145).

MCF-7- and MDA-MB-231 cells were seeded in 24-well plates at a density of 20 000
cells per well and incubated for 24 hours at 37°C and 5% CO: to allow for
attachment. Cells were exposed to various sulphamoylated compounds (0.5 pM)
(ESE-15-0l, ESE-one and ESE-ol) and non-sulphamoylated compounds (0.5 puM)
(EE-one, EE-15-ol and 2-E-diol) for 24 hours at 37°C and 5% CO2. Upon
termination, 1% hydrogen peroxide was added to the positive control well for 5
minutes at room temperature. Thereafter, cells were washed with phosphate buffer
solution (PBS). Cells were incubated with 20 yM DCFDA for 25 minutes at 37°C and
5% CO2. Samples were washed with PBS and 0.5 pl PBS was subsequently added
to each well. Zeiss Axiovert CFL40 microscope, Zeiss Axiovert MRm monochrome
camera (Zeiss, Oberkochen, Germany) and Zeiss filter 9 was employed to capture
images of the DCFDA-stained (green) cells. Fluorescence images were analyzed
using Image J software developed by the National Institutes of Health (Bethesda,
Maryland, United States of America). The fluorescent intensity of at least 100 cells

was evaluated per condition in each experiment.

2.2.1.2 Superoxide generation using dihydroethidium (fluorescent microscopy)

The effects of the sulphamoylated- and non-sulphamoylated estradiol compounds on
superoxide production were quantified as an indicator of oxidative stress. DHE was
used to measure superoxide production. Superoxide oxidizes DHE to form a

fluorescent red 2-hydroethidine cation (146).
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MCF-7- and MDA-MB-231 cells were seeded in 24-well plates at a density of 20 000
cells per well and incubated for 24 hours at 37°C and 5% CO:2 to allow for
attachment. Cells were then exposed to a various sulphamoylated compounds (0.5
uM) (ESE-15-ol, ESE-one and ESE-ol) and non-sulphamoylated compounds (0.5
uM) (EE-one, EE-15-ol and 2-E-diol) for 24 hours at 37°C and 5% CO2. Upon
termination, cells were washed with PBS. Cells were incubated with 10 uM DHE for
45 minutes at 37°C and 5% CO2. Samples were washed with PBS and 0.5 pyl PBS
was subsequently added to each well. Zeiss Axiovert CFL40 microscope, Zeiss
Axiovert MRm monochrome camera (Zeiss, Oberkochen, Germany) and Zeiss filter
15 was employed to capture images of DHE-stained (red) cells. Fluorescence
images were analyzed using Image J software developed by the National Institutes
of Health (Bethesda, Maryland, United States of America). The fluorescent intensity

of at least 100 cells was evaluated per condition in each experiment.

2.2.2 Cell proliferation
2.2.2.1 Crystal violet staining (spectrophotometry)

Crystal violet staining was used to determine the influence of ESE-one on cell
proliferation in the presence and absence of various ROS inhibitors. In addition,
crystal violet staining was also done to determine if there is a significant differential
effect exerted by sulphamoylated compounds when compared to their non-
sulphamoylated compound counterparts. The crystal violet technique involves
staining of the nuclei and cellular DNA with a triphenylmethane cation dye that binds
to proliferating cells. This method is frequently used for proliferation studies to
acquire the number of cells cultured in a monolayer. Spectrophotometry was used
together with crystal violet staining to obtain the absorbance of the solubilized dye at
a wavelength of 570 nm (147).

MCF-7- and MDA-MB-231 cells were seeded in 96-well plates at 4000 cells per well
and incubated at 37°C and 5% COz for 24 hours to allow for the attachment of cells
to the plate. Cells were then exposed to 0.5 puM ESE-one since previous studies
conducted in our laboratory with several sulphamoylated compounds demonstrated

optimal antiproliferative activity at this dose in several tumourigenic cell lines (121).
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In addition, cells were also exposed to additional sulphamoylated compounds (0.5
HUM) for comparison with their non-sulphamoylated compound (0.5 uM) counterparts.
Cells were exposed to ESE-one in the absence or presence of ROS scavengers
(mannitol, trolox, tiron, 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide (Carboxy-PTIO), sodium azide and N,N’-dimethylthiourea (DMTU)) (Table 2.1)
and incubated for 24 hours at 37°C and 5% CO2. Upon termination, cells were fixed
with 1% gluteraldehyde (100 ul) at room temperature for 15 minutes. Gluteraldehyde
was then replaced with 0.1% crystal violet (100 pl) at room temperature for 30
minutes. Plates were left to dry overnight. Thereafter, 0.2% triton X-100 (200 ul) was
added to the plates and incubated overnight to solubilize the crystal violet.
Absorbances were read by means of an EPOCH Microplate Reader (Biotek
Instruments, Inc. (Winooski, Vermont, United States of America)) at a wavelength of
570 nm. Data was then analyzed using Microsoft Excel 2010 (Microsoft Corporation,

Washington, United Sates of America).

Table 2.1: ROS scavengers and concentration ranges that were used.

Reactive oxygen species | Scavenger Concentration
Hydrogen peroxide N,N-dimethylthiourea (DMTU) 1-10 mM (148)
Hydroxyl radical Mannitol 20-100 mM (148)
Nitric oxide 2-(4-Carboxyphenyl)-4,4,5,5- 10-100 pM (148,

tetramethylimidazoline-1-oxyl-3-oxide | 149)
(Carboxy-PTIO)

Peroxyl radical Trolox 10-100 uM (150,
151)

Singlet oxygen Sodium azide 1-10 mM (148, 152)

Superoxide anion Tiron 1-10 mM (153, 154)

2.2.3 Cell morphology
2.2.3.1 Light microscopy

Light microscopy was employed to investigate if the cell rounding effects induced by
ESE-one are dependent on ROS formation. MCF-7- and MDA-MB-231 cells were

seeded in 24-well plates at a density of 20 000 cells per well and incubated at 37°C
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and 5% COz2 for 24 hours to allow for the attachment of cells to the plate. After 24
hours, cells were exposed to 0.5 uM ESE-one in the presence and absence of ROS
scavengers for 24 hours at 37°C and 5% CO2. Thereafter, an Olympus CKX53
inverted microscope (Olympus Corporation, Tokyo, Japan) was used to capture
images in order to compare the morphology of cells exposed to ESE-one in
presence and absence of ROS scavengers. Light microscopy images were analysed
using Image J software developed by the National Institutes of Health (Bethesda,
Maryland, United States of America). At least 1000 cells were counted per condition

in each experiment.

2.2.4 Cell cycle progression and apoptosis induction

2.2.4.1 Propidium iodide staining (flow cytometry)

The effects of ESE-one on cell cycle progression in the presence and absence of
ROS scavengers were investigated by means of ethanol fixation, Pl and flow
cytometry. Pl is a dye that stains the DNA of a cell and thus enables the
guantification of DNA correlating with stages of the cell cycle during cell division
(155).

Cells (MCF-7 and MDA-MB-231) were seeded at a density of 500 000 cells per T25
cm? tissue culture flask and incubated at 37°C and 5% CO:2 for 24 hours to allow for
cell attachment. Subsequently, cells were exposed to 0.5 uyM ESE-one in the
presence or absence of ROS scavengers for 24- and 48 hours at 37°C and 5% CO..
Upon termination, cells were trypsinized and resuspended in 1 ml growth medium.
Samples were then centrifuged for 5 minutes at 300 x g. Supernatant was removed
and pellet was resuspended in ice-cold PBS containing 0.1% FCS. Thereafter, 4 ml
of 70% ice-cold ethanol was added in a drop-wise manner whilst vortexing and
samples were kept at 4°C for at least 24 hours. Cells were then centrifuged at 300 x
g for 5 minutes and the supernatant was removed. Cells were resuspended in 1 ml
PBS containing PI (40 pug/ml), ribonuclease A (100 pg/ml) and triton X-100 (0.1%)
and incubated at 37°C for 45 min. PI fluorescence was measured with the Gallios
flow cytometer (Beckman Coulter, Inc. (Indianapilis, United States of America). Data
from cell debris (particles smaller than apoptotic bodies) and clumps of 2 or more

cells was removed from further analysis. Cell cycle distributions was calculated with
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Kaluza analysis software version 2.0 software from Beckman Coulter Life Sciences
(Indianapolis, United States) by assigning relative DNA content per cell to sub-Gu,
G1, S and G2/M fractions.

2.2.5 Mitochondrial potential

Mitochondrial membrane potential

The influence of ESE-one on the cells’ mitochondrial potential was investigated using
MitoProbe™ JC-1 Assay Kit employing flow cytometry. JC-1 dye was added to
samples being investigated and it fluoresces green if the mitochondrial potential is
depolarized and fluoresces red when the mitochondrial membrane potential is
polarized. Depolarization of the mitochondrial membrane is indicative of apoptosis
via the mitochondrial pathway. The green fluorescence was measured at 525 nm

excitation whereas the red one was at 575 nm excitation for JC-1 dye (156-158).

Cells (MCF-7 and MDA-MB-231) were seeded at a density of 500 000 cells per 25
cm? tissue flask and incubated at 37°C and 5% CO:2 for 24 hours to allow for
attachment. Subsequently, cells were exposed to 0.5 yM ESE-one in the presence
or absence of ROS scavengers for 24 hours at 37°C and 5% CO:. Thereafter, cells
were trypsinized and resuspended in 1 ml warm PBS. Subsequently, samples were
centrifuged at 300 x g for 5 minutes and the supernatant was discarded afterwards.
Carbonyl cyanide 3-chlorophenylhydrazone (CCCP) (50 pM) was added to the
positive control sample and incubated for 5 minutes at 37°C and 5% CO: thereafter,
centrifuged and the supernatant discarded. The samples were resuspended in warm
PBS (1 ml) and subsequently JC-1 dye solution (2 uM) was added to each sample.
Samples were then incubated for 15 minutes at 37°C and 5% CO2. After the
incubation period, cells were centrifuged at 300 x g for 5 minutes and the
supernatant was discarded. Cells were then resuspended in warm PBS (1 ml) and
centrifuged at 300 x g for 5 minutes and the supernatant was discarded. PBS (0.5
ml) was added to each sample and samples were processed using the Gallios flow
cytometer (Beckman Coulter, Inc. (Indianapilis, United States of America) at an
excitation wavelength of 488 nm. Mitochondrial membrane potential data was

analysed using Kaluza analysis software version 2.0 software from Beckman Coulter
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Life Sciences (Indianapolis, United States) by quantifying the mitochondrial

depolarization.

