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ABSTRACT

Plants have provided a source of medicine from the beginning of human history and are the core
of modern medicine. Moreover, plant based drug discovery has led to the development of various
anticancer drugs (such as vincristine, vinblastine, etoposide, paclitaxel, camptothecin, topotecan
and irinotecan). The use of botanical, phytochemical, biological and molecular techniques have
facilitated the discovery of anthraquinones from Ceratotheca triloba that can inhibit the human
topoisomerase Il enzyme (target for anticancer drugs) and kill cancer cells. However, the C.
triloba plant has not been extensively studied for its anticancer activity. Therefore, the aim of
this study was to further investigate the anticancer activity of C. triloba and determine the classes

of compounds that contributed towards its activity.

In this study the leaf and root extracts were prepared by using hexane, DCM, hexane: DCM
(1:1), methanol and/or water. These extracts were examined for their growth inhibitory potential
on three cancer cell lines (A375 [melanoma], MDA-MB-231[breast] and WHCO1 [esophageal])
by using the MTT assay. Then, different mobile phases were prepared for optimizing the
separation of the compounds of the active extract by TLC. Column chromatography was
performed with the active extract by using five mobile phases (hexane : DCM [60 : 40, 40 : 60],
DCM, DCM : ethyl acetate [90 : 10, 70 : 30, 60 : 40, 50 : 50, 50 : 60, 30: 60, 20 : 80], ethyl
acetate and ethyl acetate: methanol [80 : 20, 70 : 30, 50 : 50]). The fractions collected from the
column were examined for their growth inhibitory potential on two melanoma cell lines (A375
and UACC-62). The ICso and TGI (total growth inhibition) values of the active fractions were
determined. Also, the apoptosis inducing effects of the active fractions and standards
(camptothecin and doxorubicin) were determined by using flow cytometer based assays (FITC
annexin assay, PE active caspase 3 assay and BD MitoScreen assay). Subsequently, the chemical
structures of the compounds that contributed towards the activity of these fractions were
obtained by EI-LC-MS analysis.

The results demonstrated that the hexane root extract exhibited the best percentage of growth
inhibition (%GI) on all three cancer cell lines. The separation of the compounds of the hexane
root extract was optimized on TLC plates by using different ratios of hexane and DCM. Column
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chromatography allowed for fractionation of this extract. Purified compounds were not obtained
due to co-elution. Further research would have to be conducted to obtain purified compounds.
This may involve the use of mini-column chromatography and PTLC. Overall a total of ten
combined fractions were collected from the column. Four of these fractions (F2, F4, F5 and F8)
displayed a high %Gl on the A375 and UACC-62 cell lines. Moreover, fraction F4 was the most
active fraction as it had the lowest 1Cso (0.70 pg.ml™ [A375] and 0.39 ug.ml™ [UACC-62]) and
TGI (12.50 pg.ml™[A375] and 25 pg.ml™ [UACC-62]) values in comparison to the other

fractions.

All four fractions induced depolarization of the mitochondria membrane potential (AW), caspase
3 activation, early apoptosis (phospholipid phosphatidylserine exposure) and/or late apoptosis in
the melanoma cells. The results also revealed that fraction F4 (25 pg.ml™) induced
depolarization of the AY in a higher percentage of A375 (78.11%) and UACC-62 (87.4%) cells
than the other fractions and standards. This fraction also induced caspase 3 activation in a high
percentage of A375 (90.56%) and UACC-62 (96.78%) cells. Therefore fraction F4 was also the
most active fraction in terms of apoptosis activity. Based on our results and literature findings we
can deduce that the active fractions induced the intrinsic or extrinsic (type Il) apoptosis pathway

in the melanoma cells.

Six classes of compounds were identified from the four active fractions. These were:
benzothiophenones, benzopyranones, naphthoquinones, anthraquinones, androstanes and

quinazolines.

In conclusion, this is the first study that evaluated the growth inhibition potential of the leaf and
root extracts of C. triloba on a panel of cancer cells. This research indicated that the hexane root
extract displayed the best levels of cell growth inhibition. The active constituents of this extract
were isolated into four fractions which elicited apoptosis inducing effects that promoted the
extrinsic (type Il) or intrinsic apoptosis pathway in the melanoma cells. Furthermore, fraction F4
contained the most active compounds from C. triloba as it had the lowest 1C5o and TGI values (in
comparison to the other fractions) and induced depolarization of the AW in the highest

percentage of melanoma cells. It was confirmed that six classes of compounds were accountable
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for the anticancer activity of these fractions. Thus, the C. triloba plant is a rich source of
anticancer compounds.

Key words: Ceratotheca triloba, cancer, growth inhibition potential, hexane root extract,

column chromatography, flow cytometry, apoptosis, anticancer activity.
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1. INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

“Cancer is the name given to a collection of related diseases. In all types of cancer, some of the
body’s cells begin to divide without stopping and spread into surrounding tissues” (National
Cancer Institute, 2015a). Also, cancer cells can be transferred to other parts of the body through
the blood and lymph systems. The majority of cancers are named after the organ or type of cells
from which they originated. Over 100 types of different cancers can occur (National Cancer
Institute, 2015a). Moreover, cancers are grouped into five main categories: i) Carcinoma - cancer
that starts in the skin or in the tissue that surrounds internal organs. ii) Sarcoma - cancer that
starts in bone, cartilage, fat, muscle, blood vessels or other connective or supportive tissue. iii)
Leukemia - a type of cancer that is initiated in blood-forming tissue such as bone marrow. This
leads to the formation of abnormal blood cells that get transported into the blood. iv) Lymphoma
and myeloma - cancer that starts in the immune system. v) Central nervous system cancers -

cancers that starts in the tissues of the brain or spinal cord (Cancer Research UK, 2014a).

The International Agency for Research on Cancer (IARC) and World Health Organization
(WHO) highlighted the prevalence of cancer by estimation of the following statistics. “Cancer is
a leading cause of disease worldwide” as in 2012 an estimated 14.1 million new cases were
documented (Cancer Research UK, 2014b, International Agency for Research on Cancer, 2015).
Globally, lung, breast, colon, and stomach cancers were accountable for over 40% of all
diagnosed cases. Lung cancer was more prevalent in males (16.7% of cancer cases) while breast
cancer was more prevalent in females (25.2% of cancer cases) (Cancer Research UK, 2014b).
Moreover, Central and Eastern Europe had the most cancer deaths worldwide (123 cancer deaths
per 100 000 deaths) while Southern Africa had the fourth most cancer deaths (113 cancer deaths
per 100 000 deaths). The most prevalent cancer deaths in Southern Africa was due to cancer of
the lung (13%), cervix (9%), breast (8%) and oesophagus (8%) (Cancer Research UK, 2014c).
These statistics have shown that cancer has affected people worldwide as well as locally. This is
an indication that new medicines need to be developed for the treatment of cancer to overcome

the death rate due to this disease.



1.2 Mechanism of cancer formation

The formation of cancer involves three stages: initiation, promotion and progression. During the
initiator stage a carcinogen (ultraviolet radiation, oxidative stress, and genotoxic chemicals)
induces a mutation in the DNA of a cell (Kang et al., 2005, Rastogi et al., 2009). The cell then
reacts by activating tumour suppressor proteins such as p53. This protein detects the DNA
mutation, blocks genes that are responsible for regulation of cell growth and activates the cell’s
repair mechanism. However, if the DNA is severely damaged, the cell will commit suicide
through a cell death process referred to as apoptosis (refer to section 1.3). On the other hand, if
one of these two processes does not occur the mutated cell will survive and replicate. Hence the

resulting daughter cells (initiator cells) will contain the same damaged DNA (John, 2001).

The promotion stage can occur next. During this stage the initiator cells can accumulate and form
a benign, localized mass of cells. These cells can also be eliminated by apoptosis. If the initiator
cells are not eliminated, they can undergo selective clonal expansions due to their ability to
escape apoptosis and growth inhibitory signals (DiGiovanni, 1992). Also, clonal expansion of

the initiator cells increases the possibility of other genetic mutations (Xi, 2003).

The last stage involves progression of the mutated cells into a malignant or cancerous tumour
with amplified metastatic and invasive potential (Kang et al., 2005, Lee and Surh, 2005). This
phase occurs because of the ability of the cells to adapt to the harsh micro-environmental
conditions such as acidosis and hypoxia (Gatenby and Gillies, 2004). Hence, cancer cells can be
characterized by having dysfunctional and uncontrolled proliferation through resistance of
apoptosis and growth inhibitory signals which in turn causes metastasis and invasiveness to

transpire (Jorgen et al., 2011).



1.3 An overview of apoptosis

Apoptosis can be defined as programmed or suicidal cell death whereby activated enzymes are
responsible for degradation of the cell’s nuclear DNA and cytoplasmic proteins (Bahr and
Groner, 2004, Elmore, 2007). As described earlier, apoptosis plays a critical role in eliminating
cells with altered genetic integrity in order to prevent the development of cancer. Therefore, the
following sections focuses on the morphological characteristics of apoptosis (as well as
necrosis), key molecules involved in apoptosis and three extensively studied apoptosis pathways.

1.4 Morphological characteristics of apoptotic and necrotic cells

1.4.1 Apoptotic cells

Cells undergoing apoptosis show distinct morphological changes in their cytoplasm, plasma
membrane and nucleus. The onset of apoptosis involves the rounding up and condensing of cells
that loose contact with neighbouring cells. This is followed by loss of microvilli and dilation of
the endoplasmic reticulum and outer nuclear envelope in the cytoplasm. Vacuoles and vesicles
are then formed as a result of swelling of the reticulum cisternae. The vacuoles and vesicles fuse
with the plasma membrane giving the cells a sponge appearance. Thereafter, the cytoplasm loses
water and becomes shrinked. This subsequently leads to membrane budding or blebbing and the
formation of membrane bound spears known as apoptotic bodies. In the nucleus, condensation
and margination of the chromatin occurs. This leads to the budding off of many DNA fragments
as well as the formation of apoptotic bodies. These are rapidly phagocytosed by neighbouring
cells and macrophages. Therefore an inflammatory response of the tissue is inhibited (Figure 1
and 2) (Apraiz et al., 2011, Bowen et al., 1998).

1.4.2 Necrotic cells

Necrosis is another type of cell death that is more passive than apoptosis and occurs as a result of
lethal trauma or pathology. During necrosis, cells swell and loose calcium and sodium due to
damage of the plasma membrane. This leads to loss of water balance, acidosis and shock. The

decrease in pH causes chromatin precipitation and the formation of a pyknotic nucleus. Inside



the mitochondria, distension of both the inner and outer compartments occurs and dense deposits
of lipoprotein can be observed. This is followed by swelling and bursting of the endoplasmic
reticulum and lysosomes. These organelles contain digestive enzymes that are responsible for
further disintegration of the cell. This results in the release of cellular debris which elicits an

inflammatory response (Figure 1) (Bowen et al., 1998).
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Figure 1: Morphological changes of a cell undergoing apoptosis or necrosis (Van Cruchten
and Van Den Broeck, 2002).



Figure 2: Electron micrographs of human T-cell acute lymphoblastic leukemia (CCRF-
CEM) cells (5000x). Untreated cells had large nuclei and lacked visible vacuoles (A). Drug
treated cells underwent apoptosis and had visible vacuoles, condensed chromatin (B) and
micronuclei (C) (Apraiz et al., 2011).

1.5 Key molecules involved in apoptosis signalling pathways

The initiation, mediation, execution and regulation of the apoptosis signalling pathways are
orchestrated by molecular machinery that determines the fate of a cell. Therefore this section

provides an overview of the key molecules that are involved in these processes.

1.5.1 Caspases

Caspases are involved in apoptosis. These enzymes are a family of proteases which derives its
name from the fact that they are cysteine-dependent aspartate-specific proteases. Their catalytic
activity is dependent on a cysteine residue that is highly conserved within an active pentapeptide
site (QACRG) (Denault and Salvesen, 2002). The caspases are synthesized as inactive zymogens
known as procaspases which consist of an N- terminal domain (a signal peptide with a cleavage
site for activation of procaspases), a p20 large subunit and a p10 small subunit (Li and Yuan,
2008, Molloy and Thomas, 2002) (Figure 3 and 4). The procaspases are processed by
autoproteolysis (rupturing of a peptide bond in a protein due to an intra-molecular reaction) of
the prodomains and small and large subunits. These reactions lead to the linking of two large
subunits with two small subunits (from two procaspase molecules) and the subsequent formation
of an active tetrameric caspase enzyme (Figure 3) (Blair and Semler, 1991, Boatright and
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Salvesen, 2003, Nicholson, 1999, Paulus, 2000, Perler et al., 1997, Rastogi et al., 2009, Yan and
Shi, 2005).

There are 14 mammalian caspases (caspase 1 to 14) that have been identified. These enzymes
have been categorized into three functional groups. The first group consists of the initiator
caspases. They contain domains known as death domains (DD’s) which exists as the caspase
activation and recruitment domain (CARD) (present in caspases 1, 2, 4, 5, 9, 11 and 12) or the
death effector domain (DED) (present in caspases 8 and 10) (Figure 4). These death domains
direct the activation of procaspases when they interact with other molecules. The second group
consists of the effector caspases (includes caspase 3, 6 and 7) (Figure 4). These caspases are
activated by initiator caspases and they carry out the downstream execution steps of apoptosis by
cleaving multiple cellular substrates. The third group consists of the inflammatory caspases
(includes caspase 1, 4, 5, 11, 12 and 13; some of the initiator caspases also function as
inflammatory caspases). They are involved in cytokine activation (Cohen, 1997, Elmore, 2007,
Li and Yuan, 2008, Martinon and Tschopp, 2007, Pop and Salvesen, 2009, Rai et al., 2005). In
addition, caspase 14 is a unique member of the caspase family as it is involved in the formation
of the skin barrier (Denecker et al., 2008).
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Figure 3: A diagrammatic representation of the activation of procaspase 8 molecules which
exists as inactive zymogen monomers. These are processed by autoproteolysis of the
prodomain and small and large subunits. These reactions lead to the linking of two large subunits
with two small subunits (from two procaspase molecules) and the subsequent formation of a
tetrameric caspase enzyme with two active sites. L refers to large subunit and S refers to small
subunit (Rastogi et al., 2009).
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Figure 4: The structural and prodomain organization of caspases. The caspases consist of a
p20 large subunit and a p10 small subunit. The initiator caspases contain prodomains which exist
as the CARD (present in caspases 1, 2, 4, 5, 9, 11 and 12) or DED (present in caspases 8 and 10).
The effector caspases (includes caspase 3, 6 and 7) do not have prodomains (a). A ribbon
representation of caspase 3 (b). The active site (Cys) conformation of caspases 1, 3, 7, 8 and 9 (c)
(Li and Yuan, 2008, Shi, 2002).

1.5.2 B Cell Lymphoma-2 (Bcl-2) family of proteins

Amongst the molecules that are involved in apoptosis are the Bcl-2 family of proteins. The Bcl-2
protein was the first protein to be identified in this family. It derives its name from the fact that it
was the second member of a group of proteins to be discovered in human B-cell lymphomas with
the t (14; 18) chromosomal translocation (Gross et al., 1999, Tsujimoto et al., 1984). The Blc-2
family of proteins is divided into two groups (Figure 5). The first group consists of the anti-
apoptotic proteins which contain all four Bcl-2 Homology (BH) domains (BH1, BH2, BH3 and
BH4). They protect the cell from apoptotic stimuli. The second group consists of the pro-

apoptotic proteins which contain multi-domains or the BH3 domain only. They initiate apoptosis

8



when cellular stresses such as DNA damage, growth factor deprivation and endoplasmic
reticulum stress occurs (Dewson and Kluc, 2010, Kuwana and Newmeyer, 2003, Yip and Reed,
2008).

A disruption in the balance of anti-apoptotic and pro-apoptotic proteins of the Bcl-2 family can
cause dysregulation of apoptosis in affected cells. This can occur as a result of overexpression of
an anti-apoptotic protein or impaired expression of a pro-apoptotic protein or a combination of
both (Wong, 2011). For instance, the overexpression of Bcl-2 prevented prostate cancer,
neuroblastoma, glioblastoma and breast cancer cells from undergoing apoptosis (Fulda et al.,
2000, Raffo et al., 1995). On the other hand, the impaired expression of Bax (mutated) resulted
in the resistance of colorectal cancer cells to anticancer drugs (Miquel et al., 2005). In chronic
lymphocytic leukemia (CLL) cells, Bcl-2 was expressed at high levels while Bax was expressed
at low levels (Goolsby et al., 2005). This condition reduced the chances of apoptosis from

occurring.
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Figure 5: The Blc-2 family of proteins is divided into two groups. The first group consists of
the anti-apoptotic proteins which contain all four BH domains (BH1, BH2, BH3 and BH4).
The second group consists of the pro-apoptotic proteins which contain multi-domains or the BH3
domain only. TM refers to the transmembrane domain which is responsible for anchoring the

protein onto the mitochondrial membrane (Kuwana and Newmeyer, 2003).

10



1.5.3 Inhibitor of apoptosis proteins (1APs)

The 1APs are important regulators of apoptosis pathways. So far eight IAPs have been identified,
these are: NAIP (BIRC1), c-IAP1(BIRC2), c-IAP2 (BIRC3), X-linked IAP (XIAP, BIRCA4),
Survivin (BIRC5), Apollon (BRUCE, BIRCS6), Livin/MLIAP (BIRC7) and IAP-like protein 2
(BIRC8) (Vucic and Fairbrother, 2007). IAPs can inhibit apoptosis by: binding onto the active
sites of caspases, promoting the degradation of activated caspases or blocking caspases from
their substrates (Wei et al., 2008). The effect of IAPs on cancers has been studied. The
expression of clAP-2 caused pancreatic cancer cells to become resistant to chemotherapy (Lopes
et al., 2007). Also, the up-regulation of Apollon caused gliomas to become resistant to cisplatin
and camptothecin (Chen et al., 1999).

1.6 The most extensively studied apoptosis pathways

This section focuses on the various apoptosis pathways which are facilitated by a series of signal
molecules (receptors, enzymes and gene regulating proteins) that act together to passively
destroy a cell. The three most extensively studied apoptosis pathways are the intrinsic and

extrinsic pathways (type I and I1). A detailed account of these pathways is presented below.