2.2.6 Antioxidant activity

2.2.6.1 Superoxide dismutase activity (spectrophotometry)

The influence of ESE-one on the cells’ antioxidant systems was investigated by
guantifying SOD. SOD is an antioxidant enzyme involved in the defence system
against ROS. SOD catalyses the reaction of superoxide radical anion to hydrogen
peroxide (159). Quantification of SOD was an indication regarding the influence of
ESE-one on the cells’ innate antioxidant defence systems.

Cells (MCF-7 and MDA-MB-231) were seeded at a density of 2 000 000 cells per 75
cm? tissue culture flask and incubated at 37°C and 5% CO:2 for 24 hours to allow for
attachment. Subsequently, cells were exposed to 0.5 yM ESE-one with or without
the ROS scavengers for 24 hours at 37°C and 5% COz2. Cells were trypsinized and
samples were placed in ice-cold 0.1 M Tris/HCI (pH 7.4) containing 0.5% triton X-
100, 5 mM B-mercaptoethanol and 0.1 mg/ml phenylmethylsulfonyl fluoride. Cells
were centrifuged at 14 000 x g for 5 minutes at 4°C. The supernatant was transferred
to new eppendorfs and kept on ice. Supernatant (10 ul) was then transferred to the
96-well plate (row 1 and row 3) and double distilled water (10 pl) was added to row 2
and row 4. A further WST working solution (100 ul) was added to all the wells and
SOD enzyme solution (10 pl) was only added to row 1 and 2. SOD dilution buffer (10
pl) was added to row 3 and row 4 thereafter, incubated for 1 hour on the plate shaker
at 400 rpm (covered in foil). After the incubation period, the plate was read on the
spectrophotometer, with the absorbance measured at 450 nm using an EPOCH
Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont, United States of
America). The data was then analysed using Microsoft Excel 2010 (Microsoft

Corporation, Washington, United Sates of America).
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2.2.6.2 Catalase activity (spectrophotometry)

The influence of ESE-one on the cells’ innate antioxidant systems was investigated
by quantifying catalase. Hydrogen peroxide is catalysed to water and oxygen by
catalase and thus protecting the cell from oxidative stress (160).

Cells (MCF-7 and MDA-MB-231) were seeded at a density of 2 000 000 cells per 75
cm? tissue culture flask and incubated at 37°C and 5% CO: for 24 hours to allow for
attachment. Subsequently, cells were exposed to 0.5 yM ESE-one in the presence
or absence of ROS scavengers for 24 hours at 37°C and 5% CO:2. Cells were then
scraped off the surface of the flask and suspended in PBS. After centrifuging, the
supernatant was discarded and ice-cold cell extraction buffer (100 pl) was added to
each sample and left on ice for 20 minutes. Thereafter, cells were centrifuged at
14000 x g for 15 minutes and the supernatant (50 ul) was transferred to a 96-well
plate. A further antibody cocktail (50 ul) was added to the wells (providing a final
volume of 100 pl) and incubated on the plate shaker for 90 minutes at 400 rpm.
Wells were then washed thrice with wash buffer (250 ul) and TMB substrate (100 pl)
was added to the wells and incubated for a further 15 minutes on the plate shaker at
400 rpm. After the incubation time, stop solution was added to the wells and read on
the spectrophotometry. The absorbance was measured at 450 nm using an EPOCH
Microplate Reader (Biotek Instruments, Inc. (Winooski, Vermont, United States of
America). The data was analysed using Microsoft Excel 2010 (Microsoft Corporation,

Washington, United Sates of America).

2.3 Statistics

Quantitative data was obtained from spectrophotometry (cell proliferation and
antioxidant activity), fluorescent microscopy (ROS production), light microscopy
(morphology) and flow cytometry (cell cycle progression and mitochondrial
membrane potential). Qualitative data was obtained from light microscopy- and
fluorescent microscopy. Three independent experiments were conducted where the
average and the standard deviation were calculated. Averages are illustrated by bar
charts and standard deviations are shown with errors bars. A P-value < 0.05
calculated by means of the Student t-test was used for statistical significance and is

indicated by an asterisk (*). Flow cytometry analysis involves at least 10 000 events
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and was repeated three times. Fluorescent- and light microscopy images were
analyzed using Image J software developed by the National Institutes of Health
(Bethesda, Maryland, United States of America). The fluorescent intensity of at least
100 cells was evaluated per condition in each experiment and at least 100 cells were

counted in the light microscopy images per condition in each experiment.

2.4 Logistics

All the required equipment is available and all relevant techniques and protocols
have been standardized in the Department of Physiology (University of Pretoria,
South Africa). Dr M.H. Visagie and Professor A.M. Joubert were consulted on all the
required techniques. The cell culture laboratory of the Department of Physiology at
the University of Pretoria was used to conduct the research project. The Zeiss
Axiovert CFL40 microscope, Zeiss Axiovert MRm monochrome camera (Zeiss,
Oberkochen, Germany), EPOCH Microplate Reader (Biotek Instruments, Inc.
(Winooski, Vermont, United States of America)) and Olympus CKX53 inverted
microscope (Olympus Corporation, Tokyo, Japan) are available at the Department of
Physiology, University of Pretoria, South Africa and were employed in the study. The
Gallios flow cytometer (Beckman Coulter, Inc. (Indianapolis, California, United
States)) utilised in this study is available from the Department of Immunology,
University of Pretoria, South Africa and the FC500 flow cytometer (Beckman Coulter,
Inc. (Indianapolis, California, United States)) is available from the Department of

Pharmacology, University of Pretoria, South Africa.

Ethical approval
The protocol was submitted to the Ethics Committee of the Faculty of Health
Sciences and ethical approval was obtained (Ethics number 14/2018).
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Chapter 3
3.1 Results
3.1.1 ROS production

3.1.1.1 Fluorescent microscopy

Fluorescent microscopy studies were conducted to evaluate the ROS (superoxide
anion and hydrogen peroxide) production induced by sulphamoylated compounds
utilizing DCFDA and DHE (figure 3.1 and figure 3.2). ESE-15-0l exposure induced
hydrogen peroxide production with a mean florescent intensity of 146 and 149; and a
mean fluorescent intensity of 30 and 56 for superoxide anion production in MCF-7-
and MDA-MB-231 cells respectively (figure 3.1 F and H) whereas EE-15-ol exposure
demonstrated a mean fluorescent intensity of 40 and 48 for hydrogen peroxide, and
a mean fluorescent intensity of 33 and 35 for superoxide anion production in MCF-7-
and MDA-MB-231 cells respectively (figure 3.1 E and G). ESE-one exposure
resulted in a mean fluorescent intensity of 187 and 178 for hydrogen peroxide
production, and a mean fluorescent intensity of 41 and 59 for superoxide anion
production in MCF-7- and MDA-MB-231 cells respectively (figure 3.1 J and L)
whereas EE-one exposure resulted in a mean fluorescent intensity of 27 and 33 for
hydrogen peroxide production and a mean fluorescent intensity of 31 and 41 for
superoxide anion production in MCF-7- and MDA-MB-231 cells respectively (figure
3.1 | and K). ESE-ol exposure resulted in a mean fluorescent intensity of 156 and
153 for hydrogen peroxide production, and a mean fluorescent intensity of 31 and 45
for superoxide anion production in MCF-7- and MDA-MB-231 cells respectively
(figure 3.1 N and P) whereas 2E-diol exposure demonstrated a mean fluorescent
intensity of 35 and 28 for hydrogen peroxide, and a mean fluorescent intensity of 11
and 37 for superoxide anion production in MCF-7- and MDA-MB-231 cells
respectively (figure 3.1 M and O). Fluorescence microscopy data demonstrated that
sulphamoylated compounds induced ROS production in both MCF-7- (figure 3.2 A)
and MDA-MB-231 cells (figure 3.2 B) compared to the non-sulphamoylated
compounds. Furthermore, sulphamoylated compounds induced more hydrogen
peroxide production in MCF-7 cells compared to MDA-MB-231 cells and more
superoxide anion production in MDA-MB-231 cells compared to MCF-7 cells. Thus,
exposure to all the sulphamoylated compounds resulted in induction of superoxide

anion and hydrogen peroxide compared to the vehicle-treated cells. Exposure to the
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non-sulphamoylated compounds however, induced less superoxide anion and
hydrogen peroxide suggesting that ROS induction is more prominently induced by

sulphamoylated compounds.

Table 3.1 Sulphamoylated compounds and their non-sulphamoylated counterparts.

Non-sulphamoylated Sulphamoylated
EE-15-ol ESE-15-ol
EE-one ESE-one
2E-diol ESE-ol
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Figure 3.1: Fluorescent micrographs of MCF-7 and MDA-MB-231 cells exposed to

sulphamoylated and non-sulphamoylated compounds. Sulphamoylated compounds induced
ROS production in both MCF-7 and MDA-MB-231 cells compared to their non-
sulphamoylated counterparts. A: MCF-7 cells propagated in growth medium, B: Vehicle
treated MCF-7 cells, C: MDA-MB-231 cells propagated in growth medium, D: Vehicle treated
MDA-MB-231 cells, E: EE-15-0l (non-sulphamoylated) treated MCF-7 cells, F: ESE-15-ol
(sulphamoylated) treated MCF-7 cells, G: EE-15-0l (non-sulphamoylated) treated MDA-MB-
231 cells, H: ESE-15-0l (sulphamoylated) treated MDA-MB-231 cells, |: EE-one (non-
sulphamoylated) treated MCF-7 cells, J: ESE-one (sulphamoylated) treated MCF-7 cells, K:
EE-one (non-sulphamoylated) treated MDA-MB-231 cells, L: ESE-one (sulphamoylated)
treated MDA-MB-231 cells, M: 2E-diol (non-sulphamoylated) treated MCF-7 cells, N: ESE-ol
(sulphamoylated) treated MCF-7 cells, O: 2E-diol (non-sulphamoylated) treated MDA-MB-
231 cells, P: ESE-ol (sulphamoylated) treated MDA-MB-231 cells (20X magnification).
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Figure 3.2: MCF-7 and MDA-MB-231 graphs demonstrating the mean fluorescent intensity.

o

0,5 uM EE-15-0l
0,5 uM EE-one
0,5 uM 2E-diol
0,5 uM ESE-ol

0,5 uM ESE-15-ol
0,5 uM ESE-one

medium
Vehicle treated cells

Cells propagated in growth

Sulphamoylated compounds induced superoxide anion and hydrogen peroxide production in
both MCF-7 and MDA-MB-231 cells compared to the non-sulphamoylated compounds. A:
MCF-7 cells, B: MDA-MB-231 cells. Asterisk (*) represents p-value (P<0.05) compared to
vehicle-treated cells.
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3.1.2 Cell proliferation

Crystal violet and spectrophotometry were used for proliferation studies. Crystal
violet is a triphenylmethane dye which is used to stains the DNA of cells in
monolayer to determine cell number. The stain is solubilized, and absorbance read
on the spectrophotometry to quantify the amount of dye taken up by the viable cells
(161). Thus, crystal violet allows for the quantification of live and dead cells based on

the intensity of the crystal violet dye where the absorbance is read at 750 nm.

3.1.2.1 Cell growth inhibition by sulphamoylated vs. non-sulphamoylated compounds

MCF-7- and MDA-MB-231 cell lines were exposed to 3 types of sulphamoylated
compounds (ESE-15-ol, ESE-one and ESE-ol) and their non-sulphamoylated (EE-
15-ol, EE-one and 2-E-diol) counterparts in order to determine the effect of
sulphamoylated compounds on tumourigenic cell lines in comparison to non-
sulphamoylated compounds. Cells were exposed to sulphamoylated and non-
sulphamoylated compounds for 24 hours at a concentration of 0.5 puM. Cells exposed
to EE-15-ol exhibited 95% cell growth in the MCF-7 cell line (figure 3.3 A) and 106%
cell growth in the MDA-MB-231 cell line (figure 3.3 B) compared to those exposed to
its sulphamoylated counterpart (ESE-15-0l) which resulted in only 67% cell growth in
the MCF-7 cell line and 64% cell growth in the MDA-MB-231 cell line. EE-one
exposure resulted in 102% and 114% cell growth in MCF-7- and MDA-MB-231 cell
lines, respectively, whereas ESE-one exposure demonstrated 57% cell growth in the
MCF-7 cell line and 71% growth in the MDA-MB-231 cell line. 2-E-diol exposure
resulted in 119% and 130% cell growth in MCF-7 and MDA-MB-231 cell lines
compared to 52% and 72% growth, respectively (figure 3.3 A and B). Crystal violet
studies demonstrated that the compounds owning a sulphamate moiety indeed have
a significant inhibitory effect on actively proliferating cells as they exhibited more
prominent cell growth inhibition compared to their non-sulphamoylated counterparts
which had the opposite effect by inducing cell growth.

ESE-one was chosen as a representative for the sulphamoylated compounds and

was thus used in subsequent experiments.
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Table 3.2 Sulphamoylated compounds and their non-sulphamoylated counterparts.

Non-sulphamoylated

Sulphamoylated

EE-15-ol ESE-15-ol
EE-one ESE-one
2E-diol ESE-ol
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Figure 3.3: Graph of MCF-7 and MDA-MB231 cells exposed to sulphamoylated and non-
sulphamoylated compounds. Non-sulphamoylated compounds exerted no significant
inhibiting effect on cell growth in MCF-7 cell inhibition whereas sulphamoylated compounds
demonstrated at least 28% cell inhibition in both cell lines. Non-sulphamoylated compounds
had an opposite effect and caused cell growth demonstrated by EE-one and 2-E-diol. A:
MCF-7, B: MDA-MB231. Asterisk (*) represents p-value (P<0.05) compared to cells exposed

to non-sulphamoylated compounds.

3.1.2.2 Cell growth inhibition in the presence or absence of ROS inhibitors

Since fluorescent microscopy demonstrated that all three sulphamoylated
compounds including ESE-one induced similar significant increased ROS quantities

all subsequent studies were conducted using 0.5 uM ESE-one as a representative of
34



the sulphamoylated compounds in order to investigate the role of ROS in the activity
exerted by these compounds. Cell growth studies were done using 0.5 uM ESE-one
in the presence or absence of ROS inhibitors. These inhibitors include mannitol
which inhibits hydroxyl radical, sodium azide which inhibits oxygen singlet, carboxy-
PTIO which inhibits nitric oxide, tiron which inhibits superoxide anion, DMTU which

inhibits hydrogen peroxide and trolox which inhibits perhydroxyl radical.

Tiron, an inhibitor of superoxide anion, was used to determine if the growth inhibitory
effect of ESE-one is dependent on superoxide. Co-exposure to tiron resulted in a
significant restoration of cell growth to 82% (1 mM), 97% (2 mM), 104% (3 mM),
130% (4 mM) and 121% (5 mM) respectively compared to cells exposed to ESE-one
only which demonstrated 66% cell growth in MCF-7 cells (figure 3.4 A). Tiron
exposure significantly increased cell growth at just 1 mM and completely obliterated
ESE-one’s growth inhibitory effect at 3 mM concentration in MCF-7 cells.
Furthermore, tiron exposure in MDA-MB-231 cells restored cell growth to 82% (1
mM), 84% (2 mM), 82% (3 mM), 91% (4 mM) and 99% (5 mM) respectively
compared to ESE-one only exposure which resulted in 69% cell growth (figure 3.4
B). Furthermore, tiron also demonstrates a significant opposing effect to the
antiproliferative effect exerted by ESE-one in MDA-MB-231 cells. This suggests that
the superoxide anion production is induced by ESE-one exposure culminating in
decreased cell growth. A concentration of 5 mM was chosen to continue for
subsequent experiments since it was the only concentration which completely
obliterated the antiproliferative effects of ESE-one in both MCF-7- and MDA-MB-231

cell lines.
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Figure 3.4: Cell growth inhibition graphs of MCF-7- and MDA-MB-231 cell lines exposed to
ESE-one in the presence or absence of tiron (superoxide anion inhibitor). Tiron exposure to
MCF-7 and MDA-MB-231 cells significantly opposed the antiproliferative effect of ESE-one.
The growth inhibitory effect of ESE-one was completely demolished at 3 mM in MCF-7 cells
and 5 mM in MDA-MB-231 cells. A: MCF-7, B: MDA-MB231. Asterisk (*) represents p-value
(P<0.05) compared to ESE-one treated cells.

DMTU, an inhibitor of hydrogen peroxide, was used to evaluate if antiproliferative
activity induced by ESE-one in MCF-7 and MDA-MB-231 cell lines is dependent on
the production of hydrogen peroxide. Co-exposure to DMTU restored cell growth to
93% (2 mM), 104% (4 mM), 101% (6 mM), 102% (8 mM) and 96% (10 mM)
compared to 60% cell growth induced by ESE-one exposure in MCF-7 cells (figure
3.5 A). These results demonstrate that DMTU inhibits the antiproliferative effect
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exerted by ESE-one from a concentration of 2 mM, suggesting that hydrogen
peroxide plays an essential role in the antiproliferative effect induced by ESE-one.
DMTU exposure to MDA-MB-231 cells restored cell growth to 64% (2 mM), 80% (4
mM), 79% (6 mM), 87% (8 mM) and 84% (10 mM) cell growth respectively compared
to 69% cell growth induced by ESE-one (figure 3.5 B). DMTU exposure significantly
increases cell growth in MDA-MB-231 exposed cells at 8 mM. However, cell growth
was only partially restored by DMTU in the MDA-MB-231 cell line.

A 120%

& * * %k *

T 100% *

=

S 80%

[+4]

> 60%

[1+]

o 40%

@

(7]

g 20%

(=1

3 0%

.= = = = = = = g

E 8 5 o S S S o

(=] o 1] [FH] [FH] [FH] o] L

= O c v v v v v

[=Ts) =} S [ [ [ [ [T

= & o + + + + +

3 = 2 = b = = S
@ = = = = £ =
E = o~ = 1] o0 a
@ [Ty
> S

B 120%

100% *k *
80%
60%
40%
20%
0%

Cell growth expressed as percentage

Vehicle treated cells
0.5 uM ESE-one only
2 mM + ESE-one

4 mM + ESE-one

6 mM + ESE-one

8 mM + ESE-one
10mM + ESE-one

Figure 3.5: Cell growth inhibition graphs of MCF-7- and MDA-MB-231 cells exposed to ESE-
one in combination with DMTU (hydrogen peroxide inhibitor). DMTU exposure to MCF-7 and
MDA-MB-231 cells significantly opposed the antiproliferative effect of ESE-one in both cell
lines. The antiproliferative effect of ESE-one was demolished at 4 mM in MCF-7 cells and
significantly inhibited at 8 mM in MDA-MB-231 cells. A: MCF-7, B: MDA-MB231. Asterisk (*)
represents p-value (P<0.05) compared to ESE-one treated cells.
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Trolox, a peroxyl radical inhibitor, was used to determine if the antiproliferative
effects induced by ESE-one are dependent on production of peroxyl radical. Co-
exposure to trolox and ESE-one resulted in 56% (10 pM), 64% (20 puM), 75% (40
HM) and 72% (80 uM) cell growth respectively compared to cells exposed to ESE-
one only (60%) in MCF-7 cells (figure 3.6 A). Thus, trolox significantly opposed the
antiproliferative effect of ESE-one at in a dose-dependent manner at 40 uM and 80
MM. In MDA-MB-231 cells, trolox exposure restored cell growth to 75% (10 uM), 80%
(20 uM), 73% (40 pM) and 84% (80 uM) respectively compared to ESE-one only
exposed cells (69%) (figure 3.6 B). A significant effect was observed at the highest
trolox concentration in MDA-MB-231 cells. Trolox demonstrated significant effects in
inhibiting the antiproliferative activity induced by ESE-one in both cell lines
suggesting that peroxyl radical partially plays a role in the antiproliferative effect

induced by ESE-one in tumourigenic cell lines.
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Figure 3.6: Cell growth inhibition graphs demonstrating MCF-7- and MDA-MB-231 cells
exposed to ESE-one in combination with trolox (peroxyl radical inhibitor). Trolox exposure to
MCF-7 and MDA-MB-231 cells partially opposed the antiproliferative effect of ESE-one in
both cell lines. The antiproliferative effect of ESE-one was significantly countered at 40 pM
and 80 pM in MCF-7 cells and 80 uM in MDA-MB-231 cells. A: MCF-7, B: MDA-MB231.