1.6.1 The intrinsic apoptosis pathway

The intrinsic apoptosis pathway occurs through the mitochondria and therefore it is also known
as the mitochondrial apoptosis pathway (Figure 6) (Igney and Krammer, 2002). It is triggered as
a result of DNA damage (caused by factors such as carcinogenic chemicals or irradiation) which
activates the synthesis of p53. This protein induces the production of pro-apoptotic proteins: Bad
Bid, Bim and Bax (Igney and Krammer, 2002, Voet and Voet, 1995). Bad migrates to the
mitochondria and inhibits the anti-apoptotic proteins Bcl-2 and Bcl- X, (Letai, 2011). Bid and
Bim induces permeabilization of the outer mitochondrial membrane. Then, Bax inserts itself into
the outer mitochondrial membrane and stimulates the release of cytochrome ¢ and SMAC/Diablo
(second mitochondria-derived activator of caspase/direct IAP binding protein with low pl) into
the cytosol (Crow et al., 2004, Kim et al., 2006). Thereafter apoptotic protease-activating factor 1

(APAF1) molecules link up to cytochrome ¢ (in a dATP dependant manner) and procaspase 9
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molecules (through their CARD). This results in the formation of an apoptosome (a wheel like
structure that has a seven fold symmetry) (Figure 7). Then, procaspase 9 is activated to caspase 9
(by autoproteolysis) which in turn activates executioner procaspases 3, 6 and 7 to caspases 3, 6
and 9 (Acehan et al., 2002, Igney and Krammer, 2002, Slee et al., 1999). Subsequently, these
caspases cleave specific death substrates. Caspase 9 mediates the cleavage of nuclear poly-
(ADP-ribose) polymerase (PARP) which is an enzyme that aids in the repair of DNA breaks.
Caspases 3, 6 and 7 attacks nuclear ribonucleoproteins. Caspase 3 cleaves DNA dependent
protein kinase (repairs double-stranded DNA). It also cleaves fodrin (a membrane-associated
cytoskeletal protein that maintains normal membrane structure and supports the function of cell
surface proteins) which results in blebbing of the cell. Caspase 6 cleaves nuclear lamins and
permits the packaging of condensed chromatin into apoptotic bodies (Bennett and Gilligan, 1993,
Bowen et al., 1998, Weterings et al., 2003). These actions result in the impairment of the cell’s

DNA system and consequential cell death.

Anti-apoptotic proteins can inhibit the intrinsic apoptosis pathway. For example, growth factors
and cytokines activate phosphatidylinositol 3-kinase (P13K) which stimulates AKT (Protein
Kinase B) to phosphorylate and inactivate the pro-apoptotic protein BAD (Figure 6). On the
other hand, pro-apoptotic proteins allow for the survival and regulation of the apoptotic signal.
For example pro-apoptotic protein, SMAC/DIABLO interacts with anti-apoptotic proteins such
as Bcl-2, Bel- X, and IAPs to prevent them from attenuating apoptosis (Figure 6) (Igney and
Krammer, 2002).
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Figure 6: The intrinsic apoptosis pathway (Igney and Krammer, 2002).
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Figure 7: A diagrammatic representation of an apoptosome. This is a wheel-like structure
that forms when APAF1 molecules link up to cytochrome ¢ (in a dATP dependant manner) and
procaspase 9 molecules (through their CARD). Cyt-c refers to cytochrome ¢ and Procasp-9 refers

to procaspase 9 (Rastogi et al., 2009).

1.6.2 The extrinsic apoptosis pathway - type |

The extrinsic apoptosis pathway can occur via the type | or type Il pathway. The type | pathway
is also known as the death-receptor-mediated apoptosis pathway as it involves the activation of
the death receptors (Figure 8) (Igney and Krammer, 2002). These are cell surface receptors that
belong to the tumor necrosis factor receptor (TNFR) family. Members of this family contain
cysteine-rich extra-cellular sub-domains (death domains) which allow them to bind to their
ligands for transmission of apoptotic signals (Fulda and Debatin, 2006). For example, in the type
| pathway the death receptor C95 is activated when it binds to its ligand, C95L. This leads to the
death domain (DD) of C95 to bind to the DD of the cytosolic adaptor molecule, Fas associated
death domain (FADD) protein. These interactions result in the formation of the death inducing
signalling complex (DISC). Thereafter, the death effector domain (DED) of FADD binds to the
DED of procaspase 8 and 10 which are activated to caspase 8 and 10 by autoproteolysis. They
are released from the DISC into the cytoplasm to activate the effector procaspases 3, 6 and 7 to

caspases 3, 6 and 7 (Bodmer et al., 2000, Igney and Krammer, 2002). These caspases cleave
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specific death substrates (as mentioned for the intrinsic apoptosis pathway) (Bowen et al., 1998).
Consequently, the cell becomes impaired and dies through apoptosis.

The extrinsic apoptosis pathway — type | can be inhibited by several anti-apoptotic proteins.
Soluble decoy receptors such as soluble C95 (sCD95) can prevent the ligand CD95L from
binding to its receptor CD95. FLICE (FADD-like interleukin-1 beta-converting enzyme)
inhibitory proteins (FLIPs) can inhibit the activation of procaspase 8 and 10 by binding to the

DISC. Also, IAPs can inhibit caspases by binding to them (Figure 8) (Igney and Krammer,
2002).
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Figure 8: The extrinsic apoptosis pathway — type I. FLIP s refers to long and short forms of

the FLICE (FADD-like interleukin-1 beta-converting enzyme) inhibitory protein, respectively
(Igney and Krammer, 2002).

1.6.3 The extrinsic apoptosis pathway - type Il

The extrinsic apoptosis pathway - type Il is also known as the mitochondrial-dependent caspase
activation pathway because it involves the linking of a weak caspase signal to the mitochondria
signal molecules (Kuo et al., 2009, Pope, 2002) (Figure 9). This pathway is initiated by the
formation of the DISC which in turn releases active caspase 8. Subsequently, this enzyme
cleaves BID to form truncated BID (tBID) which translocates to the mitochondria and activates
Bak and Bax (Luo et al., 1998, Pope, 2002). Inside the mitochondria, Ca®" is produced and it
reaches a critical threshold. Then, a permeable transition pore is formed across the inner
membrane. Bak and Bax regulates the opening of this pore to facilitate the release of cytochrome
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¢, apoptosis inducing factor (AIF) and SMAC/Diablo into the cytosol (Belizario et al., 2007,
Bonora and Pinton, 2014, Brenner et al., 2000, Du et al., 2000, Jeong and Seol, 2008, Liu et al.,
1996b, Narita et al., 1998, Susin et al., 1999). APAF1 molecules then link up to cytochrome c (in
a dATP dependant manner) and procaspase 9 molecules (through their CARD). As a result an
apoptosome is formed. Thereafter, procaspase 9 is activated to caspase 9 by autoproteolysis. This
enzyme in turn activates procaspase 3 to caspase 3 (Acehan et al., 2002, Slee et al., 1999). Then,
caspase 3 cleaves inhibitor caspase-activated deoxyribonuclease (ICAD) to form caspase-
activated deoxyribonuclease (CAD) which fragments DNA into approximately 200 base pair
fragments. Hence, the cell’s DNA repair mechanism becomes impaired and cell death occurs
(Sakahira et al., 1998, Zhao et al., 2001).

The extrinsic apoptosis pathway — type Il can be inhibited by several anti-apoptotic proteins.
Bcl-2 and Bcl-X, can block the action of Bak and Bax on the mitochondria by sequestering the
BH3-only proteins (Cheng et al., 2001). Also, MCL1 (Myeloid cell leukemia 1) can bind to Bak
and neutralize it (Figure 9) (Zhai et al., 2008).
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1.7 How do anticancer drugs induce apoptosis?

Anticancer drugs are classified according to their mechanism of action. There are four main
classes of anticancer drugs: antimetabolites, genotoxic agents, anti-mitotic agents and targeted
therapies (Druker and David, 2003, Gascoigne and Taylor, 2009, Kaye, 1998, Smith et al., 1997,
Swift and Golsteyn, 2014) (Table 1). Through their mechanism of action, anticancer drugs can
initiate apoptosis by switching on the expression of signal molecules such as Fas and FasL (for
initiation of the extrinsic pathway type | and Il) or p53 (for initiation of the intrinsic pathway)
(Igney and Krammer, 2002, Micheau et al., 1999, Pope, 2002, Wang and Sun, 2010). For
instance, emodin induces topoisomerase Il inhibition which causes DNA damage that activates
the expression of FasL for initiation of the extrinsic pathway type I (Li et al., 2010, Mo and
Beck, 1999, Yaoxian et al., 2013). On the other hand, 6-Mercaptopurine incorporates itself into
DNA and subsequently activates the expression of p53 for initiation of the intrinsic pathway
(Kanemitsu et al., 2009, Payne and Miles, 2008). Thus, anticancer drugs work in a very intricate

manner to facilitate the death of cancer cells.
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Table 1: Classes and mechanisms of anticancer drugs.

Class

Mechanism of action

Example of a drug

Reference

Antimetabolites

Interferes with the
function of metabolites
that are involved in
normal metabolism.

Gemcitabine- Pancreatic cancer

Methotrexate- Acute lymphoblastic
leukemia

6-Mercaptopurine- Acute
lymphoblastic leukaemia

(Adam de Beaumais et al.,
2011, Kaye, 1998,
Kotopoulis et al., 2013,
Mantadakis et al., 2005,
Smith et al., 1997)

Genotoxic agents

Causes DNA damage
by reacting with DNA
or by targeting
enzymes that are
essential for DNA
replication (for
example,
topoisomerases).

Cisplatin- Sarcomas

Epirubicin- Breast and ovarian
cancer

Doxorubicin-Breast cancer

(Champoux, 2001,Coukell
and Faulds, 1997, Florea
and Bisselberg, 2011,
Smith et al., 2006,Swift
and Golsteyn, 2014,
Vermorken et al., 1999)

Anti-mitotic Disturbs the mitotic Paclitaxel- Ovarian, breast, lungand  (Gascoigne and Taylor,
agents progression of cells by  other cancers 2009, Kintzios and
interfering with their Barberaki, 2004, Milross
microtubules etal., 1996)
(organelles that are
responsible for
controlling cell
division by mitosis).
Targeted Inhibits biochemical Imatinib- Chronic myeloid leukemia  (Cross and Lyseng-
therapies pathways and mutant ~ and certain acute lymphoblastic Williamson, 2007, Druker

proteins that are
essential for tumor
growth and survival.

leukemias
Gefitinib- Non-small cell lung cancer

Bortezomib- Multiple myeloma and
mantle cell non-Hodgkin's lymphoma

and David, 2003,
Giaccone, 2004, Piperdi et
al., 2011, Smith, 2011)

20



1.8 Treatment of cancer

The treatment of cancer can involve surgical intervention, radiation, chemotherapy, targeted
therapy and/or other therapies (National Cancer Institute, 2015b). The objective of any cancer
treatment is to remove all cancerous tissue without harming normal tissues. Severe cases of
cancer are treated by surgery which allows for the removal of cancerous tissue with less damage
to healthy tissues but surgery can also have certain risks (such as bleeding, drug reactions and
damage to nearby tissues or organs) and side effects (such as pain and infection) (American
Cancer Association, 2014, Erhabor and Adias, 2011). In less severe cases of cancer, radiation or
chemotherapy can be used to remove the cancerous tissue but these treatments are limited due to
the toxicity imposed on healthy tissues (Brannon-Peppas and Blanchette, 2004, Phillips and Fu,
1976). The side effects of radiation therapy depend on the part of the body that is exposed to the
treatment. The following side effects may be experienced: diarrhea, hair loss, fatigue, mouth and
throat changes, nausea, vomiting, sexual changes, fertility changes, skin changes and urinary
changes (National Cancer Institute, 2014a). The side effects of chemotherapeutic drugs may
include: anemia, appetite changes, bleeding problems, constipation, diarrhea, fatigue, hair loss,
infection, memory changes, mouth changes, throat changes, nausea, vomiting, nerve changes,
pain, sexual changes, fertility changes, skin changes, nail changes, swelling and urination
changes (National Cancer Institute, 2014b). In addition, a major complication that can occur
while chemotherapy is administered is multi-drug resistance (MDR). This occurs as a result of: i)
the up-regulation of membrane proteins which pump the drugs out of the cell to decrease the
intracellular drug concentration, ii) the interruption of the balance between bioactivation and
detoxification pathways, iii) alterations in DNA repair response and iv) alterations in apoptosis
response. Thus, MDR can hinder the success of treating cancers by chemotherapy (Kumar and
Clark, 1990, Riddick et al., 2005).

On the other hand, some cancers are treated with targeted therapy. This involves the use
monoclonal antibody drugs which target and disrupt molecular pathways that are responsible for
promoting tumorigenesis (Majidi et al., 2009). However, some of these drugs are associated with
serious side effects. For example, trastuzumab causes cardio-toxicity in women with metastatic
breast cancer (Force et al., 2007, Guglin et al., 2008). Cetuximab and panitumumab are used for

the treatment of refractory metastatic colorectal cancer but these drugs cause skin rash on the
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face and upper torso (Jean and Shah, 2008, Perez-Soler and Saltz, 2005). Rituximab is used to
treat non-Hodgkin’s lymphoma but it is associated with serious infections such as the John
Cunningham virus which infects the central nervous system (Aksoy et al., 2007, Carson et al.,
2009, Hansel et al., 2010, Major, 2010). Hence due to the side effects caused by the current
cancer treatments, there is a need to discover and develop new drugs to effectively and safely

treat cancer.

1.9 Plant as a source of medicine

Thousands of years ago, ancient civilizations in many countries such as China, India and
Thailand used plants for medicinal purposes (Chang and But, 1986, Kapoor, 1990, Subchareon,
1998). The traditional use of plants has continued into modern times as the World Health
Organization (WHO) estimated that 80% of people living in developing countries depend on
traditional medicine (mostly herbal medicines) to fulfil their primary health care needs
(Chaudhary et al., 2010). Moreover, herbal medicines are highly valuable in the international
market place. In Western Europe, herbal medicine revenue amounted to US$ 5 billion in 2003-
2004. In China, sales of herbal medicine products reached US$ 14 billion in 2005. In Brazil,
herbal medicine revenue reached US$ 160 million in 2007 (Chaudhary et al., 2010). Locally,
over 70 plant species are used in Africa to treat both veterinary and human patients (Stark et al.,
2013). In addition South Africa has a long history of using plants in traditional healing as it hosts
a variety of around 30,000 flowering species (Louw et al., 2002). This accounts for almost 10 %
of the world’s higher plant species (Van wyk and Gericke, 2000b). Thus, plants have been an

integral component of the health care system both locally and internationally.

1.10 Why plants are used in the treatment of cancer?

There are several advantages of using plants to treat cancer. The complex synergistic interaction
of various compounds in plants allows for the designing of herbal formulations that attack
cancerous cells without harming normal cells of the body. This is possible as some plants can
protect the body against cancer by enhancement of its detoxification functions. Certain plants
contain biological response modifiers that can prevent the growth of cancer by modulating the
activity of specific hormones and enzymes. Some plants have good immunomodulatory and

22



antioxidant properties which can promote anticancer activity (Larkin, 1983, Saxe, 1987).
Moreover, a survey documented that over 60% of cancer patients depend on the use of vitamins
or herbs as therapy (Madhuri and Pandey, 2008, Sivalokanathan et al., 2005). Therefore
medicinal plants play an important role in the treatment of cancer.

1.11 Discovery of anticancer compounds from plants

Although traditional practices involve the use of complex plant extracts, scientists have focused
on purifying and identifying independently active compounds (IACs) from plant extracts. The
advantage is that once the structures of the IACs are determined they can be chemically or semi-
chemically synthesized. The disadvantage is that some compounds found in plants act in a
synergistic manner with other compounds to bring about biological activity.

Plants produce two distinct groups of compounds. The first group consists of the primary
metabolites which includes sugars (constituents of structural and nutritional elements), amino
acids (constituents of structural elements and enzymes), lipids (constituents of membranes and
nutritional elements) and nucleotides (constituents of genes). These metabolites are needed for
growth of the plant (Payne et al., 1991). The second group consists of the secondary metabolites
which includes five types of compounds: polyketides, isoprenoids (terpenoids), alkaloids,
phenylpropanoids and flavonoids (polyphenols) (Verpoorte, 2000). They are responsible for
metabolic and/or growth regulation, lignification, colouring of plant parts and protecting the
plant against pathogen attack. Secondary metabolites are important constituents as they possess
pharmaceutical properties (Kintzios and Barberaki, 2004, Payne et al., 1991). Thus these

compounds are responsible for any possible anticancer activity.

Scientists have discovered many anticancer compounds from plants. A classic example is the
discovery of a diterpene known as taxol which was isolated from the Pacific yew tree, Taxus
baccata (Kintzios and Barberaki, 2004). This research began in 1958 when the National Cancer
Institute (NCI) (United States of America) screened 35, 000 plants for anticancer activity.
Fortunately, a breakthrough was made in 1963 when Drs M. Wall and M.C. Wani of the
Research Triangle Institute (North Carolina) found that the extract from the bark of T. baccata

exhibited anticancer activity (Cragg, 1998). Twenty years later human clinical studies began and
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taxol was shown to be active against ovarian cancer which was incurable during the 80’s. In
order to further develop taxol, the NCI issued a contract to Bristol Myers- Squibb in the United
States (Rowinsky et al., 1990). Nowadays taxol is semi-chemically synthesized as paclitaxel by
using the needles and twigs from yew species which are cultivated under agricultural conditions.
This drug has been approved by the Food and Drug Administration (FDA) for treating ovarian,
breast, lung and other types of cancers. It is sold under the trade name Taxol (Kintzios and
Barberaki, 2004). Table 2 shows other plant-derived anticancer compounds that have been
commercialized.
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Table 2: Plant-derived anticancer compounds that have been commercialized.

Plant Family Location Traditional Parts Commercial products References
use/s used
Camptotheca Nyssaceae Asia, Used to treat Bark, Three semi-synthetic drugs have been derived (Kintzios and
acuminata Southern  stomach and wood and  from camptothecin. These have been approved  Barberaki, 2004)
(Camptotheca) China liver cancer as  young by the FDA:
and well as leaves.
Tibet. leukemia. 1) Topotecan is used to treat advanced ovarian
cancer. It is marketed under the trade name
Hycamtin.
2) Irinotecan HCI is used to treat metastatic
cancer of the colon or rectum. This drug
was approved in June 1996. It is sold under
the trade name Camptosar.
3) 9-nitro camptothecin is used to treat
pancreatic cancer. It is sold under the trade
name Rubitecan.
Podophyllum Berberidaceae Canada  North Rootand  Etoposide is one of the most active drugs for the (Schacter, 1996,
peltatum and American resin. treatment of small cell lung cancer and testicular  Kintzios and
(Mandrake North Indians used carcinoma. It is also active against esophageal,  Barberaki, 2004)
American) America. the plant as an gastric, prostatic, ovarian and non-small cell
emetic and lung cancer as well as chronic and acute
vermifuge. leukemias. Etoposide is used as etoposide

phosphate. It is sold under the trade name
Etopophos.
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Table 2 (continued): Plant-derived anticancer compounds that have been commercialized.

Plant Family Location Traditional use/s Parts used Commercial products References
Vinca rosea Apocynaceae East Indies, Used to treat skin Leaves, stems Two Vinca alkaloids are used inthe  (Canellos, 1992,
Linn. Madagascar disorders, cramps, and flower treatment of cancer: Kintzios and
(Periwinkle) and diabetes, high blood buds. Barberaki, 2004,
America. pressure, asthma, 1) Vincristine is used to treat Samuelsson, 1992)
constipation and childhood’s leukemia, Hodgkin’s
menstrual problems. disease and other lymphomas.

2) Vinblastine is used to treat
testicular cancer, breast cancer,
Kaposi’s sarcoma, Hodgkin’s
disease and other lymphomas.