Asterisk (*) represents p-value (P<0.05) compared to ESE-one treated cells.

Mannitol, a hydroxyl radical inhibitor, was used in combination with ESE-one (0.5
UM) in order to determine if ESE-one exerted antiproliferative activity dependent on
the hydroxyl radical. Mannitol co-exposure with ESE-one resulted in 67% (20 mM)
and 66% (40 mM — 100 mM) cell growth in MCF-7 cell lines (figure 3.7 A) compared
to ESE-one only exposed cells which exhibited 60% cell growth. In MDA-MB-231
cells, mannitol exposure resulted in 81% (20 mM), 79 (40 mM), 82% (80 mM) and
84% (100 mM) cell growth compared to cells exposed to ESE-one only (74%) (figure
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3.7 B). These results demonstrated that mannitol exerted no significant effect on the
growth inhibitory effect of ESE-one in both MCF-7- and MDA-MB-231 cells. This
suggests that hydroxyl radical does not play a role in the growth inhibitory pathway
induced by ESE-one.
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40.00%
20.00%
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B 12000%

Cell growth expressed as percentage

20mM + ESE-one
40 mM + ESE-one
80mM + ESE-one
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0,5 uM ESE-one
100 mM + ESE-one

100.00%

80.00%

60.00%

40.00%

20.00%

0.00%

Cell growth expressed as percentage

20mM + ESE-one
40 mM + ESE-one
80mM + ESE-one

Vehicle-treated cells
0,5 uM ESE-one
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Figure 3.7: Cell growth inhibition graphs of MCF-7 and MDA-MB-231 cells exposed to ESE-
one in combination with mannitol (hydroxyl radical inhibitor). Mannitol exposure to MCF-7
and MDA-MB-231 cells did not significantly oppose the antiproliferative effect of ESE-one in
both cell lines. A: MCF-7, B: MDA-MB231.

Cells were exposed to ESE-one in the presence and absence of sodium azide (1mM
to 10 mM), an inhibitor of singlet oxygen, to determine if the antiproliferative activity
exerted by ESE-one is dependent on singlet oxygen. Co-exposure to sodium azide
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resulted in 67% (1 mM), 61% (2 mM), 55% (4 mM), 59% (8 mM) and 61 % (10 mM)
cell growth compared to 60% cell growth induced by ESE-one exposure in MCF-7
cells (figure 3.8 A). In MDA-MB-231 cells, sodium azide exposure demonstrated a
63% (1 mM), 66% (2 mM), 67% (4 mM), 58% (8 mM) and 62% (10 mM) cell growth
compared to 70% growth induced by ESE-one only exposure (figure 3.8 B). Thus, no
significant differences were observed between ESE-one only exposed cells and cells
exposed to ESE-one and sodium azide in either cell line suggesting that singlet

oxygen does not play a role in the growth inhibitory pathway exerted by ESE-one.
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Figure 3.8: Cell growth inhibition graphs of MCF-7 and MDA-MB-231 cells exposed to ESE-
one in combination with sodium azide (oxygen singlet inhibitor). Sodium azide exposure to
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MCF-7 and MDA-MB-231 cells did not oppose the antiproliferative effect of ESE-one in both
cell lines. A: MCF-7, B: MDA-MB231.

Carboxy-PTIO, a nitric oxide inhibitor, was used in combination with ESE-one (0.5
KM) in order to determine if ESE-one exerted antiproliferative activity dependent on
nitric oxide. Co-exposure to carboxy-PTIO resulted in 64% (10 puM), 67% (20 uM),
60% (40 and 80 uM) and 58% (100 uM) cell growth respectively compared to ESE-
one only exposed cells which resulted in 60% cell growth in MCF-7 cells (figure 3.9
A). In MDA-MB-231 cells, carboxy-PTIO exposure resulted in 64% (10 uM), 57% (20
uM), 49% (40 uM), 51% (80 pM) and 42% (100 pM) cell growth respectively
compared to ESE-one only exposed cells which demonstrated a 70% cell growth
(figure 3.9 B). The results thus indicated that carboxy-PTIO has no significant effect
on the antiproliferative activity exerted by ESE-one in either cell line suggesting that

cell growth inhibition is not dependent on nitric oxide.

42



A 1o0%
3]
&
Q,
Y= 100%
8
o 80%
GJ (+]
=%
v
©  60%
2
w
b 40%
=
=%
T 20%
=
el
2 0%
E n w @ @ @ @ w
) = c c c c c =
= A A
8 2 v v v v v v
- L 5%} 5%} 5%} e %]
@ + + + + +
o =
= 3 = = = = =
=
o i A A A A A
= =] =] =1 =] = o
= = ~ < ] S
i8]
>
B 170%
3]
&
Q,
Y= 100%
8
o 80%
GJ (+]
=%
(5]
©  60%
b=
&
b 40%
=
=%
T 20%
=
el
2 0%
E n w @ @ @ @ w
) = c c c c c =
= A A
8 2 v v v v v v
- L 5%} 5%} 5%} e %]
@ + + + + +
o =
= 3 = = = = =
=
o i A A A A A
< o o = = o
E e = ~ < ] =]
=
i8]
>

Figure 3.9: Cell growth inhibition graphs of MCF-7 and MDA-MB-231 cells exposed to ESE-
one in combination with carboxy-PTIO (nitric oxide inhibitor). Carboxy-PTIO exposure to
MCF-7 and MDA-MB-231 cells did not oppose the antiproliferative effect of ESE-one in both
cell lines. A: MCF-7, B: MDA-MB231.

Only three ROS inhibitors had a significant inhibitory effect on the antiproliferative
activity of ESE one; namely tiron, DMTU and trolox. Hence, subsequent experiments
that investigated cell morphology, antioxidant activity, cell cycle progression, cell
death and mitochondrial membrane potential were done exposing cells to ESE-one
in the presence and absence of tiron (5 mM), DMTU (8 mM) and trolox (80 uM).

These scavengers and doses were selected based on the above-mentioned crystal
43



violet studies that demonstrated that the scavengers inhibited the antiproliferative

activity optimally at these doses.

3.1.4 Cell morphology
3.1.4.1 Light microscopy

For morphology studies, cells were exposed to 0.5 uM ESE-one in the absence and
presence of tiron (5 mM), DMTU (8 mM) and trolox (80 uM) for 24 hours since the
proliferation studies showed partial or complete inhibition of the antiproliferative
activity exerted by ESE-one by the three aforementioned ROS inhibitors. Thereatfter,
light microscopy images were captured to assess the change in cell morphology
when exposed to the ESE-one in comparison with cells exposed to both ESE-one
and ROS inhibitors (tiron, DMTU and trolox) (figure 3.10- figure 3.13).

ESE-one exposure further resulted in decreased cell density, shrunken cells,
blebbing and appearance of apoptotic bodies in both MCF-7- and MDA-MB-231
cells. Exposure to only ESE-one resulted in 40% rounded cells and 20% abnormal
cells (cells that are elongated and/or shrunken or demonstrating blebbing/apoptotic
bodies) respectively in MCF-7 cells (figure 3.10 E and table 3.3) whereas MDA-MB-
231 cells demonstrated 29% rounded and 30% abnormal cells (figure 3.10 F and
table 3.4).

Combination exposure with tiron and ESE-one resulted in 12% rounded cells and 7%
abnormal cells in MCF-7 cells, respectively (figure 3.10 C and table 3.3) and only
10% rounded cells and 6% abnormal cells in MDA-MB-231 cells, respectively (figure
3.11 D and figure table 3.4). DMTU co-exposure resulted in an appearance of
rounded cells (33% and 20%) and abnormal cell morphology (15% and 6%) in MCF-
7- (figure 3.12 C and table 3.3) and MDA-MB-231 (figure 3.12 D and table 3.4) cells,
respectively. Trolox co-exposure with ESE-one also demonstrated fewer rounded
cells compared to ESE-one only exposure at 25% and 17% rounded cells in MCF-7-
(figure 3.13 C and table 3.3) and MDA-MB-231 cells (figure 3.13 D and table 3.4),
respectively. Trolox co-exposure also resulted in less abnormal cells in MCF-7 (15%)

and MDA-MB-231 (7%) cells compared to ESE-one only exposed cells.
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Morphology studies suggest that all three ROS inhibitors oppose the effects of ESE-
one in MCF-7 (table 3.3) and MDA-MB-231 (table 3.4) cells. This is observed in the
cell morphology micrographs where ESE-one only exposed cells have significantly
low cell density, increased cell rounding, shrunken cells and apoptotic bodies
whereas these effects are at a lesser extent in tiron-, DMTU- and trolox co-exposure
in both cell lines. Tiron had the most prominent inhibitory effect on the activity
exerted by ESE-one compared to trolox and DMTU as the co-exposure
demonstrated less cell rounding and more normal cells (81% and 86%) compared to
ESE-one alone suggesting that tiron exposure can potentially rescue the cells from
the antiproliferative and antimitotic effect of ESE-one in both MCF-7 and MDA-MB-
231 cells. This suggests that superoxide anion, hydrogen peroxide and peroxyl
radical play a role in the antimitotic effects exerted by ESE-one however, superoxide

anionto a greater extent.
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Figure 3.10: Light micrographs of MCF-7- and MDA-MB-231 cells propagated in growth
medium, vehicle treated and ESE-one exposed. ESE-one exposed cells resulted in low cell

density, rounded cells and an appearance of apoptotic bodies compared to negative control
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cells in both MCF-7- and MDA-MB-231 cells. A: MCF-7 cells propagated in growth medium,
B: MDA-MB-231 cells propagated in growth medium, C: MCF-7 vehicle treated cells, D:
MDA-MB-231 vehicle treated cells, E: MCF-7 cells exposed to 0.5 uM ESE-one, F. MDA-
MB-231 cells exposed to 0.5 uM ESE-one.

-~ Rounded cells

Rounded cells

Shrunken cell

Apoptotic bodies

Figure 3.11: Light micrographs of MCF-7- and MDA-MB-231 cells exposed to tiron alone,
and tiron in combination with ESE-one. Tiron co-exposure with ESE-one resulted in rounded
cells and apoptotic bodies in both MCF-7- and MDA-MB-231 cell lines compared to cells
exposed to tiron only. However, there was a decrease in rounded cells in the tiron co-
exposed cells compared to ESE-one only exposed cells. A: MCF-7 cells exposed to 5 mM
tiron, B: MDA-MB-231 cells exposed to 5 mM tiron, C: MCF-7 cells exposed to tiron and
ESE-one, D: MDA-MB-231 cells exposed to tiron and ESE-one.
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Figure 3.12: Light micrographs of MCF-7- and MDA-MB-231 cells exposed to DMTU alone,
and DMTU in combination with ESE-one. DMTU co-exposure with ESE-one resulted in
rounded cells, shrunken cells, stretched cells and apoptotic bodies in both MCF-7- and
MDA-MB-231 cell lines compared to cells exposed to DMTU only. However, there was a
decrease in rounded cells in the DMTU co-exposed cells compared to ESE-one only
exposed cells. A: MCF-7 cells exposed to 8 mM DMTU, B: MDA-MB-231 cells exposed to 8
mM DMTU, C: MCF-7 cells exposed to DMTU and ESE-one, D: MDA-MB-231 cells exposed
to DMTU and ESE-one.
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Figure 3.13: Light micrographs of MCF-7- and MDA-MB-231 cells exposed to trolox alone,
and trolox in combination with ESE-one. Trolox co-exposure with ESE-one resulted in
rounded cells, shrunken cells, stretched cells and apoptotic bodies in both MCF-7 and MDA-
MB-231 cell lines compared to cells exposed to trolox only. However, there was a decrease
in rounded cells in the trolox co-exposed cells compared to ESE-one only exposed cells. A:
MCF-7 cells exposed to 80 puM trolox, B: MDA-MB-231 cells exposed to 80 puM trolox, C:
MCF-7 cells exposed to trolox and ESE-one, D: MDA-MB-231 cells exposed to trolox and
ESE-one.
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Table 3.3 Percentage of MCF-7 cells in different morphological states as determined

by means of light microscopy. An asterisk (*) indicates p-value (P<0.05) compared to

ESE-one treated cells.

MCF-7

Normal cells

Rounded cells

Abnormal cells

Cells propagated in

growth medium 92.0+1.0 70+£1.0 1.0+£1.0
Vehicle treated cells 91.0+£26 6.0x25 33+15
ESE-one only 39.7+3.2 40.7+3.1 19.7+15
Tiron - ESE-one 93.3+1.2 30+10 3.7+15
Tiron + ESE-one 81.0 + 4.4* 12.0 £ 2.6* 7.0+ 2.0*
Trolox - ESE-one 85.3+3.2 7.7+40 7.0+£20
Trolox + ESE-one 59.3 £ 3.5* 25.3 £ 3.5* 15.3 £ 3.5*
DMTU - ESE-one 71.7+15 18.0+ 2.0 10.3+15
DMTU + ESE-one 51.7 +4.2* 33.3+4.5% 15.0 + 3.0*

Table 3.4 Percentage of MDA-MB-231 cells in different morphological states as

determined by means of light microscopy. An asterisk (*) indicates p-value (P<0.05)

compared to ESE-one treated cells.

MDA-MB-231

Normal cells

Rounded cells

Abnormal cells

Cells propagated in

growth medium 96.7+ 1.5 2315 1.0+0.0
Vehicle treated cells 94.0+1.0 43+1.2 1.7+0.6
ESE-one only 41.7+25 28.7+15 29.7+23
Tiron - ESE-one 95.0+2.0 1.3+0.6 3.7+x15
Tiron + ESE-one 86.2 + 2.0* 8.7 +3.1* 57 +1.5*
Trolox - ESE-one 88.7+21 9.7+25 3.7+0.6
Trolox + ESE-one 76.0 £ 4.6* 17.0 £ 2.6* 7.0+2.0*
DMTU - ESE-one 9.0+3.0 7.0+ 26 3011
DMTU + ESE-one 74.0 + 4.6* 19.7 + 4.5* 6.3 + 0.6*
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3.1.5 Cell cycle progression

Pl, permeabilization using triton X-100 and ethanol fixation was used in order to
investigate the effects of ESE-one on cell cycle progression studies in the presence
or absence of tiron, DMTU and trolox. Cells were exposed to ESE-one in the
presence or absence of ROS inhibitors for 24 hours (figure 3.14, table 3.5 and table
3.6). ESE-one exposure induced an accumulation of cells in G2/M phase (48% and
59%) and a 16% and 25% increase of cells occupying the sub-Gi phase in MCF-7-
(figure 3.14 C) and MDA-MB-231 cells (figure 3.14 F), respectively. Tiron co-
exposure resulted in a decrease in the percentage of cells occupying the sub-G:
phase to 14% and 15%, and 17% and 42% G2/M phase in MCF-7 (figure 3.14 J) and
MDA-MB-231 (figure 3.14 P) cell lines. Furthermore, trolox co-exposure with ESE-
one resulted in 24% and 28% of cells occupying the sub-Gi phase, and 24% and
43% percentage of cells occupying the G2/M phase in MCF-7- (figure 3.14 K) and
MDA-MB-231 (figure 3.14 Q) cells, respectively. Co-exposure of DMTU with ESE-
one demonstrated 11% and 16% percentage of cells occupying the sub-Gi phase,
with 49% and 57% in the G2/M phase in MCF-7 (figure 3.14 L) and MDA-MB-231
(figure 3.14 R) cells, respectively. There was a significant decrease of cells in the
G2/M phase for combination exposure of tiron and trolox in both MCF-7 (table 3.5)
and MDA-MB-231 (table 3.6) cells compared to ESE-one only cells, and cells in sub-
G1 in MDA-MB-231 due to tiron and DMTU.
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Figure 3.14: Cell cycle progression graphs of MCF-7- and MDA-MB-231 cells exposed to

ESE-one in the presence or absence of ROS inhibitors (tiron, trolox and DMTU) for 24
hours. ESE-one exposure resulted in a G2/M block in both MCF-7- and MDA-MB-231 cells.
Tiron and DMTU exposure significantly decreased the number of cells blocked in sub-G;
phase in MDA-MB-231 cells and tiron as well as trolox exposure significantly decreased the
number of cells blocked in G2/M phase in both MCF-7- and MDA-MB-231 cells. A: MCF-7
cells propagated in growth medium, B: vehicle-treated MCF-7 cells, C: MCF-7 cells exposed
to ESE-one only, D: MDA-MB-231 cells propagated in growth medium, E: vehicle-treated
MDA-MB-231 cells, F: MDA-MB-231 cells exposed to ESE-one, G: MCF-7 cells exposed to
tiron only, H: MCF-7 cells exposed to trolox only, I: MCF-7 cells exposed to DMTU only, J:
MCF-7 cells exposed to tiron and ESE-one, K: MCF-7 cells exposed to trolox and ESE-one,
L: MCF-7 cells expose to DMTU and ESE-one, M: MDA-MB-231 cells exposed to tiron only,
N: MDA-MB-231 cells exposed to trolox only, O: MDA-MB-231 cells exposed to DMTU only,
P: MDA-MB-231 cells exposed to tiron and ESE-one, Q: MDA-MB-231 cells exposed to
trolox and ESE-one, R: MDA-MB-231 cells exposed to DMTU and ESE-one.
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Table 3.5: Percentage of MCF-7 cells occupying each cell cycle phase as

determined by means of flow cytometry using Pl after 24 hours exposure. An

asterisk (*) indicates p-value (P<0.05) compared to ESE-one treated cells.

MCF-7 24 hours exposure

Sub-G; G S-phase G2/M

Cells propagated in

growth medium 1.82+0.16 68.98+0.12 |11.8+1.79 18.19 £ 0.59
Vehicle treated cells 1.68 +0.13 63.7 £ 2.46 11.59+1.71 |2259+0.14
ESE-one only 17.23 + 2.65 23.83+0.83 |11.61+096 |47.82+3.44
Tiron - ESE-one 2.45 £ 0.65 7416 +£283 |8.62+1.14 14.13 + 1.97
Tiron + ESE-one 1347+ 25 50.52+3.64 |12.97+3.27 |16.94+1.13*
Trolox - ESE-one 1.52+0.40 62.83+1.81 |11.45+1.23 |24.44+2.33
Trolox + ESE-one 23.68 + 3.49 31.57+3.30 |13.13+2.05 | 23.89 + 3.84*
DMTU - ESE-one 3.42+1.02 69.09+185 |11.11+133 |17.68+1.24
DMTU + ESE-one 10.65+£1.42 28.61+1.13 |12.0+0.69 49.11 +0.82

Table 3.6: Percentage of MDA-MB-231 cells occupying each cell cycle phase as

determined by means of flow cytometry using Pl after 24 hours exposure. An

asterisk (*) indicates p-value (P<0.05) compared to ESE-one treated cells.