Taxus baccata ~ Taxaceae and Europe, Played a role in Stem Taxol is semi-chemically synthesized (Kintzios and
(Yew) Coniferae North Africa religious practices as segments, as paclitaxel. This drug is used to Barberaki, 2004)
and Western temples were built needles (1-2  treat ovarian, breast, lung and other
Asia. around Yew treesto  c¢cmlong) and cancers. It is sold under the trade
serve as places of roots. name Taxol.
worship.
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1.12 Local anticancer plants

South Africa has a variety of anticancer plants. Examples are presented in Table 3.

Table 3: South African plants that have shown to exhibit anticancer activity.

Plant Traditional uses Active Cancer line/s References
compound/
extract

Sutherlandia Wounds, fevers, L-canavanine MIA PaCa-2 (Pancreatic (Crooks and

frutescens (cancer
bush or
kankerbos)

Aloe ferox (Cape
aloe or bitter aloe)

Withania
somnifera

Tulbaghia
violacea (Wild
garlic)

Prunus africana

chicken pox, stomach
problems, eye
troubles and cancer.

Skin and hair
treatments,
constipation,
hypertension, stress,
arthritis,
conjunctivitis,
toothaches, sinusitis
and stomach pains.

Wounds, abscesses,
inflammation,
haemorrhoids,
rheumatism and
syphilis.

Oesophageal cancer.

Benign prostatic
hyperplasia.

Aloe-emodin

Withaferin A

Methyl-a-D-
glucopyranoside

Ethanolic bark
extract

cancer).

SJ-N-KP (Neuroblastoma),
Hep G2 and Hep 3B (liver

cancer cell lines).

MCF-7 and MDA-MB-231
(breast cancer cell lines).

MCF7 and HeLa (cervical

cancer).

PC3 and LNCaP (Prostate

cancer cell lines).

Rosenthal, 1996,
Swaffar et al.,
1994, Thomson,
2002, Van Wyk,
1997, Xaba and
Notten, 2003)

(Crouch et al.,
2006, Kuo et al.,
2002, Pecere et al.,
2000, Pujol, 1990,
Street and Prinsloo,
2013, Watt and
Breyer-Brandwijk,
1962)

(Jayaprakasam et
al., 2003, Stan et
al., 2008, Welman,
2011)

(Bungu et al., 2006,
Lyantagaye, 2013,
Van Wyk and
Gericke, 2000a,
Van Wyk, 1997)

(Edgar et al., 2007,
Shenouda et al.,
2007, Vinceti et al.,
2013)
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1.13 Ceratotheca triloba

1.13.1 Taxonomy of C. triloba

C. triloba is a South African annual plant that is found in the summer rainfall areas of South
Africa, mainly the grasslands. The plant is commonly called South African Foxglove, Wild
foxglove, Vingerhoedblom, Ludvonca (Swazi), Udonga (Swazi, Zulu), Undoncalwabathwa or
Udongabathwa (Zulu). There are only four known species of Ceratotheca that are found in
Southern Africa (Smithies, 2000). The genus name ‘Ceratotheca’ means a horned capsule which
is derived from the Greek words kerato (horned) and theke (a case). The species name triloba is
derived from Latin, meaning three-lobed, alluding to leaves (Hutchings, 1996). The plant was
first named Sporledera triloba Bernh. in 1842 and has undergone several name changes since
then (Table 4). According to the current classification system it belongs to the family
Pedaliaceae (Table 5) (Wunderlin and Hansen, 2002). This family of plants is characterized by
having mucilaginous hairs which give the stems and leaves a slimy or clammy feel. The fruits
have hooks or horns. C. triloba germinates optimally in disturbed areas like roadsides, where
they grow, flower and seed before winter. The height of the plant depends on the water uptake
during summer. The leaves are soft, green and about 50 mm long; they are divided into three
lobes with a bluntly serrated margin. The plant has pink flowers with red stems or white flowers
with yellow-green stems (Figure 10A). The flowers are 50 mm long with 5 lobes. The bottom
lobe is longer than the others and has streaks of delicate lines running down the throat of the
flower. The small seeds are black and are located in 30 mm long fruits which have very sharp
horns at the tips (Figure 10B). The green fruits turn brown and dry and split open to release the
flat pear shaped seeds. The stems and leaves of the plant are covered with fine white hairs. C.
triloba is slightly sticky and when crushed it produces a strong unpleasant smell (Van Der Walt,
2001).
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Table 4: History of C. triloba (Bernh.) E. Mey. ex Hook.f.

SYNONYM FULL CITATION

Ceratotheca lamiifolia (Engler) Engler,
Bot. Jahrb. Syst. 19: 156. 1894.
BASIONY M: Sesamum lamiifolium
Engler 1888.

Ceratotheca lamiifolia (Engl.) Engl.

Sesamum lamiifolium Engler, Bot. Jahrb.
Sesamum lamiifolium Engl. Syst. 10: 256, t. 8. 1888. TYPE: SOUTH
AFRICA:

Sporledera kraussiana Bernhardi,
Sporledera kraussiana Bernh. Linnaea 16: 41. 1842,
TYPE: SOUTH AFRICA:

Sporledera triloba Bernhardi, Linnaea 16: 42.
Sporledera triloba Bernh. 1842.
TYPE: SOUTH AFRICA:

Volkameria lamiifolia (Engler) Kuntze, Revis.
Volkameria lamiifolia (Engl.) Kuntze Gen. PI. 2: 482. 1891. BASIONYM: Sesamum
lamiifolium Engler 1888.

(Wunderlin and Hansen, 2002)

Table 5: Classification for kingdom plantae.

Kingdom Plantae —Plants

Subkingdom Tracheobionta -Vascular plants
Superdivision Spermatophyta -Seed plants

Division Magnoliophyta -Flowering plants

Class Magnoliopsida —Dicotyledons
Subclass Asteridae -Daisy superorder
Order Scrophulariales -figwort order
Family Pedaliaceae - Sesame family
Genus Ceratotheca Endl. - ceratotheca P

Species - Ceratotheca triloba (Bernh.) E. Mey. ex Hook. .

(Wunderlin and Hansen, 2002)



Figure 10: C. triloba plant (A) and seed pods (B) (Van Der Walt, 2001).

1.13.2 Traditional uses of C. triloba

C. triloba has been used by many traditional cultures. The whole plant was soaked in water to
serve as a substitute for soap or shampoo. The plant has been used to treat painful menstruation,
stomach cramps, nausea, fever and diarrhea (Tredgold, 1986). Also, infusions of C. triloba
leaves were prepared and administered as an abortifacient (Pooley, 1998, Roberts, 1990, Van
Wyk and Gericke, 2000a, Watt and Breyer-Brandwijk, 1962).

1.13.3 Published biological activities and chemistry of C. triloba

Some of the biological activities of C. triloba have been documented. The plant has no
angiotensin 1-converting enzymes (Ramesar et al., 2008). The leaf extract of the plant has been
shown to inhibit a-amylases and thus it has anti-diabetic potential (Odhav et al., 2010). Recently,
Mohanlall and Odhav, (2013) reported other biological activities of C. triloba. The root and leaf
extracts exhibited anti-bacterial activity against Staphylococcus aureus, Micrococcus luteus,
Escherichia coli, Salmonella typhimurium and Bacillus cereus. In addition, partially purified
fractions obtained from the root extract exhibited anti-bacterial activity against the same bacterial
cultures. These fractions also showed to have anti-oxidant activity and were not toxic to brine

shrimp larva.
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Mohanlall et al. (2011) identified three anthraquinones (9,10-anthracenedione; 1-hydroxy-4-
methylanthraquinone and 5,8-dimethoxy-2,3,10,10a- tetrahydro-1H,4aH-phenanthrene-4,9-
dione) and one steroid (androst-5-ene-3, 17, 19-triol) from the partially purified fractions (Figure
11). Reports have shown that these types of compounds possess anticancer activity (Baguley,
1991, Dhingra et al., 2011, Monneret, 2001, Preobrazhenskaya et al., 2006). Since these
compounds are valuable, we decided to cultivate cell suspension cultures of C. triloba to over
produce them by using methyl jasmonate elicitation (Naicker et al., 2011). However, a low
quantity of 1-hydroxy-4-methylanthaquinone was produced. Therefore, hairy root cultures of C.
triloba were induced by Agrobacterium rhizogenes transformation. These cultures produced a
higher yield of anthraquinones than cell suspension cultures and the roots of the field plant
(Naicker, 2012). Also, the following compounds from the hairy root extract were identified: one
acridone derivative (5-methoxy-2-nitro-10H-acridin-9-one), one naphthoquinone derivative (2H-
naphto[2,3-b]pyran-5,10-dione,3,4-dihydro-2,2-dimethyl-) and seven anthraquinone derivatives
(5,8-dimethoxy-2,3,10,10a-tetrahydro-1H,4aH-phenanthrene-4,9-dione;  9,10- anthracenedione,
2-methyl-;  1-hydroxy-4-methylanthraquinone;  9,10-  anthracenedione, 2-ethyl-;  1,5-
diaminoanthraquinone; phenanthrene, 3,6-dimethoxy- 9-methyl-; 9,10-anthracenedione, 1,4-
dimethyl-) (Figure 12). Due to the chemistry of the C. triloba plant it has a great potential of

contributing towards the treatment of cancer.
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Figure 11: Compounds isolated from C. triloba root extract. 9, 10-anthracenedione (A), 1-
hydroxy-4-methylanthraquinone (B), 5, 8-dimethoxy-2, 3, 10, 10a-tetrahydro-1H, 4aH-
phenanthrene-4, 9-dione (C), androst-5-ene-3, 17, 19-triol (D) (Mohanlall et al., 2011).
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Figure 12: Compounds isolated from C. triloba hairy root extract. 5,8-dimethoxy-
2,3,10,10a-tetrahydro-1H,4aH-phenanthrene-4,9-dione (A), 5-methoxy-2-nitro-10H-acridin-9-
one (B), 1-hydroxy-4-methylanthraquinone (C), 9,10-anthracenedione, 2- methyl- (D), 9,10-

anthracenedione, 2-ethyl- (E), 1,5-diaminoanthraquinone (F), phenanthrene, 3,6-dimethoxy-9-
methyl- (G), 2H-naphto[2,3-b]pyran- 5,10-dione, 3,4-dihydro-2,2-dimethyl- (H), 9,10
anthracenedione, 1,4- dimethyl- (1) (Naicker, 2012).

1.14 Problem statement

The medical journal, Lancet published that “South Africa could see an increase of 78% in the
number of cancer cases by 2030 (Morhason-Bello et al., 2013). Current anticancer drugs are
associated with serious side effects and resistance (National Cancer Institute, 2014b, Michael,
2002, Xing-Jie et al., 2010). As a result there is a great need to discover new drugs to fight
cancer. Therefore, this project will investigate the anticancer activity of the active fractions
isolated from an indigenous plant and subsequently the identity of anticancer compounds found
in the active fractions will be determined. The main reasons for this approach are that plants have
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the ability to kill cancer cells and sometimes offer protection to normal cells. They also have
immunomodulatory properties (Larkin, 1983, Parry, 2015, Saxe, 1987, Umadevi et al., 2013).
Thus, our chances of finding effective anticancer compounds are higher.

1.15 Research questions, aims and objectives

Studies conducted in our lab revealed that anthraquinones (9,10-anthracenedione, 1-hydroxy-4-
methylanthraquinone and 5,8-dimethoxy-2,3,10,10a-tetrahydro-1H,4aH-phenanthrene-4,9-dione)
isolated from the root extract of C. triloba inhibited the human topoisomerase 1l enzyme from
converting supercoiled DNA to linear DNA (Mohanlall, 2010). In addition the fractions CT01
(5,8-dimethoxy-2,3,10,10a-tetrahydro-1H,4aH-phenanthrene-4,9-dione,  9,10-anthracenedione,
2-methyl- and 1-hydroxy-4-methylanthraquinone) and CT02 (9,10- anthracenedione, 2-ethyl-)
which were isolated from the hairy root extract also inhibited topoisomerase 1l (research will be
published in the future) (Naicker, 2012). The inhibition of topoisomerase Il is shown to lead to
the activation of signal molecules that are responsible for initiating cell death of cancer cells (Li
et al., 2010, Mo and Beck, 1999, Yaoxian et al., 2013). Currently, topoisomerase Il inhibitors
such as ametantrone, mitoxantrone, doxorubicin, daunorubicin and carminomycin are employed
in cancer therapy (Baguley, 1991, Monneret, 2001, Preobrazhenskaya et al., 2006). These facts
encouraged us to conduct a preliminary study to investigate if the constituents of C. triloba were
active against cancer cells. According to the results obtained, it was evident that the root extract,
hairy root extract and fractions CT01 and CTO02 killed the DU-145 prostate cancer cells (Naicker,
2012).

Hence, thus far we have determined the mechanism of action of the anthraquinones isolated from
C. triloba and we know that they can kill cancer cells. However, the anticancer activity of C.
triloba needs to be further investigated for the following reasons: the effect of the root and leaf
extracts on cancer cells needs to be determined for isolation of any other anticancer compounds
that may be present in the plant. The possible apoptosis pathways that maybe induced by the
anthraquinones or other compounds need to be determined because cancer cells are profoundly
sensitive to apoptosis (Kerr et al., 1972, Lowe and Lin, 2000). Lastly, these compounds need to
be characterized to reveal or validate their identity.
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Therefore, the aim of this study was to further investigate the anticancer activity of C. triloba and

determine the classes of compounds that contributed towards its activity.

This was achieved by the following objectives which were to:

i)

i)

Vi)

vii)

Prepare extracts of the leaves and roots of C. triloba by using polarity based extraction.

Evaluate the growth inhibitory potential of C. triloba extracts on three cancer cell lines
(A375 [melanoma], MDA-MB-231[breast] and WHCOL1 [oesophageal]) by using the
MTT assay.

Investigate different mobile phases for optimum separation of the compounds of the
active extract by using thin layer chromatography and subsequently fractionate the
compounds of this extract by using column chromatography.

Evaluate the growth inhibitory potential of the fractions on two melanoma cell lines
(A375 and UACC-62).

Determine the ICsp and TGI (total growth inhibition) values of the active fractions on the

melanoma cell lines.
Evaluate the apoptosis inducing effects of the active fractions against the melanoma cell
lines by using the FITC annexin V assay, PE active caspase 3 assay and BD MitoScreen

assay.

Determine the chemical structures of the compounds in the active fractions by using EI-
LC-MS.
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2. MATERIALS AND METHODS

2.1 Plant material

2.1.1 Collection of plant material

C. triloba was collected from the wild in Durban, Kwa-Zulu Natal, South Africa. The plants

were authenticated by Professor H. Baijnath at the School of Life Sciences, University of Kwa-

Zulu Natal (UKZN) and a voucher specimen was deposited in the Ward Herbarium at UKZN

(Westville campus).

2.1.2 Preparation of the plant material

The roots and leaves were washed under running tap water and dried in an oven for 2-4 days at

40°C until they could easily be broken by hand. Thereafter, the plant material was grounded to a

powder using a Wareing blender.

2.1.3 Extraction of the plant material

Two types of extractions were performed:

i)

Organic extraction- the ground material was sequentially extracted by using non-polar
and polar solvents. The extraction process was initiated by agitation of the ground
material (470 g [roots], 281.50 g [leaves]) in 1L of hexane on a shaker at 80 rpm for 24
hours at room temperature. The hexane extract was then filtered and this procedure was
repeated four more times. Thereafter, the same used plant material was extracted with
DCM, DCM: methanol (1:1) and then methanol as described above. All organic extracts
were concentrated by using a roto-evaporator (Heidolph Laborota 400 efficient) with the
water bath set at a temperature of 50°C and the flask rotated at 60 rpm. The concentrated
extracts were transferred to glass bottles which were covered in foil to prevent the
compounds from being degraded by light. The extracts were then dried for 2-3 days

under a fume hood and stored at room temperature (27°C).
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i) Aqueous extraction- the grounded material (207.49 g [roots]) was agitated in 1 L of
distilled water on a shaker at 80 rpm for 24 hours at room temperature. The aqueous
extract was filtered and placed in a bio-freezer at -70°C for 24 hours. This extract was
then freeze dried to a powder and stored at room temperature in a glass bottle covered in
foil. The aqueous extraction was only performed on roots as the leaves of the plant were

limited.
The percentage yield of the extracts was determined by using the following equation:

%Yield of extract = (mass of extract/mass of plant material) X 100

2.2 Cell culture

2.2.1 Cell lines

The A375, MDA-MB-231 and WHCOL cell lines were provided by Dr Catherine Kaschula from
the International Centre for Genetic Engineering and Biotechnology (ICGEB) at the University
of Cape Town (UCT). The UACC-62 cell line was provided by Natasha Kolesnikova from the
Biosciences unit at the Council of Scientific and Industrial Research (CSIR). A375 is a
melanoma cell line that was derived from a malignant melanoma of a 54 year old female (Fok et
al., 2006). MDA-MB-231 is a breast adenocarcinoma cell line that was derived by pleural
effusion of a 51 year old Caucasian female with metastatic breast adenocarcinoma (Cailleau et
al., 1974). WHCOL is a human esophageal cancer cell line and is of South African origin. It was
derived from a primary esophageal squamous cell carcinoma biopsy (Veale and Thornley, 1989).
UACC-62 is a melanoma cell line that was derived from a malignant melanoma of human origin
(Shoemaker, 2006).

2.2.2 Regeneration of cells

All cell lines were received in cryovials which were placed in a 37°C water bath to allow the
cells to rapidly thaw. The cells were then transferred to 10 cm cell culture plates (Sigma-Aldrich,
Inc) which contained 10 ml of complete culture medium (CCM) (Dulbecco’s Modified Eagle
Medium [DMEM] [Biochrom] that consisted of glucose [4,5 g.I"}], L-glutamine [1 mM] and
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sodium pyruvate [1 mM] supplemented with foetal bovine serum (FBS) [10 %] [Gibco, Life
Technologies] and penicillin-streptomycin solution [1%] [Gibco, Life Technologies]).

Thereafter, the plates were incubated at 37°C in a humidified incubator with 5% CO,.

2.2.3 Cell culture maintenance

The medium was removed from the plates by using vacuum suction and the monolayer of cells
was washed with 5 ml of phosphate buffered saline (PBS) (Sigma-Aldrich, Inc). An aliquot of 1
ml of trypsin (Highveld Biological) was added into the plates and the cells were detached by
aspirating the trypsin gently with a pipette. Thereafter, the trypsin was deactivated by adding 5
ml of CCM into the plates. The cells were then centrifuged at 1200 rpm for 3 minutes and the
supernatant was discarded prior to resuspension of the cells in 2 ml of CCM. Aliquots of the
A375 (100 ul), MDA-MB-231 (200 pl), WHCO1 (200 ul) and UACC-62 (500 ul) cell
suspensions were transferred into plates containing 10 ml of CCM. The plates were incubated at
37°C in a humidified incubator with 5% CO,. The cells were viewed under an inverted
microscope (Nikon SM2800) on a daily basis to check for contamination and examine cell

growth. The cells were sub-cultured every 2-3 days after the plates became 70-80% confluent.