MDA-MB-231 24 hours exposure

Sub-G; G S-phase G2/M
Cells propagated in
growth medium 0.50+0.14 67.79+0.23 |11.45+0.39 |20.15+£0.52
Vehicle treated cells 0.58 +0.11 68.10+2.14 |12.71+220 |1851+1.71
ESE-one only 25.72+1.62 7.57+1.33 8.18+1.62 59.0. £ 4.62
Tiron - ESE-one 3.45+0.88 71.57+3.90 |9.85+1.45 13.42 +1.80
Tiron + ESE-one 15.21 + 1.57* 28.25+244 |1750+2.19 |41.99+1.76*
Trolox - ESE-one 2.68 + 0.87 71.76 +3.95 | 6.67 +0.87 2213+ 1.37
Trolox + ESE-one 27.48 + 2.56 16.95+1.29 |6.94+1.02 42.98 £ 1.69*
DMTU - ESE-one 3.07+1.11 62.76 £2.96 |11.23+1.05 |21.60+.55
DMTU + ESE-one 15.73 +2.18* 12.26 £ 0.81 | 8.35x0.21 56.55+4.21
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Cell cycle progression was also evaluated after exposure to ESE-one in the
presence or absence of ROS inhibitors (tiron, trolox and DMTU) for 48 hours (figure
3.15, table 3.7 and table 3.8). Exposure to ESE-one only resulted in an increase of
cells occupying the sub-Gi1 phase with 65% and 52% in MCF-7- (figure 3.15 C) and
MDA-MB-231 (figure 3.15 F) cells, respectively. Tiron co-exposure resulted in 28%
and 29% percentage of cells occupying the in sub-Gi, and only 24% and 27% cells
in the G2/M phase in MCF-7- (figure 3.15 J) and MDA-MB-231 (figure 3.15 P) cells,
respectively. Trolox co-exposure with ESE-one resulted in 55% and 40% cells
occupying the sub-Gi phase and 14% and 23% cells occupying the G2/M phase in
MCF-7- (figure 3.15 K) and MDA-MB-231 (figure 3.15 Q) cells, respectively. DMTU
co-exposure resulted in 47% and 32% of cells present in the sub-G1 phase and 12%
and 21% of cells occupying the G2/M phase in MCF-7- (figure 3.15 L) and MDA-MB-
231 (figure 3.15 R) cells, respectively. Tiron had the most prominent rescue effect in
both MCF-7- and MDA-MB-231 cells compared to the effects of exposure to trolox
and DMTU in the presence of ESE-one. Tiron, trolox and DMTU significantly
decreased the number of cells in sub-Gi1 and only tiron exposure demonstrated a
significant decrease in cells in G2/M phase in MCF-7 cell lines when compared to
cells exposed only to ESE-one (table 3.7). In MDA-MB-231 cells, tiron and DMTU
significantly decreased the percentage of cells in sub-Gi1 phase. Furthermore, the
percentage of cells in G2/M phase were significantly decreased by tiron, trolox and
DMTU (table 3.8).
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Figure 3.15: Cell cycle progression graphs of MCF-7- and MDA-MB-231 cells exposed to
ESE-one in the presence or absence of ROS inhibitors (tiron, trolox and DMTU) for 48
hours. ESE-one exposure resulted in a significant increase in the percentage of cells
occupying the sub-G; phase in both MCF-7- and MDA-MB-231 cells. Tiron, trolox and DMTU
exposure significantly decreased the number of cells occupying the sub-G; phase in MCF-7
cells (table 3.5) and tiron as well as DMTU exposure significantly decreased the number of
cell present in the sub-G; phase in MDA-MB-231 cells (table 3.6). Tiron, trolox and DMTU
significantly decreased the number of cells in G2/M phase in MDA-MB-231 cells and only
tiron had a significant effect in MCF-7 cells. A: MCF-7 cells propagated in growth medium, B:
vehicle-treated MCF-7 cells, C: MCF-7 cells exposed to ESE-one only, D: MDA-MB-231
cells propagated in growth medium, E: vehicle-treated MDA-MB-231 cells, F: MDA-MB-231
cells exposed to ESE-one, G: MCF-7 cells exposed to tiron only, H: MCF-7 cells exposed to
trolox only, I: MCF-7 cells exposed to DMTU only, J: MCF-7 cells exposed to tiron and ESE-
one, K: MCF-7 cells exposed to trolox and ESE-one, L: MCF-7 cells expose to DMTU and
ESE-one, M: MDA-MB-231 cells exposed to tiron only, N: MDA-MB-231 cells exposed to
trolox only, O: MDA-MB-231 cells exposed to DMTU only, P: MDA-MB-231 cells exposed to
tiron and ESE-one, Q: MDA-MB-231 cells exposed to trolox and ESE-one, R: MDA-MB-231
cells exposed to DMTU and ESE-one.



Table 3.7 Percentage of MCF-7 cells occupying each cell cycle phase as determined

by means of flow cytometry using Pl after 48 hours exposure. An asterisk (*)

indicates p-value (P<0.05) compared to ESE-one treated cells.

MCF-7 48 hours exposure

Sub-G; G S-phase G2/M
Cells propagated in
growth medium 1.31+0.08 83.55+2.14 |5.68+0.30 115+ 1.68
Vehicle treated cells 1.32+0.11 84.69+0.82 |5.55+0.67 8.73+0.55
ESE-one only 65.30 £ 0.28 2257+0.86 |4.18+0.04 7.81£0.59
Tiron - ESE-one 8.27+£0.11 83.77+£0.35 |3.85+0.42 3.58£0.45
Tiron + ESE-one 28.27 £ 1.31* 34.77+165 |12.08+1.27 | 23.52+ 1.51*
Trolox - ESE-one 1.17+0.01 67.94+0.00 |6.14+0.52 20.76 £ 0.34
Trolox + ESE-one 54.80 + 3.69* 23.03+0.65 |8.66+0.42 14.39 + 2.48
DMTU - ESE-one 1.77 £0.01 87.05+040 |7.15+0.52 547 +1.18
DMTU + ESE-one 46.81 + 0.84* 2453+0.98 |5.63+0.37 11.63+1.97

Table 3.8: Percentage of MDA-MB-231 cells occupying each cell cycle phase as

determined by means of flow cytometry using Pl after 48 hours exposure. An

asterisk (*) indicates p-value (P<0.05) compared to ESE-one treated cells.

MDA-MB-231 48 hours exposure

Sub-G; G S-phase G2o/M
Cells propagated in
growth medium 0.80 +0.16 78.09+0.07 |6.32+0.19 13.09 + 0.75
Vehicle treated cells 1.28+£0.28 76.34 +469 |6.65+2.21 1196+ 1.3
ESE-one only 52.1 + 8.36 23.82+0.39 |5.76+1.04 11.76 + 0.67
Tiron - ESE-one 412 +1.55 80.66 +4.18 | 4.61 +0.87 455 +0.71
Tiron + ESE-one 29.4 + 2.59* 48.8 +8.24 5.92+2.40 27.28 £ 5.71*
Trolox - ESE-one 2.15+0.69 80.71+1.40 |7.19+1.42 10.59+ 1.42
Trolox + ESE-one 39.51 + 0.35* 28.16 £ 0.22 | 10.28+0.35 | 23.56 +3.16
DMTU - ESE-one 0.96 + 0.08 79.96+1.10 |7.39+1.92 13.13+1.31
DMTU + ESE-one 32.48 + 2.09* 30.86 +0.04 | 10.28+2.89 | 20.61+0.16
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3.1.6 Mitochondrial membrane potential

Mitochondrial membrane potential studies were conducted using the MitoProbe™
JC-1 assay kit and flow cytometry in MCF-7- (figure 3.16) and MDA-MB-231 (figure
3.17) cells exposed to ESE-one and the presence or absence of tiron, trolox or
DMTU. This was done to assess the depolarization of the mitochondrial membrane
potential induced by ESE-one and whether the co-exposure with the ROS inhibitor
will counter the effects of ESE-on on the mitochondrial membrane potential. When
the mitochondria is intact, the membrane potential is polarized thus the JC-1 dye will
fluoresce red due to polarization. Damage to the mitochondria results in
depolarization of the membrane potential and this will show green fluorescence of
the JC-1 dye (162).

ESE-one only exposure resulted in 15% and 24% depolarization of the mitochondrial
membrane in MCF-7- (figure 3.16 C) and MDA-MB-231 (figure 3.17 C) cells
respectively, compared to the vehicle treated cells indicating that ESE-one has
deleterious effects on the mitochondria. Tiron co-exposure with ESE-one significantly
decreased the membrane depolarization to 9% (figure 3.16 F) whereas trolox and
DMTU co-exposure with ESE-one triggered an insignificant increase in the
depolarization of the membrane potential (19% and 16% respectively) in MCF-7 cells
(figure 3.16 H & J, table 3.9). In MDA-MB-231 cells, tiron (22%) and trolox (29%) co-
exposure with ESE-one induced an insignificant decrease in membrane
depolarization, respectively (figure 3.17 F & H, table 3.10) whereas DMTU (41%) co-
exposure with ESE-one resulted in a significant increase in mitochondrial membrane
depolarization (figure 3.17 J, table 3.10). This suggests that superoxide anion might
play a role in mitochondrial membrane depolarization in MCF-7 cells as tiron
significantly decrease depolarization of the membrane potential in ESE-one exposed
cells, demonstrating an opposing effect on ESE-one.
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Figure 3.16: Mitochondrial membrane graphs of MCF-7 cells exposed to ESE-one in the

presence or absence of ROS inhibitors (tiron, trolox and DMTU). ESE-one only exposure
resulted in depolarization of the mitochondrial membrane potential in MCF-7 cells and tiron
counted that effect significantly. Trolox and DMTU did not have an opposing effect on the
membrane depolarization exerted by ESE-one (B indicates polarized population and C
indicated depolarized population). A: Cells propagated in growth medium, B: Vehicle treated
cells, C: Cells exposed to ESE-one, D: Cells exposed to CCCP, E: Cells exposed to tiron
only, F: Cells exposed to tiron in combination with ESE-one, G: Cells exposed to trolox only,
H: Cells exposed to trolox in combination with ESE-one, |: Cells exposed to DMTU only, J:

Cells exposed to DMTU in combination with ESE-one.
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Figure 3.17: Mitochondrial membrane graphs of MDA-MB-231 cells exposed to ESE-one in

the presence or absence of ROS inhibitors (tiron, trolox and DMTU). ESE-one only exposure
resulted in depolarization of the mitochondrial membrane potential in MDA-MB-231 cells and
tiron exposure resulted in an insignificant decrease in membrane depolarization. Trolox and
DMTU did not have an opposing effect on the membrane depolarization exerted by ESE-one
(B indicates polarized population and C indicated depolarized population). A: Cells
propagated in growth medium, B: Vehicle treated cells, C: Cells exposed to ESE-one, D:
Cells exposed to CCCP, E: Cells exposed to tiron only, F: Cells exposed to tiron in
combination with ESE-one, G: Cells exposed to trolox only, H: Cells exposed to trolox in
combination with ESE-one, I: Cells exposed to DMTU only, J: Cells exposed to DMTU in

combination with ESE-one.
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Table 3.9: Percentage of MCF-7 cells polarity of the mitochondrial membrane

potential as determined by means of flow cytometry. An asterisk (*) indicates p-value

(P<0.05) compared to ESE-one treated cells.

MCF-7 cells

Polarized Depolarized
Cells propagated in
growth medium 97.2+1.7 26+15
Vehicle treated cells 97.8+x11 22+11
ESE-one only 85.4+0.2 146 +£0.2
CCCP 67.0 £ 1.2* 33.0+1.2%
Tiron - ESE-one 93.7+1.0 6.0+1.0
Tiron + ESE-one 90.6 + 1.0* 9.3+1.0*
Trolox - ESE-one 96.6 +1.0 3.3+x10
Trolox + ESE-one 80.7+6.1 19.3+6.1
DMTU - ESE-one 97.6+1.2 24+12
DMTU + ESE-one 84.2+40 158+4.1

Table 3.10: Percentage of MDA-MB-231 cells polarity of the mitochondrial

membrane potential as determined by means of flow cytometry. An asterisk (*)

indicates p-value (P<0.05) compared to ESE-one treated cells.

MDA-MB-231 cells

Polarized Depolarized
Cells propagated in
growth medium 96.7 + 2.3 29+19
Vehicle treated cells 96.0+ 1.7 3.8+18
ESE-one only 75.8+8.0 241+8.1
CCCP 64.4+16.8 35.6+16.5
Tiron - ESE-one 97.1+24 2825
Tiron + ESE-one 78.0+£3.4 21.6+£3.9
Trolox - ESE-one 93.7+2.2 6.7+3.1
Trolox + ESE-one 71.1+45 28.8+45
DMTU - ESE-one 71.6+3.5 8.0+3.2
DMTU + ESE-one 585+ 1.3* 414+15*
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3.1.7 Antioxidant activity

3.1.7.1 Superoxide dismutase inhibition

Superoxide dismutase inhibition activity was measured using a superoxide
dismutase activity kit with spectrophotometry on MCF-7- and MDA-MB-231 cells
exposed to ESE-one in the presence or absence of ROS inhibitors. ESE-one only
exposure demonstrated a 97% inhibition rate in MCF-7 cells and tiron co-exposure
resulted in 110%, trolox co-exposure resulted in 104% and DMTU co-exposure
resulted in 103% SOD inhibition (figure 3.18 A). This suggests that tiron, trolox and
DMTU co-exposure with ESE-one causes an increase in SOD inhibition however,
these are insignificant. Cells exposed to tiron only demonstrated a significant
decrease in SOD inhibition compared to vehicle-treated cells. In MDA-MB-231 cells,
ESE-one exposure resulted in 89% SOD inhibition whereas combination exposure
with tiron, trolox and DMTU resulted in 85%, 104% and 78% SOD inhibition
respectively (figure 3.18 B). These results demonstrate that DMTU has the best
inhibitory effect on SOD compared to tiron and trolox.

61



A: 120% *
2
=
T 100%
2
=
o 80%
1]
1]
=
E 60%
=
=]
o 40%
b=
2
2 20%
[:1]
(=}
=
@A 0%
“ = = 2 = 2 = 2
] = = = =
3 5 S Q = ¢ s ¢
c '-'-' > L o]
° g 5] o [=] ] E ]
= o = 5 ] L
o T = - = + = -
[af] [FH]
= I c = ¢ [m] =
oy — o 9o =
18] = [=] E
= = i
= = e
i8]
=
B
Q,
- 120% %
2
=
T 100%
2
= *
o 80%
1]
1]
=
2 60%
5
=]
o 40%
b=
2
2 20%
[:1]
(=}
=
@A 0%
“ = = 2 = 2 = 2
] = = = =
3 5 S Q = ¢ s ¢
c o » o] o]
2 g S % 8 2 = %
= = = =
o T = - = + = -
z b = [=)
= v c > =
oy — o 9o =
@ = =] =
= = i
= = e
i8]
=

Figure 3.18: SOD inhibition graphs of MCF-7- (A) and MDA-MB-231 (B) cells exposed to
ESE-one in the presence or absence of ROS inhibitors (tiron, trolox and DMTU). Tiron, trolox
and DMTU co-exposure with ESE-one resulted in an increased SOD inhibition percentage
compared to ESE-one only exposure in MCF-7 cells suggesting that superoxide anion,
peroxyl radical and hydrogen peroxide so not play a role in the inhibition of SOD. In MDA-
MB-231, DMTU demonstrated a decrease in SOD inhibition percentage suggesting that
hydrogen peroxide affects the superoxide anion activity. A: MCF-7, B: MDA-MB-231. An
asterisk (*) indicates p-value (P<0.05) compared to ESE-one treated cells.
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3.1.7.2 Catalase activity

Enzyme linked immunosorbent assay (ELISA) was used to study the catalase
activity in cells exposed to ESE-one in the presence or absence of ROS inhibitors.
Exposure to only ESE-one decreased catalase protein to 87% in MCF-7 cells
compared to cells propagated in complete growth medium. However, co-exposure
with ESE-one and tiron and DMTU increased catalase concentration significantly to
113% and 144% when compared to ESE-one only exposed cells (figure 3.19 A).
Trolox, however, demonstrated a significant decrease in catalase protein
concentration. These results demonstrate a significant increase due to tiron and
DMTU exposure (combined with ESE-one) suggesting that superoxide anion and
hydrogen peroxide pathway is utilized by ESE-one. In MDA-MB-231 cells, ESE-one
exposure resulted in decreased catalase protein to 74% compared to cells
propagated in complete growth medium. However, co-exposure with ESE-one and
tiron and trolox increased catalase concentration significantly to 91 and 90
respectively (figure 3.19 B) however, DMTU had an insignificant increase in catalase
protein concentration (88%).
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Figure 3.19: Catalase activity graphs of MCF-7 and MDA-MB-231 cells exposed to ESE-one
in the presence or absence of ROS inhibitors (tiron, trolox and DMTU). Tiron and DMTU co-
exposure with ESE-one increased the catalase protein concentration significantly in MCF-7
cells- and in MDA-MB-231 cells, tiron and trolox induced a significant increase in catalase
protein concentration. A: MCF-7, B: MDA-MB-231. An asterisk (*) indicates p-value (P<0.05)

compared to ESE-one treated cells.

64



Chapter 4

4.1 Discussion

2ME is an antimitotic-, antiangiogenic- and pro-apoptotic estradiol metabolite which
exhibits anticancer effects in vitro and in vivo; however, it was found that 2ME
possesses low bioavailability (116, 121). This subsequently led to the in silico-design
of 2ME derivatives with a  sulphamate moiety including ESE-15-ol, ESE-one and
ESE-ol. Sulphamoylated estradiol analogues have been shown to induce apoptosis
and cell cycle arrest in tumourigenic cells. The additional sulphamoyl group plays a
role in the induction of the aforementioned effects since these anticancer effects
were not observed in the non-sulphamoylated 2ME estradiol derivatives (163).
Sulphamoylated compounds are reported to induce antiproliferative-, antimitotic- and
apoptotic effects via ROS production hence the current study being to investigate the
specific ROS species requires for apoptotic activity induced by sulphamoylated
estradiol analogues in tumourigenic breast cell lines. A study of this nature has not
been reported on yet.

Elevated ROS are associated with various malignancies including cancer and
various ROS including hydrogen peroxide and superoxide anions are cytotoxic (164,
165). ROS was reported to induce apoptotic- and autophagic cell death in MCF-7-
and MB-MDA--231 breast cancer cell lines which was attenuated by NAC indicating
the role of antioxidants in oxidative stress (166). Fluorescent microscopy studies by
means of DCFDA and DHE indicated that sulphamoylated compounds induce a
higher fluorescent intensity compared to non-sulphamoylated compounds, this was
observed when ESE-15-ol, ESE-one and ESE-ol induced a greater fluorescent
intensity compared to their non-sulphamoylated counterparts (EE-15-ol, EE-one and
2E-diol) in MCF-7- and MDA-MB-231 cells. However, this effect was observed more
prominently in MCF-7 cells and to a lesser extent in MDA-MB-231 cells. The high
green- and red fluorescent intensity observed in cells exposed to sulphamoylated
compounds compared to cells exposed to the non-sulphamoylated counterparts
suggests that the sulphamoylated compounds induced hydrogen peroxide and
superoxide anion production (167). It was previously reported that 2-

methoxyestradiol-bis-sulphamate (2MEBM), another sulphamoylated estradiol
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compound, induced ROS (hydrogen peroxide and superoxide anion) production in
MCF-7 cells which is similar to data obtained in the current study using other in
silico-designed estradiol sulphamoylated compounds (116). Due to the cytotoxic
effects of high ROS, proliferation studies were conducted to assess the role of ROS

in the antiproliferative effects of sulphamoylated estradiol compounds.

Cell proliferation studies demonstrated a statistically significant decrease in cell
proliferation after exposure to the sulphamoylated compounds compared to
exposure to the non-sulphamoylated compounds which promoted cell growth. This
effect was more prominent in MCF-7 cells indicating that the ER positive
adenocarcinoma cells are more sensitive to the antiproliferative effects exerted by
sulphamoylated compounds compared to ER negative adenocarcinoma cells (MDA-
MB-231). Thus, decreased proliferation correlated with increased hydrogen peroxide
production- and superoxide production after exposure to the sulphamoylated
compounds. This effect was confirmed by literature where a sulphamoylated
compound, ESE-ol (also known as C16), significantly inhibited cell growth in MCF-
7- and MDA-MB-231 breast tumourigenic cells after 24 hours exposure at a
nanomolar concentration (200 nM) (117). Furthermore, antiproliferative effects of
sulphamoylated 2ME analogues (EMBS, ESE-16 and ESE-15-one) on the triple
negative breast cancer cell line (MDA-MB-231) and cervical cancer cell lines (HelLa)
were reported previously which supports the results observed in the current study
(121). Spectrophotometry data confirmed the fluorescent microscopy results
indicating that ROS are responsible for the antiproliferative effects of sulphamoylated
estradiol compounds. ESE-one was thus chosen as a representative of the
sulphamoylated compounds and subsequent experiments were conducted with ESE-

one as it exhibited optimal phenomena.