2.2.4 Cryopreservation of cell lines

Cells that were grown to 70-80% confluency (in a 10 cm cell culture plate) were washed with 5
ml of PBS. The cells were then trypsinized and centrifuged as described in section 2.2.3.
Thereafter, the supernatant was discarded and the cells were re-suspended in 2 ml of
cryopreservation medium (20% FBS, 10% DMSO and 70% DMEM). Aliquots of 1 ml of the cell
suspension were transferred to cryovials (Sigma-Aldrich, Inc) which were stored overnight in a -
80 °C freezer. These cryovials were subsequently transferred to a liquid nitrogen tank for long

term storage at -180 °C.

2.2.5 Enumeration of cells

The cells were enumerated using the Neubauer haemocytometer (Weber Scientific Ltd). An
aliquot of 100 pl of the cell suspension was mixed with 100 pl of trypan blue (0.2%) (Sigma-

Aldrich, Inc) and 10 pl of this mixture was loaded into the chamber of the haemocytometer.
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Only the viable cells (translucent) that appeared within or on the boundary of the primary
squares (centre square and four corner squares) were counted. The volume of cell suspension that

filled one primary square was 0.1 mm?®. The following equation was used to calculate cells.ml™:
Cells.mI™ = (Number of cells from 5 primary squares/5) X 2 X 10 000

Thereafter the number cells needed for the total number of wells used in the experiment was

calculated according to following equations:
Total amount of cells (A) = Number of cells/ml X volume of cells (ml)
Number of cells required for the experiment (B) = 3 x 10% per well X number of wells used
Volume of cells required for experiment (C) = (Total volume of cells X B)/(A)

Volume of media required to dilute the cells = (90 pl* X number of wells)-(C)

: [volume of medium added in each well]

2.3 Evaluation of the growth inhibitory potential of C. triloba extracts on

three cancer cell lines

2.3.1 Seeding of cells

Cells that were grown to 70-80% confluency (in a 10 cm cell culture plate) were washed with 5
ml of PBS. The cells were trypsinized, centrifuged and re-suspended as described in Section
2.2.3. Thereafter, aliquots of 90 pl (3 x 10° cells.well™) of the cell suspension (A375, MDA-MB-
231 and WHCOL cell lines) were seeded into 96 well microtiter plates (Costar, Sigma-Aldrich,
Inc). After which 200 pl of distilled water was pipetted into the outer wells of the plates to
prevent evaporation of the medium. The plates were then incubated for 24 hours at 37°C in a
humidified incubator with 5% CO,,
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2.3.2 Set up of controls

An aliquot of 10 pl of CCM was added to the cells which served as the untreated control. DMSO
was diluted to 2.0% in CCM. Then, 10 ul of the DMSO solution (0.2%) was used to treat the

cells which served as the solvent control.

2.3.3 Treatment of cells

The extracts were prepared at 12.5 mg.ml™ and 25 mg.ml™ in DMSO. Thereafter, the extracts
were further diluted to 250 pg.ml™ and 500 pg.ml™ in CCM. Aliquots of 10 pl of the extracts (25
ng.ml™ and 50 pg.ml™) were then used to treat the cells. Subsequently, the plates were incubated

for 48 hours.

2.3.4 Microscopic examination of the cells

Treated and untreated A375, MDA-MB-231 and WHCO1 cells were examined for signs of
apoptosis (such as cytoplasmic shrinkage and rounding) under an inverted microscope (Nikon
SM2800) at 100 x magnification.

2.3.5 Measurement of growth inhibition by using the MTT assay

2.3.5.1 Description

The MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay is based on the
activity of cellular reductases (NADH and NADPH) that are present in viable cells. These
enzymes cleave the tetrazolium ring of MTT (Figure 13). Consequently, this yellow dye gets
reduced to purple formazan crystals which can be dissolved in DMSO or SDS. The resulting
purple solution can be measured spectrophotometrically. Thus the increase or decrease in the
number of cells depends on the quantity of formazan produced which in turn can denote the
degree of growth inhibition exhibited by the test drug (Berridge and Tan, 1993, Maioli et al.,
2009, Mossman, 1983).
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Figure 13: Reduction of MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) to a purple formazan (4,5-Dimethylthiazol-2-yl]-3,5-diphenylformazan) product
by cellular reductase enzymes, NADH and NADPH (Ebada et al., 2008).

2.3.5.2 MTT assay protocol

The MTT assay was performed according to the procedure described in the Roche cell
proliferation assay manual. After the 48 hour treatment, 10 pl of a 5 mg.mlI™* MTT (Molecular
probes, life technologies) solution was added to the cells and the microtiter plates were incubated
for 4 hours at 37°C in a humidified incubator with 5% CO,. Thereafter, 100 pl of 10% SDS in
0.01 M HCL was added to the cells to dissolve the formazan crystals. The plates were then
incubated overnight. The absorbance of the formazan solutions was read at 595 nm by using an
ELISA plate reader (Digital Analogue Systems, Italy). The data was transferred to Microsoft
Excel and the percentage growth inhibition (%GI) exhibited by the test drug was determined

according to the following equation:

%G = (Absorbance of cells treated with DMSO — Absorbance of cells treated with the test
drug)/ (Absorbance of cells treated with DMSO)

2.4 Investigation of the different mobile phases for optimizing the

separation of the compounds of the hexane root extract

In order to optimize the separation of the compounds of the hexane root extract for column

chromatography, thin layer chromatography (TLC) was done to view which mobile phases
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could best separate the compounds of this extract. Aliquots of 10 ul of the hexane root extract
were loaded onto six pieces of silica gel TLC plates (1 cm in width and 10 cm in length) (Merck)
which were developed in the following mobile phases: hexane: ethyl acetate: ethanol (1:8:1),
ethanol: hexane (9:1), ethanol: petroleum ether (1:9), hexane: dichloromethane (3:7), hexane:
dichloromethane (1:9) and hexane. Thereafter the TLC plates were sprayed with a vanillin
solution (300 mg vanillin in 84 ml of ethanol and 3 ml of H,SO,4) (Sigma-Aldrich, Inc) and
heated with a blow dryer for 2 minutes to reveal the bands.

The separation of the compounds of the hexane root extract was further optimized by using
different ratios of hexane: DCM (a polarity based separation method) (Table 6). Eight pieces of
TLC plates (1 cm in width and 10 cm in length) were loaded with 10 pl of the hexane root
extract. These plates were developed in hexane and one of the plates was sprayed and heated as
described above. The seven remaining plates were re-ran in hexane: DCM at a ratio of 10:90 and
one of the plates was sprayed and heated. Then the six remaining TLC plates were consecutively
processed as described in Table 6. By using this method, the polarity of the mobile phase was
gradually increased to facilitate the separation of the compounds of the hexane root extract. A

similar principle was applied in the column.

Table 6: Hexane: DCM ratios used to separate compounds from the hexane root extract.

Ratio of hexane:  Number of TLC  Number of TLC plates

DCM plates developed sprayed with vanillin
and heated

1:0 8 1
10:90 7 1
88:12 6 1
85:15 5 1
60:40 4 1
40:60 3 1
20:80 2 1

0:1 1 1
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2.5 Column chromatography of the hexane root extract

The column chromatography set up is illustrated in Figure 14. The lower part of a glass column
(30 mm in width and 80 cm in length) was stocked with cotton wool by using a glass rod. An
aliquot of 300 ml of hexane and 60 g of silica gel 60 (0.063-0.200 mm, 70-230 mesh ASTM)
(Merck) was mixed to form a slurry which was poured into the column. The tap was left open for
collection of the excess hexane into a beaker. An aliquot of 50 ml of hexane was left in the
column to prevent the formation of air bubbles. Thereafter, 900 mg of the hexane root extract
was mixed with 50 ml of hexane and poured gently into the column. The compounds of the
extract were separated and eluted by gradually increasing the polarity of the mobile phase in the
column. This was done by using the following mobile phases: hexane : DCM (60 : 40, 40 : 60),
DCM, DCM : ethyl acetate (90 : 10, 70 : 30, 60 : 40, 50 : 50, 50 : 60, 30: 60, 20 : 80), ethyl
acetate and ethyl acetate: methanol (80 : 20, 70 : 30, 50 : 50). Thus, hexane: DCM (60:40) was
poured first into the column and the tap was opened for elution of the band/s into test tubes
which had a capacity of 20 ml. The next mobile phase was added when no more bands eluted
from the column while the hexane: DCM (60:40) mobile phase was used. This procedure was
repeated with the remaining mobile phases. The contents in each test tube represented a fraction
that consisted of one or several band/s. Each fraction was given a number, for example: 1. In
order to visualize the bands of the fractions, an aliquot of 10 ul of the fractions were loaded onto
TLC plates which were developed in the appropriate mobile phases (Table 7). The plates were
then sprayed and heated as described in Section 2.4. All fractions were not analysed by TLC
because if the colour of the solution was repeated in many test tubes; this suggested that similar

fractions was present in the respective test tubes.
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Figure 14: Column chromatography setup displaying a silica gel column loaded with the

hexane root extract.

Table 7: Recombination of fractions 13-90 developed in different mobile phases.

TLC plate Fractions Mobile phase Solvent ratio

A 13, 16, 17, 19, hexane: DCM 60:40
22,23,24,25

B 31, 34, 36, 40, hexane: DCM 60:40
41, 43, 45, 47

C 48, 50, 53, 54, DCM: ethyl acetate 90:10
57, 58, 60, 66

D 66, 68, 69, 71, DCM: ethyl acetate 60: 40
72,73

E 75, 76, 80 DCM: ethyl acetate 60: 40

F 81, 82, 84, 86, Ethyl acetate: methanol ~ 70: 30
87, 88, 89, 90
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2.6 Evaluation of the growth inhibitory potential of the fractions on two

melanoma cell lines

2.6.1 Seeding of cells

The A375 (3 x 10° cells.well™) and UACC-62 (4.7 x10° cells.well™) cells were seeded into 96

well microtiter plates as described in Section 2.3.1

2.6.2 Set up of controls

The untreated and DMSO controls were prepared according to Section 2.3.2

2.6.3 Treatment of cells

The fractions were prepared at 6.25 mg.ml™ and 12.5 mg.mI™ in DMSO. Thereafter, 2 pl of each
of the fractions was added to 98 ul of CCM. An aliquot of 10 pl of the fractions was then added
to the cells. Thus, the cells were treated with final concentrations of 12.5 pg. ml™ and 25 pg. mI°

! Subsequently the plates were incubated for 48 hours.

2.6.4 Measurement of growth inhibition using the MTT assay

The MTT assay was performed according to Section 2.3.5.2 and the %GI exhibited by the

fractions on the melanoma cells was determined (Section 2.3.5.2).

2.7 Determination of the I1Cso and TGI (total growth inhibition) values of

the active fractions

2.7.1 Seeding of cells

The A375 (3 x10° cells.per™) and UACC-62 (4.7 x10° cells.per™) cells were seeded into 96 well
microtiter plates as described in Section 2.3.1.
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2.7.2 Set up of controls

The untreated and DMSO controls were prepared according to Section 2.3.2. Dose responsive
curves of the standards (camptothecin and doxorubicin) (Sigma-Aldrich, Inc) were then
generated to determine the ICsq and TGI values. Standards at 6.25 mg.ml™, 12.5 mg.mI™ or 25
mg.ml™ in DMSO were prepared. Subsequently, the standards were serially diluted in DMSO
and further diluted in CCM. Then, an aliquot of 10 pl of the standards was used to treat the cells
which served as positive controls. The concentration range depended on the cell line and
standard that was being tested as each cell line had a different degree of sensitivity to each
standard (Appendix 1).

2.7.3 Treatment of cells

Dose responsive curves of the active fractions (F2, F4, F5 and F8) were also prepared. Therefore
these fractions were prepared at 6.25 mg.ml?, 125 mg.ml? or 25 mg.ml? in DMSO.
Subsquently, the fractions were serially diluted in DMSO (Appendix 1). Thereafter, 2 pl of each
of the fractions was added to 98 ul of CCM. An aliquot of 10 pl of the fractions was then added
to the cells. The concentration range depended on the cell line and fraction that was being tested
as each cell line had a different degree of sensitivity to each fraction (Appendix 1). Subsequently

the plates were incubated for 48 hours.

2.7.4 Measurement of growth inhibition by using the MTT assay

The MTT assay was performed according to Section 2.3.5.2. The data was transferred to
Microsoft Excel and the %Gl exhibited by the standards and fractions (at a range of

concentrations) on the melanoma cells was determined (Section 2.3.5.2).

2.7.5 Calculation of ICs; and TGI values

The %Gl values were used to construct dose responsive curves on Microsoft Excel for
determination of the TGI values. Also, the %Gl values were transferred to GraphPad Prism 4 to

construct the logarithmic form of the dose response curves for calculation of the 1Cs, values.
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2.8 Evaluation of the apoptosis inducing effects of the active fractions

against two melanoma cell lines

2.8.1 Preparation of cells

Plate cultures that were 70-80% confluent were used to prepare 75 cm? flask cultures which were
used to bulk up cells for conducting apoptosis assays. The cells were washed, trypsinized,
centrifuged and re-suspended (Section 2.2.3). Aliquots of the A375 (300 pl) and UACC-62
(1500 pl) cell suspension cultures were transferred into 75 cm? flasks (Sigma-Aldrich, Inc)
containing 20 ml of CCM. The flasks were then incubated for 2-3 days at 37°C in a humidified
incubator with 5% CO,. Thereafter, the 75 cm? flasks cultures that were 70-80% confluent were
used to prepare 25 cm? flask cultures. The cells were washed, trypsinized, centrifuged and re-
suspended (Section 2.2.3). Aliquots of 1 ml (5 x 10° cells) of the A375 and UACC-62 cell
suspension cultures were transferred into 25 cm? flasks (Sigma-Aldrich, Inc) containing 8 ml of
CCM. These flasks were then incubated for 24 hours.

2.8.2 Set up of controls

Appropriate controls were set up to apply compensation to the flow cytometre data that was
obtained from apoptosis assays (Table 8 and 9). Aliquots of 1ml of CCM were added to the cells
which served as the untreated/unstained and untreated/stained controls. Thereafter the standards
(camptothecin and doxorubicin) were prepared at 3 mg.ml™ and/or 12.5 mg.mI™ in DMSO. The
standards were then further diluted to 60 pg.ml™ and 250 pg.mI™ in CCM. An aliquot of 1 ml of
the standards (6 pg.ml™ and/or 25 pg.ml™) was used to treat the cells which served as the
positive controls. In addition, camptothecin (25 pug.ml™) treated cells served as the FITC annexin
V control and heat shocked (70°C for 15 minutes) cells served as the PI control (Table 9). Also,
DMSO was diluted to 2.0% in CCM. Then 1 ml of the DMSO solution (0.2 %) was used to treat

the cells which served as the solvent control. Each assay had a particular set of controls.
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Table 8: Treatment of cells which served as controls for the BD MitoScreen assay and PE

(phycoerythrin) active caspase 3 assay.

Control Camptothecin Doxorubicin
(6 ug.ml™* and/or 25 pg.ml™) (6 ug.ml™)

Untreated/unstained control

Untreated /stained control

Positive control X

Positive control X

DMSO control

Table 9: Treatment of cells which served as controls for the FITC (Fluorescein

isothiocyanate) annexin V assay.

Control Camptothecin Doxorubicin Heat shock
(6 ug.ml™* and/or 25 pg.ml™) (6 ug.ml™)

Untreated/unstained control

PI control X
FITC annexin V control X

Positive control X

Positive control X

DMSO control

*Cells were heat shocked at 70°C for 15 minutes.

2.8.3 Treatment of cells

The active fractions (F2, F4, F5 and F8) were prepared at 3 mg.ml™ and 12.5 mg.ml™ in DMSO.
Thereafter, the fractions were further diluted to 60 pg.ml™ and 250 pg.ml™ in CCM. An aliquot
of 1ml of the fractions (6 pg.ml™ and 25 pug.ml™) was then used to treat the cells. Subsequently

the plates were incubated for 24 hours at 37°C in a humidified incubator with 5% CO,.

48



2.8.4 Microscopic examination of the cells

The A375 and UACC-62 cells (untreated and treated) were examined for signs of apoptosis
(such as rounding, cell fragmentation, budding and formation of apoptotic bodies) under an

inverted microscope (Nikon SM2800) at 100 x magnification.

2.8.5 Dissociation of cells

After a 24 hour treatment period the growth medium from the flasks was poured into labelled
centrifuge tubes (the medium was needed for analysis as it contained detached apoptotic cells)
and the cells were washed twice with 2 ml of PBS. Thereafter, 1 ml of the cell dissociation buffer
(Gibco, life technologies) was added into the flasks which were incubated for 1-2 minutes at
37°C in a humidified incubator with 5% CO,. A pipette was used to gently aspirate the buffer for
detachment of the cells and 1 ml of CCM was added into the flasks to re-suspend the cells. The
contents of the flasks were poured into the respective centrifuge tubes that contained the
supernatants. The cells were centrifuged at 1200 rpm for 3 minutes and the supernatants were
discarded. The cells were then processed through apoptotic assays.

2.8.6 Examination of the state of the mitochondrial membrane potential

(AW) using the BD MitoScreen assay

2.8.6.1 Description

The cellular oxidation reactions of the mitochondrial respiratory chain facilitate the release of
energy which is stored as a negative electrochemical gradient (known as the mitochondrial
membrane potential [AW]) across the mitochondrial membrane. In this case, the AY is polarized.
The integrity of the mitochondrial membrane can be compromised when pro-apoptotic proteins
(such as Bid, Bim and Bax) facilitate the permeabilization of the outer mitochondrial membrane
(Kim et al., 2006, Crow et al., 2004). This results in the collapse (loss of negative energy) of the
AY and activation of other apoptosis signal molecules. Under these circumstances the AY
becomes depolarized (Desagher et al., 1999, Narita et al., 1998, Basanez et al., 1999, Luo et al.,
1998, Pope, 2002). Therefore, depolarization of the AV is an indication that the cell is
undergoing apoptosis.
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The state of the AW can be analysed by performing JC-1 staining. JC-1 (5,5°,6,6’-tetrachloro-
1,1°,3,3’-tetraethylbenzimidazolcarbocyanine iodide) is a lipophilic cationic fluorochrome that
can exist as two forms, aggregates (at high concentrations) and monomers (at low
concentrations). The JC-1 aggregates show a red fluorescence and are measured by the FL-2
filter while the JC-1 monomers show a green fluorescence and are measured by the FL-1 filter.
In viable cells, the JC-1 monomers enter the plasma membrane and then the cytoplasm. The
polarized state (negative charge) of the AY also allows the positively charged JC-1 monomers to
enter the mitochondrial matrix. When a critical concentration is exceeded, the JC-1 monomers
form J-aggregates (Figure 15). Therefore viable cells show both green and red fluorescence and
are detected by both the FL-1 and FL-2 optical filters. In apoptotic cells, JC-1 remains in the
cytoplasm in a monomer form as the depolarized state of the AY prevents the accumulation of
the dye in the mitochondria. Therefore apoptotic cells show green fluorescence and are detected
by the FL-1 filter (Smiley et al., 1991, Cossarizza et al., 1993, Woollacott and Simpson, 2001,
Nuydens et al., 1999).
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Figure 15: A viable cell absorbing the JC-1 dye into its mitochondrion for the formation of
JC-1 aggregates (Dubikovskaya, 2013).
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2.8.6.2 BD MitoScreen assay protocol

The BD MitoScreen assay kit (BD Biosciences) was used to examine the state of the AW in the
cells. The cells from the flasks were detached by using the cell dissociation protocol as described
in Section 2.8.5. Thereafter, the cells were re-suspended in 2 ml of cold PBS (4°C) and
centrifuged at 1200 rpm for 3 minutes and the supernatants were discarded. These steps were
repeated. The cells that served as controls were stained according to Table 10. The cells that
were treated with the active fractions were stained with 500 pl of JC-1 working solution.
Subsequently the cells were gently vortexed and incubated for 15 minutes at 37°C in a
humidified incubator with 5% CO,. Centrifugation was then applied to the cells at 1200 rpm for
3 minutes and the supernatants were discarded. This was followed by two washing steps. For the
first wash step, the cells were re-suspended in 2 ml of JC-1 assay buffer and centrifuged at 1450
rpm for 5 minute and the supernatants were discarded. For the second wash step, the cells were
re-suspended in 1 ml of JC-1 assay buffer and processed as described in the first step. Lastly, an
aliquot of 250 pl of JC-1 assay buffer was used to resuspend the cells which were then

transferred into 5 ml round bottom test tubes for analysis by flow cytometry.

Table 10: Staining of cells which served as controls for the BD MitoScreen assay.

Control JC-1 working solution (500 pl)
Untreated/unstained control

Untreated/stained control

Positive control (Camptothecin at 6 pg.ml™ and/or 25 pug.ml™)

Positive control (Doxorubicin at 6 ug.ml™)
DMSO control

X X X| X

2.8.7 Detection of caspase 3 activity by PE (phycoerythrin) active caspase

3 assay
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2.8.7.1 Description

Caspase 3 is a heterodimer that is made up of 17 and 12 kDa subunits. It serves as a marker for
cells that are undergoing early apoptosis. Caspase 3 cleaves and activates other caspases and
proteins in the cytoplasm (such as Bcl-2) and nucleus (such as PARP) (Alnemri et al., 1996,
Fujita and Tsuruo, 1998, Patel et al., 1996). This enzyme is recognized by using a PE-conjugated

rabbit anti-activated caspase 3 antibody.

2.8.7.2 PE active caspase 3 assay protocol

The PE active caspase 3 assay kit (BD Biosciences) was used to detect caspase 3 activity. The
cells from the flasks were detached by using the cell dissociation protocol as described in Section
2.8.5. Thereafter, the cells were re-suspended in 2 ml of cold PBS (4°C) and pelleted
(centrifugation at 1200 rpm for 3 minutes and the supernatant was discarded), twice.
Subsequently, the cells were resuspended in 500 ul of BD cytofix/cytoperm solution, incubated
for 20 minutes on ice and pelleted. This was followed by two wash steps whereby the cells were
resuspended in 500 ul of BD perm/wash buffer and pelleted, twice. The cells that served as
controls were stained according to Table 11. The cells that were treated with the active fractions
were stained with 120 ul of BD perm/wash-PE antibody solution. An incubation period of 30
minutes at room temperature was completed and the cells were pelleted. Afterwards, the cells
were re-suspended in 1 ml of BD perm/wash buffer and pelleted again. Lastly, an aliquot of 250
ul of BD perm/wash buffer was used to resuspend the cells which were transferred into 5 ml

round bottom test tubes for analysis by flow cytometry.

Table 11: Staining of cells which served as controls for the PE active caspase 3 assay.

Control BD perm/wash-PE antibody solution (20 pl)

52



Untreated/unstained control

Untreated/stained control

Positive control

Positive control
DMSO control

X| X| X| X

2.8.8 Detection of early and late apoptosis using FITC (Fluorescein

isothiocyanate) annexin V assay

2.8.8.1 Description

The FITC annexin V assay detects the loss of membrane integrity which occurs when the
phospholipid phosphatidylserine (PS) flips from the inner to the outer plasma membrane during
early apoptosis (Figure 16) (Fadok et al., 1992, Savill et al., 1993). Annexin V is a 35-36 kDa
protein that has a high affinity for PS in the presence of Ca*. Therefore, this protein can bind to
early apoptotic cells. Conjugation of annexin V with fluorochromes such as FITC allows for the
detection of early apoptotic cells by flow cytometry. However, it is important to take into
consideration that the flipped PS precedes to late apoptosis. Therefore, a second stain such as
propidium iodide (PI) or 7-Aminoactinomycin D (7-AAD) should be used (Vermes et al., 1995,
van Engeland et al., 1997, Schmid et al., 1992). Dual staining allows us to detect and distinguish
between viable cells, early apoptotic cells, late apoptotic cells and necrotic cells. This is possible
because the cells have a different staining pattern at each stage due to their cell morphology.
Viable cells have intact cell membranes and exclude both the annexin V and Pl stains while early
apoptotic cells have exposed PS at the plasma membrane and stain with annexin V only (Schutte
et al.,, 1998, Vermes et al., 1995). Late apoptotic cells have damaged cell membranes and
undergo DNA fragmentation. Therefore, these cells stain with annexin V and Pl (Kerr et al.,
1972, Shi et al., 2006, Andrade et al., 2010). Eventually, the damaged membrane detaches from
the late apoptotic cells which subsequently form rounded residual apoptotic bodies that transition
into swollen cells with granular inclusions. This is the final stage of cell death and these cells
become necrotic and stain with PI only due to loss of the plasma membrane (Kravtsov et al.,
1999).
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Figure 16: FITC annexin V binds to apoptotic cells with flipped phospholipid
phosphatidylserine (Adapted from BD Biosciences, 2015).

2.8.8.2 FITC annexin V assay protocol

The FITC annexin V assay kit (BD Biosciences) was used to detect apoptotic cells. The
following protocol was provided by BD Biosciences. The cells from the flasks were detached by
using the cell dissociation protocol as described in Section 2.8.5. Thereafter, the cells were re-
suspended in 2 ml of cold PBS (4°C) and centrifuged at 1200 rpm for 3 minutes and the
supernatants were discarded. These steps were repeated. An aliquot of 500 ul of 1 X binding
buffer was then used to re-suspend the cells and 100 pl of the cell suspensions were transferred
into 5 ml round bottom test tubes (BD Biosciences). The cells that served as controls were
stained according to Table 12. The cells that were treated with the fractions were stained with 5
pl of FITC annexin V and 5 pl of PI. Subsequently the cells were gently vortexed and incubated
for 15 minutes at room temperature in the dark. An aliquot of 200 pl of 1 X binding buffer was

then added to the cells which were analysed by flow cytometry within 1 hour.

Table 12: Staining of cells which served as controls for the FITC annexin V assay.
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Control FITC annexin V (5 pl) PI (5 pl)

Untreated/unstained control

PI control X
FITC annexin V control X

Positive control (Camptothecin at 6 pg.ml™ X X
and 25 pug.ml™)

Positive control (Doxorubicin at 6 pg.ml™) X X
DMSO control X X

2.8.9 Flow cytometer analysis

The BD Accuri C6 flow cytometer was used for this project (Figure 17). This instrument was
validated daily to ensure that it was working properly. Assay templates were also set up. These
steps were performed according to the BD Accuri C6 flow cytometer software manual. Table 13
shows the instrument and compensation settings that were used for the apoptosis assays. The

FlowJo software was used to analyse the data.

Sheath pump
Waste pump

Blue laser

Red laser

Optical
assembly

In-line sheath
filter
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Figure 17: The Accuri C6 flow cytometer consists of the fluidics sub-system (sheath and
waste pumps), optical sub-system (lasers and filters) and electronic sub-system (computer)
(BD Biosciences, 2012).

Table 13: BD Accuri C6 flow cytometer instrument and compensation settings.

Apoptosis assay A375 UACC-62 Number of events
FL-1 FL-2 FL-1 FL-2

FITC annexin V 12 5 3 17 10 000

BD MitoScreen 3 15 20 15 10 000

PE active caspase - - - - 200 000

2.9 Statistical analysis

Tests were performed in triplicate. The mean, standard deviation (represented by error bars on
the graphs) and standard mean of error (SEM) were calculated. GraphPad InStat was used to
conduct the ANOVA test. For the dose response curves, R squared values (the goodness of the
graph fit) were calculated by using the GraphPad Prism 4 software. For the apoptosis assays,
single tests were performed due to limited reagents in the apoptosis Kkits. However, appropriate

instrument and compensation controls were done to ensure accuracy of the results.

2.10 Electron lonization-Liquid Chromatography-Mass Spectrometry

(EI-LC-MS) analysis of the active fractions
EI-LC-MS analysis was performed by using the Waters Thermabeam (TMD) system which
comprised of a 2695 Solvent Delivery System, 2996 photodiode array (PDA) detector, column

heater and Thermabeam (TMD) Electron lonization Mass spectrometry detector.

Chromatographic separation was achieved in a Waters Xbridge C;5 column (150 x 2.1 mm, 3.5
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um) that was kept at 40°C. The first eluent comprised of water (containing 10 mM Formic acid)
(C) and acetonitrile (D) (70:30) at 0.2 ml.min™. The gradient table of the chromatographic
process is summarised in Table 14. The TMD detector was operated in positive scan mode (50 —
650 amu) with a gain of 10 collecting 1 spectrum per second. The nebuliser temperature was set
at 90°C, the expansion region temperature at 80°C and the source temperature at 225°C. The total
volume of post-column eluent was sent to the TMD detector and helium was used as the
nebulisation gas at 30 L.h™. The TMD detector was tuned every day prior to starting an analysis
run and caffeine was injected as the test compound to ensure functionality of the total system.

The injection volume was 5 pl for all fractions.

Table 14: Gradient conditions on the Waters 2695 solvent delivery system.

Time Flow % C” % D* Curve
0.0 0.20 70 30 6
1.0 0.20 70 30 6
40.0 0.20 0 100 6
48.0 0.20 0 100 4
50.0 0.20 70 30 3
60.0 0.20 70 30 6

10 mM Formic acid in water, * acetonitrile.
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3. RESULTS

3.1 Extraction of roots and leaves

The percentage yield of the root and leaf extracts of C. triloba is shown in Table 15. The hexane
and DCM root extracts had the lowest percentage yields (0.51% and 0.52% respectively). These
extracts may have contained low concentrations of the various compounds. The DCM: methanol
(1:1) leaf extract had the highest percentage yield (21.39%). This extract may have contained

high concentrations of the various compounds.

Table 15: Percentage yield of the root and leaf extracts of C. triloba.

Part of the plant  Extract Mass of plant Mass of extract (g) Percentage yield
material (g) of extract
Root Hexane 470.0 2.38 0.51
DCM 470.0 2.43 0.52
DCM: Methanol (1:1) 470.0 24.47 5.21
Methanol 470.0 11.94 2.54
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Agueous 207.49 5.09 2.45

Leaves Hexane 281.50 9.87 3.50
DCM 281.50 7.42 2.64
DCM: Methanol (1:1) 281.50 60.21 21.39
Methanol 281.50 13.84 4.92

3.2 Evaluation of the growth inhibitory potential of C. triloba extracts on

three cancer cell lines

3.2.1 Determination of the growth inhibition values

The percentage of growth inhibition (%GI) exhibited by the root and leaf extracts on three cancer
cell lines (A375, MDA-MB-231 and WHCO1) is tabulated in Table 16. For some extracts,
decreased growth inhibition of the cell lines was observed with increasing concentration of the
extract. This could be due to the solubility of the extracts because at high concentrations the
extracts become more difficult to dissolve. The hexane root extract exhibited the highest % GI on
all three cancer cell lines (81.35%, 65.77% and 78.61% Gl at 50 pg.ml™, respectively). On the
other hand, a moderate %GI was detected when the A375 cells were treated with the DCM
(50.54% Gl at 50 pg.ml™) and DCM: methanol (1:1) (48.20% at 50 pg.ml™) root extracts.
Similar results were obtained when the MDA-MB-231 cells were treated with the DCM:
methanol (1:1) (42.40% Gl at 50 pg.ml™) and aqueous root extracts (49.56% Gl at 25 pg.ml™).
In contrast, the leaf extracts exhibited a low %Gl on all three cell lines. The leaf extract may lack

cancer targeting compounds. Therefore, the hexane root extract was used in future experiments.
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Table 16: Percentage of growth inhibition exhibited by the root and leaf extracts on three cancer cell lines.

Part of Extract A375 (melanoma) MDA -MB-231 (breast) WHCOL1 (esophageal)

the plant 25 ug.mI* £+SEM 50 ug.ml* £ SEM 25 pg.mI*+ SEM 50 pg.mI*+SEM 25 ug.ml* £ SEM 50 pg.ml™*+ SEM

Root Hexane 87.15 + 0.87 81.35 + 0.60 63.48 + 0.98 65.77 + 0.76 81.35 + 0.58 78.61 + 1.02
DCM 26.37 +4.15 50.54 + 1.76 23.65 + 1.72 29.93 + 0.35 29.40 + 1.07 30.32 +0.41
DCM: Methanol (1:1) 31,28 +2.05 48.20 +0.80 41.06 +0.38 42.40 +1.34 22.65 + 1.14 20.11 + 1.67
Methanol 12.23 +1.63 14.77 + 2.48 12.53 +0.58 10.29 + 0.50 -15.07 + 2.66 -13.41 + 1.49
Adueous 23.60 + 1.02 20.52 +0.98 49.56 + 1.31 32.94 + 0.96 38,51 + 0.63 20.32 + 1.40

Leaves  Hexane 24.12 +1.48 12.11 + 1.40 21.80 +0.23 24.85 + 1.27 -5.89 + 0.46 -15.48 +1.00
DCM 27.17+1.90 29.88 + 5.85 9.82 +2.12 6.86 + 0.23 17.73+2.82 -17.14+0.91
DCM: Methanol (1:1) .36 +1.54 19.03 + 3.61 2.81+0.50 -14.29+0.19 21.92 £3.03 7.68 + 1.49
Methanol 13.86 + 2.68 14.21 +1.48 0.50 + 2.35 3.18 +0.60 -28.39 + 3.94 -9.92 + 4.07

SEM represents the standard error of mean.
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3.2.2 Morphological features of the cells that were treated with the

hexane extracts

The morphological features of the untreated or treated cells were observed by microscopic
analysis. The untreated or DMSO treated cells remained healthy and attached (Figure 18A, 18B,
19A, 19B, 20A and 20B). The cells treated with the active hexane root extract appeared rounded
with cytoplasmic shrinkage (signs of apoptosis which are indicated by the arrows) (Figure 18C,
18D, 19C, 19D, 20C and 20D). In contrast, the cancer cells treated with the hexane leaf extract
appeared healthy and attached (Figure 18E, 18F, 19E, 19F, 20E and 20F). This could be due to
the lack of cancer targeting compounds. Thus, these results confirmed the growth inhibition of
the hexane root extract.
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Figure 18: Morphology of untreated A375 cells (A) compared to A375 cells treated with
DMSO [0.2 %] (B), hexane root extract [25 pg.ml™and 50 pg.ml™] (C-D) and hexane leaf
extract [25 pg.ml™and 50 pg.ml™] (E-F) (100X magnification).
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Figure 19: Morphology of untreated MDA-MB-231 cells (A) compared to MDA-MB-231
cells treated with DMSO [0.2 %] (B), hexane root extract [25 pg.ml™and 50 ug.ml*] (C-D)
and hexane leaf extract [25 pg.ml™and 50 pg.ml™] (E-F) (100X magnification).
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Figure 20: Morphology of untreated WHCOL cells (A) compared to WHCOL cells treated
with DMSO [0.2 %] (B), hexane root extract [25 pg.ml™and 50 pg.ml™*] (C-D) and hexane
leaf extract [25 pg.ml™and 50 pg.ml™] (E-F) (100X magnification).
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3.3 Investigation of the different mobile phases for optimizing the

separation of the compounds of the hexane root extract

The TLC plates in Figure 21 depict the degree of separation of the compounds after exposing the
hexane root extract to different mobile phases. The hexane mobile phase (Lane 6) held back most
of the compounds at the baseline and allowed the separation of one band. The hexane: DCM
mobile phase at a ratio of 1: 9 (Lane 5) allowed for the separation of two bands and initiated the
movement of some compounds from the baseline. The hexane: DCM mobile phase at a ratio of
3: 7 (Lane 4) began the actual separation of the compounds. Subsequently the hexane: DCM
mobile phase was chosen for column chromatography as these solvents showed the potential to
separate the compounds of the hexane root extract. The other three mobile phases (Lane 1 - ethyl
acetate: hexane: ethanol [1:8:1], Lane 2 - hexane: ethanol [9: 1], Lane 3 - ethanol: petroleum
ether [1:9]) were not used because these permitted poor separation and allowed the compounds

to run too quickly towards the solvent front.

v
¥ B &
-

il WY

Figure 21: Separation of the compounds of the hexane root extract using different mobile

phases. Lane 1- ethyl acetate: hexane: ethanol (1:8:1), Lane 2 - hexane: ethanol (9: 1), Lane 3 -
ethanol: petroleum ether (1:9), Lane 4 — hexane: DCM (3: 7), Lane 5 - hexane: DCM (1:9), Lane

6 - hexane.
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We then further optimized the separation of the compounds of the hexane root extract. Figure 22
shows the separation of the compounds was achieved by slowly increasing the polarity of the

hexane: DCM mobile phase. A similar principle was applied to the column.
_ -
1 2 3

Figure 22: Separation of the compounds of the hexane root extract by using different ratios
of hexane: DCM. Lane 1 - 1:0, Lane 2 - 1.9, Lane 3 - 88:12, Lane 4 - 85: 15, Lane 5 - 60:40,
Lane 6 - 40:60, Lane 7 - 20:80, Lane 8 - 0:1.

"
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3.4 TLC of the fractions that were collected by column chromatography

Column chromatography was ran twice with the hexane root extract. The fractions that were
collected from both column runs were grouped into two sets as shown in Table 17. Set A
represented the 91 fractions that were collected from column run 1 while set B represented the 83
fractions that were collected from column run 2 (results not shown) (Figure 23 and Table 18).
Thereafter, the fractions with the same or similar band pattern or solution colour (colour of the
solvent after the fraction has been dissolved in it) were pooled into two other sets. The fractions
that were collected from column run 1 were pooled into 9 fractions (1A-9A) which were
represented by Set C. The fractions that were collected from column run 2 were pooled into 8

fractions (1B-8B) which were represented by Set D (Table 17). The fractions from set C and set
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D were then ran on TLC plates as shown in Figure 24. Thereafter, the fractions from these two
sets were combined according to their band pattern (Figure 24 and Table 19). Subsequently a
total of ten combined fractions (F1-F10) were isolated from the hexane root extract. The
combined fractions were then ran on TLC plates as shown in Figure 25. The Rf values and band
colours of the these fractions are shown in Table 20. The yields of these fractions are shown in
Table 21. Fractions F1, F7 and F9 had the highest percentage yields (232.5 mg, 276.1 mg, 232
mg, respectively) while fraction F3 had the lowest percentage yield (5.9 mg). In addition,
fractions F2, F3, F4 and F5 formed crystals when they were concentrated and dried (Figure 26).