Due to previous studies that demonstrated that sulphamoylated compounds induce
antiproliferative effects via ROS production (126), ROS scavengers were utilized to
identify the different ROS involved in the antiproliferative activity exerted by
sulphamoylated compounds such as ESE-one. Three out of six scavengers (tiron,
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trolox, DMTU) had a rescue effect in the antiproliferative action induced by ESE-one.
Tiron scavenges superoxide anion whereas trolox scavenges peroxyl radical and
DMTU scavenges hydrogen peroxide. The cell proliferation results suggest that
superoxide anion, peroxyl radical and hydrogen peroxide are involved in the cell
death effect induced by ESE-one in breast tumourigenic cell lines as tiron, trolox and
DMTU had an opposing effect on ESE-one in both cell lines. Homobrassinin, an
anticancer indole phytoalexin compound, induced intracellular ROS production in
human colorectal cancer cells (Caco2) which was associated with apoptosis (also
observed in decreased cell viability) however, trolox significantly decreased the ROS
intensity the effect was best observed after 24 hours exposure (168). Furthermore, a
bacterial cyclic lipopeptide with anticancer properties (surfactin) induced apoptotic
cell death in MCF-7 cells via ROS production which was inhibited by NAC and
catalase (169). This is similar to the data obtained from the current study where co-
exposure with ROS inhibitors opposed the antiproliferative effect of ESE-one. The
effect of ROS scavengers on the antiproliferative effect of sulphamoylated estradiol
compounds has not been reported on yet.

Antiproliferative- and antimitotic effects of a compound can also be evaluated
morphologically where the morphology of the cell is assessed microscopically to
identify the changes induced by the compound of interest, in this case, ESE-one.
The current study demonstrated that ESE-one exposure resulted in decreased cell
density, shrunken cells, blebbing and appearance of apoptotic bodies. Other
sulphamoylated estradiol compounds like ESE-ol and EMBS, are reported to
possess antimitotic effects which are evident in the exposed cells experiencing a
metaphase arrest manifested in rounded cells (117, 170). It was reported that
another sulphamoylated compound, ESE-16 (also known as C19), induced cell
rounding, apoptotic bodies and decreased cell density in MCF-7 cells at 0.18 uM
(171). Previous studies also demonstrated that another sulphamoylated estradiol
analogue (ESE-ol) induced cell rounding, loss of cell density and apoptotic
characteristics which was observed in MCF-7- and MDA-MB-231 cells (117). Similar
observations were also made in MCF-7 cells exposed to 2-methoxyoestradiol-bis-
sulphamate (sulphamoylated compound) for 24 hours indicating the cell rounding
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effects of sulphamoylated estadiol compounds (172). However, the current study
also demonstrated light microscopy indicated that the cell rounding effect induced by
ESE-one was partially reversed by tiron, trolox and DMTU as cell co-exposed with
ESE-one and the three ROS inhibitors demonstrated fewer rounded cells and more
normal cells. This effect was observed in both MCF-7 and MDA-MB-231 cells
however, the effect was more prominently observed in the in MCF-7 cells. Tiron
opposed ESE-one’s antimitotic effect to a greater extent suggesting that ESE-one
induces cell rounding and metaphase block via the superoxide pathway. Co-
exposure with ROS inhibitors depicted the specific ROS involved in the cell rounding
effect of ESE-one, this combination has not been reported on to date. An arrest of
cells in metaphase suggests that there is a yield in the mitosis phase of the cell cycle
which was induced by ESE-one exposure.

This was confirmed by cell cycle progression studies which indicated an
accumulation of cells in G2/M phase in both MCF-7- and MDA-MB-231 cells after
exposure to ESE-one for 24 hours which was opposed by tiron and trolox, However,
exposure to ESE-one for 48 hours resulted in a significant increase in cells
occupying the sub-Gi phase which is indicative of cell death. This increase in the
sub-G1 phase after exposure to ESE-one was inhibited by tiron, trolox and DMTU
after 48 hours in both MCF-7- and MDA-MB-231 cells. These effects were more
prominent in ER positive breast adenocarcinoma epithelial MCF-7 cells compared to
the ER negative breast adenocarcinoma epithelial MDA-MB-231 cells. This indicates
that superoxide anion, peroxyl radical and hydrogen peroxide play a role in the cell
cycle disruption induced by ESE-one resulting in cell death (evident in accumulation
of cells in sub-G1). Raobaikady et al. (2005) reported that sulphamoylated estradiol
analogues (2-ethyloestradiol-3,17-0,0-bis-sulphamate,
2-ethyloestradiol-3-O-sulphamate, 2-methoxyoestrone-3-O-sulphamate and
2-methoxyoestrone-3-0O-0-bis-sulphamate) induced a G2/M block in MDA-MB-231
cells (173). Previous studies by Hye-Kyung et al. (2012) using diallyl trisulfide, an
antitumourigenic garlic extract, demonstrated a ROS-dependent cell death in MCF-7
breast cancer cells and an accumulation of cells in sub-Gi which is indicates cell
death (174). The specific ROS involved are not known, making the current study the
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first to report on the specific ROS in ROS-dependent cell death. ROS scavengers
were utilized to identify the specific ROS playing a role in the antitumourigenic

properties of ESE-one.

SOD and catalase are well known ROS inhibitors which inhibit superoxide anion and
hydrogen peroxide, respectively (175, 176). The SOD inhibition rate was not
distinctly affected by ESE-one and combination exposure with the ROS inhibitors.
However, ESE-one combination exposure with tiron and combination exposure with
DMTU increased the catalase protein concentration in MCF-7 cells indicating that
tiron and DMTU play a role in hydrogen peroxide inhibition. Tiron and trolox had a
similar effect in MDA-MB-231 cells. An increase in catalase protein concentration
indicated a decline in the hydrogen peroxide concentration suggesting that
superoxide anion and peroxyl radical upstream of hydrogen peroxide push the
reaction forward thus promotion the conversion of hydrogen peroxide to water and
oxygen by catalase. ROS are involved in the intrinsic pathway of apoptosis which
involves mitochondrial permeabilization resulting in cytochrome c release (177, 178).
This process is inhibited by antioxidants including catalase which oxidise the ROS.
Mitochondrial SOD and catalase is regulated by protein kinase B (Akt)/Forkhead box
(Foxo) transcription factor pathway however, FoxO3a specifically regulates catalase.
FoxO3a is regulated by Akt signaling pathway; this signaling pathway is said to
supress catalase expression in cancer cells (179). The catalase results suggest that
ESE-one may induce ROS-dependence cell death via the Akt signaling pathway
because catalase protein was suppressed in ESE-one only treated cells which was
recovered by co-treatment with tiron, trolox and DMTU. ROS are generated by the
mitochondria and elevated ROS can be cytotoxic but the mitochondrial antioxidants
(SOD and catalase) eliminate the ROS to maintain homeostasis thus it is important
to assess the mitochondrial membrane potential (180-182).

Mitochondrial integrity is an factor important in apoptosis signaling, a drop in the
mitochondrial membrane potential is indicative of apoptosis (113). Elevated ROS
cause disruptions in the mitochondria which results in opening of the mitochondrial

69



channel and ultimately, a drop of mitochondrial membrane potential (183, 184). A
study by Visagie et al. (2017) demonstrated the anticancer effects induced by EMBS
(sulphamoylated compound) including mitochondrial membrane damage in MDA-
MB-231 cells which were inhibited by NAC, these new findings suggested that
sulphamoylated estradiol analogues induce mitochondrial damage via ROS (126).
ESE-one exposure induced mitochondrial depolarization in MCF-7- and MDA-MB-
231 cells which was rescued by tiron in MCF-7 cells and DMTU in MDA-MB-231
cells. This suggests that superoxide anion and hydrogen peroxide play a role in the

depolarization of the mitochondrial membrane induced by ESE-one.

This in vitro study demonstrated that ESE-one is an antiproliferative-, antimitotic- and
apoptotic compound in breast tumourigenic cells (MCF-7 and MDA-MB-231) which
operates via ROS production. Suggesting that superoxide anion, peroxyl radical and
hydrogen peroxide are the specific ROS utilized in the cell death mechanism induced
by ESE-one. The proposed mechanism is that ESE-one induces ROS production
which causes cell cycle arrest and depolarization of the mitochondrial membrane
resulting in further production of ROS, and ultimately apoptosis (figure 4.1). This was
demonstrated in the sub-Gi block and mitochondrial membrane depolarization which
was rescued by tiron, trolox and DMTU.
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Figure 4.1: Proposed mechanism utilized by ESE-one to induce cell death. The
proposed mechanism in which sulphamoylated compounds induce cell death is by
the elevation of ROS (superoxide anion, hydrogen peroxide and peroxyl radical)
which causes depolarization of the mitochondrial membrane potential, decreased

cell proliferation, cell cycle arrest and cell rounding culminating in apoptosis.
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Chapter 5

5.1 Conclusion

The main aim of this in vitro study was to investigate the role of ROS in apoptosis
induced by sulphamoylated estradiol analogue in breast cell lines on proliferation,
ROS production, morphology, cell cycle progression, antioxidant activity and
mitochondrial membrane potential. Data from the current study showed that ESE-
one induced ROS production, rounded cells and apoptotic bodies, inhibition of cell
growth, sub-G1 block and depolarization the mitochondrial membrane potential in
breast tumourigenic cell lines. These effects can be inhibited by ROS (tiron, trolox
and DMTU) inhibitors indicating that superoxide anion-, peroxyl radical- and
hydrogen peroxide are essential for the pathways induced by ESE-one. Thus,
exposure to ESE-one reduced cell growth, cell rounding, mitochondrial membrane
depolarisation, cell cycle abnormalities and cell death that are dependent on the
production of superoxide anion-, peroxyl radical- and hydrogen peroxide that are
induced by ESE-one

This study involving various ROS inhibitors to identify the specific ROS involved in
the cell death effect of sulphamoylated estradiol analogue is the first to be reported
on. Thus, can contribute to future mechanistic studies aimed at targeting specific
ROS to inhibit cell death in breast tumourigenic cells. This will contribute to the

improvement of current therapy targeting ROS-induced pathways in cancer.
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