Table 17: Fractions that were collected by column chromatography were organized into

sets.
Origin of fractions Set
Fractions collected from column run 1 A
Fractions collected from column run 2 B
Fractions collected from column run 1 were pooled into 9 C
fractions (1A-9A)
Fractions collected from column run 2 were pooled into 8 D

fractions (1B-8B)
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Figure 23: TLC of the fractions (13-90) (A-F) that were collected from column run 1. These

fractions were part of set A.
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Table 18: Fractions collected from column run 1 by using different mobile phases. These

fractions were represented by set A. The same or similar fractions were pooled into 9 fractions

(2A-9A) which were represented by set C.

Fraction  Fractions Solution colour* Mobile phase Solvent ratio
pooled
1A 1-15 Light yellow Hexane : DCM 60 : 40
2A 16 - 17 Yellow Hexane : DCM 60 : 40
18-21 Dark orange Hexane : DCM 60 : 40
3A 22 -23 Orange Hexane : DCM 60 : 40
24 - 27 Yellow Hexane : DCM 60 : 40
28 - 31 Yellow Hexane : DCM 40 :60
4A 32-34 Light orange Hexane : DCM 40 : 60
35-43 Orange Hexane : DCM 40 : 60
5A 44 - 47 Orange DCM 100
48 - 49 Orange DCM : Ethyl 90:10
acetate
50 -51 Brownish red DCM : Ethyl 90:10
acetate
6A 52 - 55 Dark red DCM : Ethyl 90:10
acetate
TA 56 - 58 Reddish orange DCM : Ethyl 90:10
acetate
59 - 60 Orange DCM : Ethyl 90:10
acetate
61 - 66 Orange DCM : Ethyl 70:30
acetate
67— 72 Orange DCM : Ethyl 60 : 40
acetate
8A 73-74 Light orange DCM : Ethyl 60 : 40
acetate
75 Clear DCM : Ethyl 50:50
acetate
76 - 77 Clear DCM : Ethyl 50:60
acetate

* Colour of the solvent after the fraction has been dissolved in it.
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Table 18 continued: Fractions collected from column run 1 by using different mobile

phases. These fractions were represented by set A. The same or similar fractions were pooled

into 9 fractions (LA-9A) which were represented by set C.

Fraction  Fractions Solution colour*  Mobile phase Solvent
pooled ratio
8A 78 Clear DCM : Ethyl acetate  30- 60
79 - 80 Clear DCM : Ethyl acetate  20: 80
81 Clear Ethyl acetate 100
82 Clear Ethyl acetate : 80:20
Methanol
9A 83-85 Dark purple Ethyl acetate : 80:20
Methanol
86 - 90 Dark purple Ethyl acetate : 70:30
Methanol
91 Dark purple Ethyl acetate : 50:50

Methanol

* Colour of the solvent after the fraction has been dissolved in it.

M 2 Y ! =
F R - . -

ST " ".

1A 1B 2A 2B 3B 3A 4B 4A 5B

-~

SA 6B 6A 7A 7B

.
-

8A SA 8B

-

Figure 24: TLC of fractions 1A-9A (originated from column run 1, set C) and 1B-8B

(originated from column run 2, set D).
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Table 19: Fractions 1A-9A (set C) and 1B-8B (set B) were combined according to their

band pattern to produce ten fractions.

Combined Fractions from set C and D
fraction

F1 1A, 1B
F2 2A

F3 2B

F4 3B

F5 3A, 4B
F6 4A, 5B
F7 5A, 6B
F8 6A

F9 7A, 7B

F10 8A, 8B, 9A
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Figure 25: TLC of the hexane root extract and fractions F1-F10.
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Table 20: Mobile phases used to develop fractions F1-F10 and the Rf values and colours of

the bands of these fractions.

Fraction Mobile phase Band Colour Rf value
F1 Hexane : DCM (60 : 40) A Purple 0.98
F2 Hexane : DCM (60 : 40) A Red 0.77
B Green 0.83
C Light red 0.86
F3 Hexane : DCM (60 : 40) A Green 0.74
B Purple 0.81
F4 Hexane : DCM (60 : 40) A Red 0.65
B Reddish brown 0.70
F5 Hexane : DCM (60 : 40) A Green 0.54
B Blue 0.59
C Red 0.62
F6 Hexane : DCM (40 : 60) A Purple 0.33
B Dark green 0.58
C Black 0.88
D Light red 0.94
F7 DCM : Ethyl acetate (90 : 10) A Purple 0.62
F8 DCM : Ethyl acetate (90 : 10) A Purple 0.63
B Dark green 0.72
C Light red 0.95
F9 DCM : Ethyl acetate (90 : 10) A Purple 0.49
F10 Ethyl acetate : Methanol (80 : 20) A Brownish black 0.73
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Table 21: Yield of fractions F1-F10.

Fraction

Mass of fraction (mg)

F1
F2
F3
F4
F5
F6
Fr7
F8
F9
F10

232.5
96.7
59
160
86.2
140.9
276.1
47.7
232
95.3

Fraction 3

Fraction 4

| il |

Figure 26: Crystals formed by fractions F2, F3, F4 and F5.
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3.5 Evaluation of the growth inhibitory potential of the fractions (F1-

F10) on two melanoma cell lines

Since the hexane root extract showed the best activity on the A375 cell line, we decided to
determine the %Gl of the fractions on this cell line and another melanoma cell line (UACC-62)
(Figure 27 and 28). Fractions F2, F4, F5 and F8 exhibited a high %Gl on both the A375 (89.85,
89.39, 90.81 and 75.51 %Gl at 25 pg.ml™, respectively) and UACC-62 (74.54, 97.55, 86.96 and
73.29 %Gl at 25 pg.ml™?, respectively) cell lines. Fraction F7 exhibited a moderate %Gl
(47.70%) on the A375 cells. The other fractions (F3, F6, F7, F9 and F10) exhibited no growth
inhibition or a low %Gl on the melanoma cells. Therefore fractions F2, F4, F5 and F8 were

further investigated.

The ANOVA test was conducted on the growth inhibitory potential data to determine if there
were significant differences between the A375 and UACC-62 melanoma cell line. As shown
Figures 27 and 28, some fractions exhibited significantly different growth inhibition values
between cell lines while other fractions showed no significant difference of the growth inhibition
values between cell lines. The most active fractions (F2, F4, F5 and F8) exhibited similar growth
inhibition values at 12 pg.ml™ and/or 25 pg.ml™. Statistical analysis confirmed that these four

fractions had the same cytotoxic effect on both melanoma cell lines.
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Figure 27: Percentage of growth inhibition (%Gl) exhibited by the fractions on the A375
cells. A-J represents no significant different (P> 0.05) between A375 and UACC-62 cells
that were treated with respective fractions. *** (P < 0.001), * (P < 0.05), ** (P < 0.01)
represents significant different between A375 and UACC-62 cells that were treated with
respective fractions.
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Figure 28: Percentage of growth inhibition (%Gl) exhibited by the fractions on the UACC-
62 cells. A-J represents no significant different (P> 0.05) between UACC-62 and A375 cells
that were treated with respective fractions. *** (P < 0.001), * (P < 0.05), ** (P < 0.01)
represents significant different between UACC-62 and A375 cells that were treated with
respective fractions.
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3.6 Determination of the 1Csy and total growth inhibition (TGI) values of

the active fractions

Figures 29 and 30 illustrates the dose response curves of the melanoma cells treated with the
standards (camptothecin and doxorubicin) and active fractions (F2, F4, F5 and F8). This data
was used to determine the total growth inhibition (TGI) (concentration of the fraction that
inhibits 85-98% of cells) values. In addition, the logarithmic form of the dose response curves
was generated for calculation of the ICs, (concentration of the fraction that inhibits 50% of cells)
values (Appendix 2). The R squared values (between 0.97-0.99) of the logarithmic graphs
indicated that the data points fitted accurately on the graph (Tables 22 and 23).

The 1Cso and TGI values of the fractions were compared to the standards (camptothecin and
doxorubicin) as shown in Tables 22 and 23. It was evident that the fractions had higher ICs, and
TGl values for both melanoma cell lines. However there was an exception to this data as fraction
F4 (98.36% of cells were inhibited at 25 pg.ml™) had the same TGl value as doxorubicin (95%
of cells were inhibited at 25 pg.ml™) in terms of the UACC-62 cell line. Therefore, we
deciphered that fraction F4 was the most active fraction. The 1Cso and TGI values for this
fraction were 0.70 pg.ml™ and 12.50 pug.ml™, respectively (A375 cell line) or 0.39 pg.ml™ and 25
pg.ml™?, respectively (UACC-62 cell line). Taken together fraction F4 may contain the most

potent anticancer compounds of C. triloba.
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Figure 29: Dose response curves of the A375 cells treated with camptothecin (A),
doxorubicin (B) and fractions F2 (C), F4 (D), F5 (E) and F8 (F).

80



100

80

20

Percentage of growth inhibition

120

100

80

20

Percentage of growth inhibition
3

120

100

80

20

Percentage of growth inhibition
3

0 3

{
3
3
E 3
0 5 10 15
Camptothecin (pg/ml)
C
0 10 20 30 40 50 60
Fraction F2 (pg/ml)
E
0 10 20 30 40 50 60

Fraction F5 (pg/ml)

Percentage of growth inhibition Percentage of growth inhibition

Percentage of growth inhibition

120

100

80

20

120

100

80

20

100

80

20

*

20 30 40

50

60
Doxorubicin (pg/ml)
D
E 3
3
|
0 10 20 30 40 50 60
Fraction F4 (ug/ml)
F
0 20 40 60

Fraction F8 (ug/ml)

Figure 30: Dose response curves of the UACC-62 cells treated with camptothecin (A),

doxorubicin (B) and fractions F2 (C), F4 (D), F5 (E) and F8 (F).
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Table 22: 1Cs, and total growth inhibition (TGI) values of the standards and active

fractions against the A375 cell line.

R Square value

Fraction IC 50 (ug.mI™?) TGI (ug.ml™)  (Goodness of fit)
Camptothecin 0.002 0.39 0.991
Doxorubicin 0.06 0.39 0.979
F2 0.80 25.00 0.997
F4 0.70 12.50 0.995
F5 2.28 25.00 0.993
F8 2.46 50.00 0.991

ICs - concentration of the fraction that inhibits 50% of cells
TGI- concentration of the fraction that inhibits 85-98% of cells

Table 23: ICsy and total growth inhibition (TGI) values of the standards and active
fractions against the UACC-62 cell line.

R Square value

Fraction IC 50 (ug.mI™) TGI (ug.ml™)  (Goodness of fit)
Camptothecin 0.01 0.78 0.989
Doxorubicin 0.07 25.00 0.988
F2 2.58 50.00 0.987
F4 0.39 25.00 0.982
F5 1.14 50.00 0.969
F8 1.70 50.00 0.967

ICs, - concentration of the fraction that inhibits 50% of cells
TGI- concentration of the fraction that inhibits 85-98% of cells
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3.7 Evaluation of the apoptosis inducing effects of the active fractions

against two melanoma cell lines

We studied the apoptosis inducing effects of the active fractions (F2, F4, F5 and F8) against two
melanoma cell lines (A375 and UACC-62) by using the BD MitoScreen assay, PE active caspase
3 assay and FITC annexin V assay The results from these assays were analysed by flow

cytometry.

3.7.1 Examination of the state of the AY (mitochondrial membrane

potential) by using the BD MitoScreen assay

For the BD MitoScreen assay, the data is presented on flow charts as dual parametric dot plots
which combine FL-1 (for JC-1 green monomers) and FL-2 (for JC-1 red aggregates)
fluorescence (Figure 31-32). The flow charts display the percentage of cells with polarized AY
(quadrant Q2-right upper quadrant) and percentage of cells with depolarized AY (quadrant Q3-
right lower quadrant). In terms of the untreated/unstained control data, the percentage of cells are
shown in quadrant Q4 (left lower quadrant) and percentage of auto-fluorescence is shown in
quadrant Q3.

Outcomes of flow cytometer analysis are described below:

The A375 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 100% of cells (Figure 31A). This control
was set up to subtract auto-fluorescence from the data that was generated. The untreated/stained
control contained 5.85% of cells with depolarized AW (Figure 31B). This control was also known
as the negative control. Plus positive controls were set up by using two standards. Camptothecin
(6 ug.ml™ and 25 pg.ml™) induced depolarization of the AY¥ in 35.31% and 34.61% of cells,
respectively (Figure 31C and 31D). Doxorubicin (6 pg.ml™) induced depolarization of the A¥ in
1.98% of cells (Figure 31E). Both the negative and positive controls were used to subtract
overlapping fluorescence between fluorescence channels. In addition, a DMSO control was set
up and it contained 6.89% of cells with depolarized AY (Figure 31F). The effect of this control
was subtracted from the data that was obtained. The following equation was used: % of cells
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with depolarized AW for a specific treatment = % of cells with depolarized cells AY¥ induced by
the treatment -% of cells with depolarized A¥ induced by DMSO.

The A375 cells that were treated with the active fractions were analysed accordingly: Essentially
we collated the data from the flow charts to obtain a graphical representation which revealed the
following facts (Figure 31B-31N and 33). Fractions F2, F4, F5 and F8 (6 pg.ml™ and/or 25
ng.ml™) induced depolarization of the A in the A375 cells. Moreover it was clear that fraction
F4 (6 ug.ml™ and 25 pg.ml™) induced depolarization of the AW in a higher percentage of cells
(44.31% and 78.11%, respectively) than the standards and other fractions. Hence, this fraction
was more efficient in inducing depolarization of the AW in the A375 cells than the standards.

This was further elaborated by the fold increase values that are shown in Table 24.

The UACC-62 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 99.9% of cells (Figure 32A). The
untreated/stained control contained 9.53% of cells with depolarized AY (Figure 32B). Also,
positive controls were set up by using two standards. Camptothecin (6 pg.ml™ and 25 pg.ml™)
induced depolarization of the A¥ in 29.9% and 38.8% of cells, respectively (Figure 32C-32D).
Doxorubicin (6 pg.ml™) induced depolarization of the AW in 24.5 % of cells (Figure 32E). In
addition, a DMSO control was set up and it contained 11.5% of cells with depolarized AY
(Figure 32F). These controls were applied to the analysis as described in the previous paragraph.

The UACC-62 cells that were treated with the active fractions were analysed accordingly:
Essentially we collated the data from the flow charts to obtain a graphical representation which
revealed the following facts (Figure 32B-32N and 34). Fractions F2, F4, F5 and F8 (6 pg.ml™
and 25 pg.ml™) induced depolarization of the AY in the UACC-62 cells. Moreover it was clear
that fractions F4 (6 pg.ml™ and 25 pg.ml™) and F2 (6 pg.mI™) induced depolarization of the AY
in a higher percentage of cells (42.3%, 87.4% and 60% respectively) than the standards and other
fractions. Hence, these two fractions were more efficient in inducing depolarization of the AY in
the UACC-62 cells than the standards. This was further elaborated by the fold increase values

that are shown in Table 25.
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In summary, the standards and fractions elicited depolarization of the AY in the A375 and

UACC-62 cells. Also, fractions F2 and F4 were the most active fractions in terms of inducing

depolarization of the AY.
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Figure 31: Representation of flow cytometer analysis data from the BD MitoScreen assay
which was performed on A375 cells for examination of the state of their AW. Controls that
were set up included the untreated/unstained control (A), untreated/stained control (B), positive
controls [cells treated with camptothecin at 6 pg.ml™ and 25 ug.ml™as well as cells treated with
doxorubicin at 6 pg.ml™] (C-E) and DMSO control [cells treated with 0.2% of solvent] (F). The
A375 cells were then treated with fractions F2 [6 ug.mlI™ and 25 pg.ml™] (G-H), F4 [6 pg.ml™
and 25 pg.ml™] (1-J), F5 [6 pg.mI™ and 25 pug.ml™] (K-L) and fraction F8 [6 pg.ml™* and 25
tg.ml™*] (M-N). The data is presented in a plot of FL-1 (for JC-1 green monomers) and FL-2 (for
JC-1 red aggregates) fluorescence which denotes the percentage of cells with polarized AY
(quadrant Q2) and percentage of cells with depolarized A¥Y (quadrant Q3). In terms of the
untreated/unstained control data, the percentage of cells are shown in quadrant Q4 and
percentage of auto-fluorescence is shown in quadrant Q3. Q1-left upper quadrant, Q2- right

upper quadrant, Q3- right lower quadrant, Q4- left lower quadrant.
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Figure 32: Representation of flow cytometer analysis data from the BD MitoScreen assay
which was performed on UACC-62 cells for examination of the state of their A¥. Controls
that were set up included the untreated/unstained control (A), untreated/stained control (B),
positive controls [cells treated with camptothecin at 6 pug.ml™ and 25 pg.mi™as well as cells
treated with doxorubicin at 6 pg.ml™] (C-E) and DMSO control [cells treated with 0.2% of
solvent] (F). The A375 cells were then treated with fractions F2 [6 ug.ml™ and 25 ug.ml™] (G-
H), F4 [6 pg.ml™* and 25 pug.ml™] (1-J), F5 [6 pg.mlI™ and 25 pg.ml™] (K-L) and fraction F8 [6
pg.mi™ and 25 pg.ml™] (M-N). The data is presented in a plot of FL-1 (for JC-1 green
monomers) and FL-2 (for JC-1 red aggregates) fluorescence which denotes the percentage of
cells with polarized AY (quadrant Q2) and percentage of cells with depolarized AY (quadrant
Q3). In terms of the untreated/unstained control data, the percentage of cells are shown in
quadrant Q4 and percentage of auto-fluorescence is shown in quadrant Q3. Q1-left upper
quadrant, Q2- right upper quadrant, Q3- right lower quadrant, Q4- left lower quadrant.
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Figure 33: A graphical representation of the flow cytometer analysis data from the BD MitoScreen
assay performed on A375 cells for examination of the state of their AW. Controls that were set up
included the untreated/stained control, positive controls [cells treated with camptothecin at 6 pg.ml™ and
25 pg.ml?as well as cells treated with doxorubicin at 6 pg.ml™] and DMSO control [cells treated with
0.2% of solvent]. The A375 cells were treated with fractions F2, F4, F5 and F8 [6 ug.ml™ and 25 ug.ml™].
The percentage of cells with polarized AY and percentage of cells with depolarized AY were detected.
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Figure 34: A graphical representation of the flow cytometer analysis data from the BD MitoScreen
assay performed on UACC-62 cells for examination of the state of their AW. Controls that were set up
included the untreated/stained control, positive controls [cells treated with camptothecin at 6 pg.ml™ and
25 pg.mi™as well as cells treated with doxorubicin at 6 pug.ml™] and DMSO control [cells treated with
0.2% of solvent]. The UACC-62 cells were treated with fractions F2, F4, F5 and F8 [6 ug.ml™ and 25
pg.ml™]. The percentage of cells with polarized A¥ and percentage of cells with depolarized AY were
detected.
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Table 24: Fold increase in the percentage of A375 cells that the fractions permitted to have

depolarized AY in relation to the standards.

Fraction Fold increase in relation to Fold increase in relation to
camptothecin doxorubicin
6 pug.ml™ 25 pg.ml™ 6 pug.ml™
F2 1.05 - 18.79
F4 1.25 2.26 22.38
F5 1.25 - 22.33
F8 - 1.12 -

Table 25: Fold increase in the percentage of UACC-62 cells that the fractions permitted to

have depolarized AY in relation to the standards.

Fraction Fold increase in relation to Fold increase in relation to
camptothecin doxorubicin
6 pug.ml™ 25 pg.ml™ 6 pug.ml™
F2 2.01 - 245
F4 141 2.25 1.73
F5 1.14 - 1.40
F8 - - -
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3.7.2 Detection of caspase 3 activity by using the PE active caspase 3

assay

For the PE active caspase 3 assay, the flow cytometer analysis data is presented on flow charts as
histogram plots which combine cell number and PE active caspase 3 fluorescence. The M1 bi-
sector gate represents the percentage of caspase 3 negative cells while the M2 bi-sector gate
represents the percentage of caspase 3 positive cells (Figure 35-36). For the untreated/unstained
control flow chart the M1 bi-sector gate represents the percentage of cells and M2 bi-sector gate
represents the percentage of auto-fluorescence.

Outcomes of flow cytometer analysis are described below:

The A375 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 1.33% of auto-fluorescence (Figure
35A). This amount was subtracted from the data that was generated. The untreated/stained
control contained 10.1% of caspase 3 positive cells (Figure 35B). This control was also known as
the negative control. Plus, positive controls were set up by using two standards. Camptothecin (6
pg.ml™ and 25 pg.ml™) induced 65.36% and 32.26% of caspase 3 positive cells, respectively
(Figure 35C-35D). Doxorubicin (6 pg.ml™) induced 90.56% of caspase 3 positive cells (Figure
35E). Both the negative and positive controls were used to validate the experiment. In addition, a
DMSO control was set up and it contained 9.44% of caspase 3 positive cells (Figure 35F). The
effect of this control was subtracted from the data that was obtained.

The A375 cells that were treated with the active fractions were analysed accordingly: Essentially
we collated the data from the flow charts to obtain a graphical representation which revealed that
fractions F2, F4, F5 and F8 (6 and/or 25 pg.ml™) induced a higher percentage of caspase 3
positive cells (approximately 90%) than camptothecin (Figure 35B-35N and 37). This was

further elaborated by the fold increase values that are shown in Table 26.
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The UACC-62 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 0.36% of auto-fluorescence (Figure
36A). The untreated/stained control contained 2.47% of caspase 3 positive cells (Figure 36B).
Also, positive controls were set up by using two standards. Camptothecin (6 pg.ml™ and 25
ng.ml™) induced 55.28%, and 54.48% of caspase 3 positive cells, respectively (Figure 36C-
36D). Doxorubicin (6 pug.ml™) induced 97.28% of caspase 3 positive cells (Figure 36E). In
addition, a DMSO control was set up and it contained 2.32% of caspase 3 positive cells (Figure

36F). These controls were applied to the analysis as described in the previous paragraph.

The UACC-62 cells that were treated with the active fractions were analysed accordingly:
Essentially we collated the data from the flow charts to obtain a graphical representation which
revealed that fractions F2, F4, F5 and F8 (6 and/or 25 pg.ml™) induced a higher percentage of
caspase 3 positive cells (around 90%) than camptothecin (Figure 36B-36N and 38). This was

further elaborated by the fold increase values that are shown in Table 27.

In summary, the standards and fractions elicited caspase 3 activation in the A375 and UACC-62

cells. Also, all four fractions induced a high percentage of caspase 3 positive cells.
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Figure 35: Representation of flow cytometer analysis data from the PE active caspase 3
assay which was performed on A375 cells for detection of caspase 3 activity. Controls that
were set up included the untreated/unstained control (A), untreated/stained control (B), positive
controls [cells treated with camptothecin at 6 pg.ml™ and 25 pg.ml™as well as cells treated with
doxorubicin at 6 pg.ml™] (C-E) and DMSO control [cells treated with 0.2% of solvent] (F). The
A375 cells were then treated with fractions F2 [6 ug.ml™ and 25 pg.ml™] (G-H), F4 [6 pg.ml™
and 25 ug.ml™] (1-J), F5 [6 pg.ml™ and 25 pg.ml™] (K-L) and fraction F8 [6 ug.ml™ and 25
pg.ml™*] (M-N). The data is presented in a histogram plot which combines cell number and PE
active caspase 3 fluorescence. The M1 bi-sector gate represents the percentage of caspase 3
negative cells and M2 bi-sector gate represents the percentage of caspase 3 positive cells. In
terms of the untreated/unstained control data, the M1 bi-sector gate represents the percentage of

cells and M2 bi-sector gate represents the percentage of auto-fluorescence.
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Figure 36: Representation of flow cytometer analysis data from the PE active caspase 3
assay which was performed on UACC-62 cells for detection of caspase 3 activity. Controls
that were set up included the untreated/unstained control (A), untreated/stained control (B),
positive controls [cells treated with camptothecin at 6 pg.ml™ and 25 pg.ml™as well as cells
treated with doxorubicin at 6 pg.ml™] (C-E) and DMSO control [cells treated with 0.2% of
solvent] (F). The A375 cells were then treated with fractions F2 [6 pg.ml™ and 25 ug.ml™] (G-
H), F4 [6 pg.ml™* and 25 pug.ml™] (1-J), F5 [6 pg.mI™ and 25 pg.ml™] (K-L) and fraction F8 [6
pg.ml™ and 25 pg.ml™] (M-N). The data is presented in a histogram plot which combines cell

number and PE active caspase 3 fluorescence. The M1 bi-sector gate represents the percentage of
caspase 3 negative cells and M2 bi-sector gate represents the percentage of caspase 3 positive
cells. In terms of the untreated/unstained control data, the M1 bi-sector gate represents the

percentage of cells and M2 bi-sector gate represents the percentage of auto-fluorescence.
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Figure 37: A graphical representation of the flow cytometer analysis data from the PE active
caspase 3 assay performed on A375 cells for detection of caspase 3 activity. Controls that were set up
included the untreated/stained control, positive controls [cells treated with camptothecin at 6 pg.ml™ and
25 pg.mi™as well as cells treated with doxorubicin at 6 pug.ml™] and DMSO control [cells treated with
0.2% of solvent]. The A375 cells were treated with fractions F2, F4, F5 and F8 [6 pg.ml™ and 25 pg.ml™].
The percentage of caspase 3 negative cells and percentage of caspase 3 positive cells were detected.
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Figure 38: A graphical representation of the flow cytometer analysis data from the PE active
caspase 3 assay performed on UACC-62 cells for detection of caspase 3 activity. Controls that were
set up included the untreated/stained control, positive controls [cells treated with camptothecin at 6 pg.ml°
Land 25 pg.mi™as well as cells treated with doxorubicin at 6 pg.ml™] and DMSO control [cells treated
with 0.2% of solvent]. The UACC-62 cells were treated with fractions F2, F4, F5 and F8 [6 pg.ml™ and
25 pg.ml™]. The percentage of caspase 3 negative cells and percentage of caspase 3 positive cells were
detected.
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Table 26: Caspase 3 induced fold increase in A375 cells in relation to the standards.

Fraction Fold increase in relation to Fold increase in relation to
camptothecin doxorubicin
6 ug.ml™ 25 pug.ml* 6 ug.ml™*
F2 1.39 2.81 -
F4 1.37 2.81 -
F5 1.38 2.80 -
F8 1.27 2.81 -

Table 27: Caspase 3 induced fold increase in UACC-62 cells in relation to the standards.

Fraction Fold increase in relation to Fold increase in relation to
camptothecin doxorubicin
6 ug.ml™ 25 pg.ml™ 6 ug.ml™
F2 1.76 1.79 -
F4 1.68 1.78 -
F5 1.70 1.79 -
F8 1.07 1.78 -
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3.7.3 Detection of early and late apoptosis by using the FITC annexin V

assay

For the FITC annexin V assay, the data is presented on flow charts as dual parametric dot plots
which combine FITC annexin V and PI fluorescence. The flow charts display the percentage of
viable cells (quadrant Q4), early apoptotic cells (quadrant Q3), late apoptotic cells (quadrant Q2)
and necrotic cells (quadrant Q1) (Figure 39-40). In terms of the untreated/unstained control flow
chart quadrant Q4 represents the percentage of cells and quadrant Q3 represents the percentage

of auto-fluorescence.
Outcomes of flow cytometer analysis are described below:

The A375 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 99.9% of cells (Figure 39A). This
control was used to subtract auto-fluorescence from the data that was generated. The PI control
(cells heated at 70°C) contained 87% of necrotic cells and the FITC annexin V control (cells
treated with 25 pg.ml™ of camptothecin) contained 46.14% of early apoptotic cells (Figure 39B
and 39C). These controls were used to subtract overlapping fluorescence between fluorescence
channels. Also, positive controls were set up by using two standards. Camptothecin (6 pug.ml™
and 25 pg.ml™) allowed for early apoptotic cells (11.94% and 8.24%, respectively), late
apoptotic cells (14.19% and 34.29%, respectively) and necrotic cells (1.53% and 3.52%,
respectively) to be detected (Figure 39D and 39E). Doxorubicin (6 pg.ml™) only allowed for late
apoptotic cells (41.39%) and necrotic cells (52.66%) to be detected (Figure 39F). These
standards served as references for apoptosis activity. In addition, a DMSO control was set up and
it contained 1.76% of early apoptotic cells, 4.41% of late apoptotic cells and 0.24% of necrotic
cells (Figure 39G). The effect of this control was subtracted from the data that was obtained.

The A375 cells that were treated with the active fractions were analysed accordingly: Essentially
we collated the data from the flow charts to obtain a graphical representation which revealed the
following facts (Figure 39B-390 and 41). Fractions F2, F4, F5 and F8 (6 pg.ml™ and/or 25
ug.ml™) induced a distribution of cells between all three stages of cell death. Overall there were
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two most active fractions in terms of apoptosis activity. Fraction F5 (6 pg.ml™ and 25 pg.ml™)
induced a higher percentage of early apoptotic cells (16.64% and 23.24%, respectively) in
comparison to doxorubicin, camptothecin and the other fractions. Fraction F2 (6 pg.ml™ and 25
ng.ml™) induced a higher percentage of late apoptotic cells (41.39% and 93.39%, respectively) in
comparison to camptothecin and the other fractions. Hence, these two fractions were more
efficient in inducing apoptosis of the A375 cells than doxorubicin and/or camptothecin. This was

further elaborated by the fold increase values that are shown in Table 28.

The UACC-62 cells that were left untreated or exposed to the control treatments were analysed
accordingly: The untreated/unstained control contained 100% of cells (Figure 40A). The PI
control (cells heated at 70°C) contained 81% of necrotic cells and the FITC annexin V control
(cells treated with 25 pg.ml™ of camptothecin) contained 22.4% of early apoptotic cells (Figure
40B and 40C). Also, positive controls were set up by using two standards. Camptothecin (6
pg.ml™ and 25 pug.mi™) allowed for early apoptotic cells (17.20% and 8.10%, respectively), late
apoptotic cells (1.89% and 0%, respectively) and necrotic cells (1.85% and 2.56%, respectively)
to be detected (Figure 40D and 40E). Doxorubicin (6 pg.ml™) only allowed for late apoptotic
cells (48.75%) and necrotic cells (33.50%) to be detected (Figure 40F). In addition, a DMSO
control was set up and it contained 10.1% of early apoptotic cells, 7.25% of late apoptotic cells
and 1.10% of necrotic cells (Figure 40G). These controls were applied to the analysis as
described in the previous paragraph.

The UACC-62 cells that were treated with the active fractions were analysed accordingly:
Essentially we collated the data from the flow charts to obtain a graphical representation which
revealed the following facts (Figure 40B-400 and 42). Fractions F2, F5 and F8 (6 pg.ml™* and/or
25 pg.ml™) induced a distribution of cells between all three stages of cell death. However
fraction F4 (6 pg.ml™ and 25 pg.ml™) only induced early apoptotic cells (1.60% and 4.30%,
respectively) and necrotic cells (3.15% and 8.03%, respectively). Overall there were two most
active fractions in terms of apoptosis activity. Fraction F5 (6 pg.ml™ and 25 pg.ml™) induced a
higher percentage of early apoptotic cells (7.3% and 11.20%, respectively) in comparison to
doxorubicin and the other fractions. Fraction F2 (6 pug.ml™ and 25 pg.ml™) induced a higher

percentage of late apoptotic cells (20.15% and 57.65%, respectively) in comparison to
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camptothecin and the other fractions. Hence, these fractions were more efficient in inducing
apoptosis of the UACC-62 cells than doxorubicin or camptothecin. This was further elaborated

by the fold increase values that are shown in Table 29.
In summary, the standards and active fractions induced apoptosis in both the A375 and UACC-

62 cells. Also, fractions F5 and F2 were the most active fractions in terms of early and late

apoptosis, respectively.
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Figure 39: Representation of flow cytometer analysis data from the FITC annexin V assay
which was performed on A375 cells for detection of apoptosis. Controls that were set up
included the untreated/unstained control (A), PI control [cells treated with heat shock at 70° C for
15 minutes] (B), FITC annexin V control [cells treated with camptothecin at 25 ug.ml™] (C),
positive controls [cells treated with camptothecin at 6 ug.ml™ and 25 pg.ml™as well as cells
treated with doxorubicin at 6 ug.ml™*] (D-F) and DMSO control [0.2%] (G). The A375 cells were
then treated with fractions F2 [6 pg.mlI™ and 25 pg.mI™] (H-1), F4 [6 pg.mI™ and 25 pg.ml™] (3-
K), F5 [6 ug.ml™* and 25 pg.mI™] (L-M) and F8 [6 pg.ml™ and 25 pg.ml™] (N-O). The data is
presented in a plot of FITC annexin V and PI fluorescence which denotes the percentage of
viable cells (quadrant Q4) early apoptotic cells (quadrant Q3: FITC annexin V + and PI -), late
apoptotic cells (quadrant Q2: FITC annexin V + and PI +) and necrotic cells (quadrant Q1: FITC
annexin V- Pl +). In terms of the untreated/unstained control data, the percentage of cells are

shown in quadrant Q4 and percentage of auto-fluorescence is shown in quadrant Q3.
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Figure 40: Representation of flow cytometer analysis data from the FITC annexin V assay
which was performed on UACC-62 cells for detection of apoptosis. Controls that were set up
included the untreated/unstained control (A), PI control [cells treated with heat shock at 70° C for
15 minutes] (B), FITC annexin V control [cells treated with camptothecin at 25 ug.ml™] (C),
positive controls [cells treated with camptothecin at 6 pg.ml™ and 25 pg.ml™as well as cells
treated with doxorubicin at 6 ug.ml™] (D-F) and DMSO control [0.2%] (G). The A375 cells were
then treated with fractions F2 [6 pg.ml™ and 25 pg.mI™] (H-1), F4 [6 pg.mI™ and 25 pg.ml™] (J-
K), F5 [6 ug.ml™ and 25 pg.ml™] (L-M) and F8 [6 pg.ml™ and 25 pg.ml™] (N-O). The data is
presented in a plot of FITC annexin V and PI fluorescence which denotes the percentage of
viable cells (quadrant Q4) early apoptotic cells (quadrant Q3: FITC annexin V + and PI -), late
apoptotic cells (quadrant Q2: FITC annexin V + and Pl +) and necrotic cells (quadrant Q1: FITC
annexin V- Pl +). In terms of the untreated/unstained control data, the percentage of cells are

shown in quadrant Q4 and percentage of auto-fluorescence is shown in quadrant Q3.
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Figure 41: A graphical representation of the flow cytometer analysis data from the FITC annexin V assay which was
performed on A375 cells for detection of apoptosis. Controls that were set up included the PI control (P1) [cells treated with heat
shock at 70° C for 15 minutes], FITC annexin V control (FA) [cells treated with camptothecin at 25 pg.ml™], positive controls [cells
treated with camptothecin at 6 ug.ml™ and 25 pg.ml™as well as cells treated with doxorubicin at 6 pg.ml™] and DMSO control [cells
treated with 0.2% of solvent]. The A375 cells were treated with fractions F2, F4, F5 and F8 [6 pg.ml™ and 25 pg.mlI™]. The percentage
of viable cells, early apoptotic cells, late apoptotic cells and necrotic cells were detected.
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Figure 42: A graphical representation of the flow cytometer analysis data from the FITC annexin V assay which was
performed on UACC-62 cells for detection of apoptosis. Controls that were set up included the PI control (PI) [cells treated with
heat shock at 70° C for 15 minutes], FITC annexin V control (FA) [cells treated with camptothecin at 25 pug.ml™], positive controls
[cells treated with camptothecin at 6 pg.ml™ and 25 pg.ml™as well as cells treated with doxorubicin at 6 pg.ml™] and DMSO control
[cells treated with 0.2% of solvent]. The UACC-62 cells were treated with fractions F2, F4, F5 and F8 [6 pg.ml™ and 25 pg.ml™]. The
percentage of viable cells, early apoptotic cells, late apoptotic cells and necrotic cells were detected.
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Table 28: Fold increase in the percentage of A375 cells that the fractions allowed to

enter apoptosis in relation to the standards.

Fraction Fold increase in Fold increase in Fold increase in Fold increase in
relation to relation to relation to relation to
camptothecin camptothecin doxorubicin doxorubicin
(early apoptosis) (late apoptosis) (early apoptosis) (late apoptosis)
6 ug.ml*  25pug.ml*  6pgmlt  25ug.mlt 6 ug.ml* 6 ug.ml™*
F2 - - 2.92 2.72 4.3 -
F4 - - 1.41 - 1.53 -
F5 1.39 2.82 - 1.86 16.64 -
F8 - - - - 0.15 -

Table 29: Fold increase in the percentage of UACC-62 cells that the fractions allowed to

enter apoptosis in relation to the standards.

Fraction Fold increase in Fold increase in Fold increase in Fold increase in
relation to relation to relation to relation to
camptothecin camptothecin doxorubicin doxorubicin
(early apoptosis) (late apoptosis) (early apoptosis) (late apoptosis)
6 ug.mlt  25ug.ml*  6ugmlt 25 pg.mi? 6 pg.ml* 6 pg.ml™
F2 - - 10.66 57.65 4.40 -
F4 - - - - 1.60 -
F5 - 1.38 1.88 3.65 7.30 -
F8 - 1.14 - 29.75 - -
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3.7.4 Morphological features of the melanoma cells that were treated

with the active fractions

The morphological features of the untreated or treated melanoma cells were observed by
microscopic analysis (Figure 43-44). For the A375 cells, most of these cells remained healthy
and attached when they were untreated or treated with DMSO (Figure 43A and 43B). On the
other hand, camptothecin (6 pg.ml™* and 25 pg.ml™) caused rounding of some cells and
allowed the rest of the cells to remain attached (Figure 43C-43D). Doxorubicin induced
budding (indicated by the arrow) of the cells (Figure 43E). Fractions F2, F4, F5 and F8 (6
ng.ml™* and/or 25 pg.ml™) also caused rounding of the cells (Figure 43F-43M). Moreover
fractions F2 and F4 (25 pg.ml™) permitted clustering of the cells (Figure 43G and 43I).
Fraction F8 (6 ug.ml™) caused rounding of some cells and allowed the rest of the cells to
remain attached (Figure 43L). According to other studies budding and rounding are signs of

apoptosis (Archana et al., 2013, Domnina et al., 2002).

For the UACC-62 cells most of these cells remained healthy and attached when they were
untreated or treated with DMSO (Figure 44A-44B). On the other hand, camptothecin (6
pg.ml™ and 25 pg.mi™) and doxorubicin (6 pg.ml™) caused rounding of the cells (Figure
44C-44E). Fractions F2, F4 and F5 (6 ug.ml™ and 25 pg.ml™) also caused rounding of the
cells (Figure 44F-44K). In addition, fraction F2 (6 pg.ml™) allowed apoptotic bodies to form
(indicated by the arrow) (Figure 44F). Fraction F8 (6 pg.ml™ and 25 pg.ml™) caused
rounding of very few cells and allowed most of the cells to remain attached (Figure F44L-
44M). Hence, these results confirmed that the fractions induced the melanoma cells to

undergo apoptosis.
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Figure 43: Micrographs (100X magnification) of A375 cells that were untreated (A) or
treated with DMSO [0.2%] (B), camptothecin [6 pg.ml™ and 25 pg.ml?] (C-D),
doxorubicin [6 pg.ml™] (E), fraction F2 [6 pg.mI™ and 25 ug.ml™] (F-G), F4 [6 pg.ml™
and 25 pg.ml™] (H-1), F5 [6 pg.ml™* and 25 pg.ml™] (J-K) and F8 [6 pg.mI™* and 25
ug.ml™] (L-M).
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Figure 44: Micrographs (100X magnification) of UACC-62 cells that were untreated (A)
or treated with DMSO [0.2%] (B), camptothecin [6 pg.ml™* and 25 pg.ml?] (C-D),
doxorubicin [6 pg.ml™] (E), fraction F2 [6 pg.mI™ and 25 ug.ml™] (F-G), F4 [6 pg.ml™
and 25 ug.ml™] (H-1), F5 [6 pg.mlI™* and 25 pug.ml™] (3-K) and F8 [6 pg.ml™ and 25
pg.mi™] (L-Mm).

3.8 EI-LC-MS analysis of the active fractions from C. triloba root

extract

Preparative High Performance Liquid Chromatography (PHPLC) was used to separate the
compounds present in the four active fractions (F2, F4, F5 and F8). The chromatograms in
Figure 45-48 display the separation of the compounds. It was evident that the retention times
of some of the compounds were very close. Thus the compounds present in the fractions were
structurally related. Due to this reason we were unable to separate all of the compounds in the

fractions.

The compounds were then structurally elucidated by MS analysis. The mass spectra of the
isolated compounds (from PHPLC) were compared to library templates to obtain their
structures. For example, the mass spectrum of compound F2A was matched to the mass
spectrum of benzothiophen-3(2H)-one, 2-(2-trifluoromethylbenzylideno)- (Figure 49). The
library matches for the rest of the compounds are presented in Appendix 3. According to MS
analysis a total of 19 compounds were identified from the four fractions that displayed

anticancer activity. The structures of these compounds are illustrated in Figure 50-53.
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Figure 45: Chromatogram of fraction F2 showing the presence of three distinct compounds of interest at varying retention times. F2A-
Retention time (Rt) = 29.228, F2B-Rt = 26.708, F2C-Rt = 22.955.
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Figure 47: Chromatogram of fraction F5 showing the presence of seven distinct compounds of interest at varying retention times. F5A-
Retention time (Rt) =18.176, F5B-Rt = 21.509, F5C-Rt = 16.064, F5D-Rt = 19.016, F5E-Rt = 26.689, F5F-Rt = 17.512, F5G-Rt = 15.169.
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Figure 48: Chromatogram of fraction F8 showing the presence of six distinct compounds of interest at varying retention times.
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Figure 49: Mass spectrum of compound F2A isolated from C. triloba root extract (A) matched the library template of

benzothiophen-3(2H)-one, 2-(2-trifluoromethylbenzylideno)-(B).
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Figure 50: Compounds isolated from fraction F2. F2A-benzothiophen-3(2H)-one, 2-(2-
trifluoromethylbenzylideno)-, F2B-pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-

3-(1-propenyl)perhydro, F2C-1,4-naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-
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Figure  51: Compounds  isolated from  fraction F4. FA4A-5-methoxy-7-
methylbenz(a)anthracene, F4B-androstan-17-one, 3,11-dihydroxy-, (30,58,11B)-, FAC-1-
naphthalenecarboxaldehyde, 2,8-dihydroxy-3-methoxy-6-methyl-4-(1-methylethyl)-.

cyclohexenyl)formyl]-.
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Figure 52: Compounds isolated from fraction F5. F4A-betamethasone acetate, F5B-9,10-

anthracenedione, 1,8-dihydroxy-3-methyl, F5C-1-naphthalenecarboxaldehyde, 2,8-dihydroxy-3-
methoxy-6-methyl-4-(1-methylethyl)-,  F5D-1,4-naphthoquinone,  2-acetyl-3-hydroxy-5,6,8-
trimethoxy, F5E-4-methoxy-9-(4-methoxyphenyl)-2H-naphtho[1,2-d][1,3]dioxole, F5F-9-cyano-
2,15-diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl 2-
chloroacetate, F5G-(E)-4-(2-(2-(2,6-dimethylhepta-1,5-dien-1-yl)-6-pentyl-1,3-dioxan-4-
yl)ethyl)-2-methoxyphenol.
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Figure 53: Compounds isolated from fraction F8. F8A-(9E,12E)-octadeca-9,12-dienoic acid,

F8D

F8B-1,5-cyclohexadien-1-ol, 4,4-diphenyl-, acetate, F8C-[1,1'-bicyclopropyl]-2-octanoic acid,
2'-hexyl-, methyl ester, F8D- benzenamine, 4-methoxy-N-[2-[1-(4-methoxyphenyl)-5-
tetrazolyl]ethenyl]-, F8E-4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl,
F8F-2-methylenesuccinic acid, bis-(2-biphenyl-4-yl-2-oxoethyl ester).
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4. DISCUSSION

Medicinal plants have played an important role in the discovery of new drugs for the treatment of
various diseases such as malaria, Alzheimer’s disease, Parkinson’s disease, chronic obstructive
pulmonary disease, liver diseases and cancer (Veeresham, 2012). The process of drug discovery
involves a multifaceted approach that combines the use of botanical, phytochemical, biological
and molecular techniques (Balunas and Kinghorn, 2005). Over the years the plant biotechnology
group at the Durban University of Technology has used these techniques to determine the
pharmacological properties and active constituents of several indigenous plants (Hurinanthan,
2013, Mellem, 2013, Mohanlall, 2010). One of the plants that was studied was Ceratotheca
triloba. The scientists in our group have reported that the anthraquinones from this plant can
inhibit the human topoisomerase Il enzyme (target for anticancer drugs) and kill cancer cells
(Mohanlall, 2010, Naicker, 2012). However, the C. triloba plant has not been extensively studied
for its anticancer activity. Therefore, this study was undertaken to further investigate the
anticancer activity of C. triloba and determine the classes of compounds that contributed towards

its activity.

Non-polar to polar solvents (hexane, DCM, DCM: methanol, methanol and water) were used for
the extraction of C. triloba roots and leaves. According to literature, the use of solvents with
different polarities can allow for the retrieval of the different groups of secondary metabolites
from plants. For instance, hexane was used to extract prenylated polyketides from the leaves of
Harrisonia abyssinica (Balde et al., 1999). Hexane was also used to extract terpenoids from the
leaves of Psidium guajava (Meckes et al., 1996). DCM allowed for terpenoids to be acquired
from Cedrela odorata stems (Rashed, 2014). A combination of DCM: methanol (1:1) allows for
lipids to be extracted from plants (Cos et al., 2006). Methanol was used to extract
phenylpropanoid glycosides and a flavonoid from the bark of Tynanthus panurensis (Plaza et al.,
2005). Methanol was also used to extract benzophenanthridine alkaloids from the leaves, roots
and flowers of Hylomecon hylomeconoides and H. vernale (Kang et al., 2003). The aqueous
extraction of Phyllanthus niruri leaves allowed for alkaloids and flavonoids to be acquired

(Nwanjo, 2006). Therefore, we decided to use a polarity based extraction method so that the

130



different groups of secondary metabolites could be extracted from C. triloba and then be

screened on the human cancer cell lines for exhibition of growth inhibition.

The percentage of growth inhibition (%GI) exhibited by C. triloba root and leaf extracts on the
three cancer cell lines (A375 [melanoma], MDA-MB-231 [breast], and WHCO01 [esophageal]) is
tabulated in Table 16. Interestingly anthraquinones were isolated from the hexane root extract of
C. triloba by Mohanlall et al. (2011). This class of compounds could have contributed towards
the activity of the hexane root extract as studies have shown that anthraquinones are active
against cancer cells. For instance, chrysophanol was found to be active against the MCF-7
(breast) and A375 cancer cell lines (Zhang et al., 2012a). Also emodin (1,3,8-trihydroxy-6-
methylanthraquinone) was active against esophageal cancer cells, EC-109 (Wang et al., 2010).
Bromo-1-hydroxy-9,10-anthraquinone inhibited the growth of the MCF-7 and MDA-MB-231
cancer cell lines (Abu et al., 2013). Since anthraquinones are important molecules for targeting

cancer we chose to further research the anticancer activity of the hexane root extract.

Column chromatography permitted fractionation of the active hexane root extract. This method
allowed us to narrow down a large pool of compounds (plant extract) into smaller pools of
compounds (fractions). In this way when we screened the fractions for activity, the less active
fractions were ruled out while the active fractions were further researched. Certainly, column
chromatography did not elute purified compounds (as shown by thin layer chromatograms in
Figure 23). This may be due to the co-elution of similar structured compounds from the complex
plant extract of C. triloba. Hostettmann, (1997) reported that the purification of pharmacological
compounds from plants is a difficult and time consuming process. Thus, further research would
have to be conducted to achieve the purification of the compounds from C. triloba. Separation
techniques that can be used to facilitate purification include: mini-column chromatography,
preparative thin layer chromatography (PTLC) and preparative high performance liquid
chromatography (PHPLC).

Some of the fractions (F2, F3, F4 and F5) isolated from the hexane root extract formed crystals.
It has been reported that certain plant derived compounds (such as anthraquinones and
naphthoquinones) can form crystals. For instance, 2,6-dihydroxyanthraquinone and 2-hydroxy-6-
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methylanthraquinone isolated from the Rubia cordifolia extract formed red crystals (Akhtar et
al., 2006). In addition, juglone (5-hydroxy-1,4-naphthalenedione) isolated from Juglans regia
formed yellow crystals (Kale et al., 2013). Thus, the observation of crystals in the fractions may
be an indication of the presence of anthraquinones and naphthoquinones.

The percentage growth inhibition of the fractions was determined on two melanoma cell lines.
Since the hexane root extract exhibited the highest %Gl on the A375 cell line, we chose to
continue the study with this cell line and another melanoma cell line (UACC-62). Figure 27 and
28 illustrates the %Gl exhibited by the fractions on the two melanoma cell lines. A trend was
noticed as fractions F2, F4, F5 and F8 were active on both melanoma cell lines. Thus, it was

confirmed that these four fractions contained the active components of the hexane root extract.

Melanoma is a major type of skin cancer that arises from pigment cells called melanocytes
(National Cancer Institute, 2015c). According to the World Health Organization (WHOQO) “one in
every three cancers diagnosed is a skin cancer” and “132,000 melanoma skin cancers occur
globally each year”. It is also important to acknowledge that depletion of the ozone layer enables
additional solar UV radiation to penetrate the atmosphere and reach the earth’s surface. This
phenomenon could lead to an increase in the number of skin cancer cases (World Health
Organization, 2015). In terms of treatment, melanoma is extremely resistant to conventional
chemotherapy and it can spread to the brain, lung and liver (Gava et al., 2006, Lo et al., 2010).
Plus the rate of curing melanoma has not been very high with surgery, radiation or chemotherapy
(Hsiao et al., 2012). Therefore, it was essential to investigate the anticancer activity of the

fractions on melanoma cells.

The ICso and TGI values are presented in Table 22 and 23. We found that the fractions F2, F5
and F8 were less potent on the melanoma cell lines than the standards (doxorubicin and
camptothecin). On the contrary fraction F4 was effective as doxorubicin in terms of exhibiting
total growth inhibition of the UACC-62 cells. Therefore, fraction F4 was the most active

fraction.
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Flow cytometer based assays were conducted for two reasons: firstly to evaluate the apoptosis
inducing effects of the active fractions (F2, F4, F5 and F8) and secondly to determine which
apoptotic pathways were induced by the fractions. The flow cytometer analysis data revealed that
the fractions induced depolarization of the AY and caspase 3 activity in the A375 and UACC-62
cells (Figure 31, 32, 35 and 36). According to literature these activities form part of the intrinsic

and extrinsic (type I1) apoptosis pathways.

In the intrinsic pathway, Bid and Bim permeabilizes the outer mitochondrial membrane. Then
bax inserts itself into this membrane and induces the release of cytochrome c¢ (mitochondrial
intermembrane protein) into the cytosol (Crow et al., 2004, Kim et al., 2006). Subsequently
cytochrome c hinders electron flow and causes the impairment of mitochondrial respiratory chain
which leads to depolarization of the AW (Adachi et al., 1997, Cai and Jones, 1998, Lemasters et
al.,, 1999, Mootha et al., 2001). Cytochrome c also participates in the formation of the
apoptosome which releases caspase 9. This enzyme in turn activates pro-caspase 3 to caspase 3
(Figure 6) (Acehan et al., 2002, Igney and Krammer, 2002, Luo et al., 1998, Slee et al., 1999).

In the extrinsic pathway (type Il), caspase 8 cleaves BID to form truncated BID (tBID) which
translocates to the mitochondria and actives pro-apoptotic proteins Bax and Bak (Luo et al.,
1998, Pope, 2002). These proteins then facilitate the release of cytochrome c into the cytosol
(Belizario et al., 2007, Bonora and Pinton, 2014, Brenner et al., 2000, Jeong and Seol, 2008, Liu
et al., 1996b, Narita et al., 1998). Subsequently cytochrome c elicits depolarization of the AW
and participates in the formation of the apoptosome which releases caspase 9. This enzyme in
turn activates pro-caspase 3 to caspase 3 (Figure 9) (Acehan et al., 2002, Adachi et al., 1997, Cai
and Jones, 1998, Lemasters et al., 1999, Mootha et al., 2001, Slee et al., 1999).

Taken together we can deduce that the fractions (F2, F4, F5 and F8) caused the A375 and
UACC-62 cells to undergo apoptosis via the intrinsic or extrinsic (type I1) pathway. This can be
justified by the following facts: Depolarization of the AY and caspase 3 activity were induced in
the melanoma cells (Figure 31, 32, 35 and 36). According to previous reports depolarization of
the AW and caspase 3 activity form part of a cascade of interactions that facilitate these

pathways. This means that these activities cannot happen without the activation of other
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apoptotic molecules of the intrinsic or extrinsic (type 1l) pathway (as describe in the previous
paragraphs). Thus, although we did not examine other apoptotic molecules, our results and
previous reports provide sufficient evidence to support our argument. However, further research
should be conducted to determine which of these two pathways the fractions are capable of

inducing.

Moreover the fractions (F2, F4, F5 and F8) induced a high percentage of caspase 3 positive cells
(Figure 37 and 38). Reports have shown that caspase 3 cleaves DFF45 (DNA fragmentation
factor-45)/ICAD (inhibitor of caspase-activated DNase) which exists in a complex with a 40-kDa
endonuclease known as DFF40 (DNA fragmentation factor-40)/CAD (caspase-activated DNase).
Subsequently DFF40/CAD is released and it promotes apoptotic DNA fragmentation (Enari et
al., 1998, Halenbeck et al., 1998, Liu et al., 1997, Liu et al., 1998). Caspase 3 also activates pro-
caspase 6 to caspase 6 which is responsible for degrading lamins, thus promoting nuclear
apoptosis (Liu et al., 1996a, Orth et al., 1996). Therefore, caspase 3 probably carried out these
tasks to promote apoptosis of the treated melanoma cells.

Interestingly literature has revealed that early and late apoptosis are associated with caspase 3
activity. Researchers, Kekre et al. (2005) reported that both PS exposure and caspase 3 activity
occurred during the “induction phase of apoptosis” (early apoptosis). However it is unclear if
caspase 3 is involved in bringing about PS exposure in cancer cells as reports only present
mechanisms that are responsible for PS exposure in blood and pathogenic cells (Blankenberg and
Strauss, 2012, Wood et al., 1996, Zwaal and Schroit, 1997, Zwaal et al., 2005). On the other
hand, caspase 3 indirectly activates DNA fragmentation during late apoptosis (Collins et al.,
1997, Enari et al., 1998, Halenbeck et al., 1998, Liu et al., 1997, Liu et al., 1998). In our study
fraction F4 (25 pg.ml™, UACC-62 cells) induced 4.3% of early apoptotic cells, fraction F2 (25
ug.ml™, A375 cells) induced 93.39% of late apoptotic cells and fraction F5 (6 pg.ml™?, A374
cells) induced 16.64% of early apoptotic cells and 13.09% of late apoptotic cells (fraction F8
also induced apoptosis) (Figure 41 and 42). In all three cases, the fractions induced over 80% of
caspase 3 positive cells (Figures 37 and 38). Therefore, the fractions permitted early and/or late

apoptosis which was associated with caspase 3 activation. This can be further studied by using
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time-lapse fluorescence microscopy with live cell imaging (Bouchier-Hayes et al., 2008,
Skommer et al., 2010).

The compounds from the four active fractions (F2, F4, F5 and F8) were characterized by EI-LC-
MS analysis. After consulting with literature, we confirmed that a total of nine anticancer
compounds were found in the root extract of C. triloba. These were: benzothiophen-3(2H)-one,
2-(2-trifluoromethylbenzylideno)- (F2A), pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-
methyl-3-(1-propenyl)perhydro  (F2B), 1,4-naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-
cyclohexenyl)formyl]- (F2C), 5-methoxy-7-methylbenz(a)anthracene (F4A), androstan-17-one,
3,11-dihydroxy-, (30,5B,11pB)- (F4B), 9,10-anthracenedione, 1,8-dihydroxy-3-methyl (F5B), 1,4-
naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy (F5D), 9-Cyano-2,15-
diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl ~ 2-chloroacetate
(F5F) and 4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl (F8E). These
compounds fit into the different classes of anticancer compounds based on their core structure. In
addition, the active fractions exhibited similar activities (such as growth inhibition and apoptosis
activities [depolarization of the mitochondria membrane potential, caspase 3 activation and PS
exposure]) as previously studied anticancer compounds. Thus, these nine compounds could have

contributed towards the anticancer activity of the active fractions.

Benzothiophen-3(2H)-one, 2-(2-trifluoromethylbenzylideno)- (F2A) belongs to a class of
compounds known as benzothiophenones. These compounds have not been extensively studied
for their anticancer activity. However, Zhang et al. (2006) filed a patent for an invention that
involved the use of benzothiophenones for the treatment of cancer or inflammation. Therefore

these compounds do have the ability to kill cancer cells.

Pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-3-(1-propenyl)perhydro (F2B)
belongs to a class of compounds known as benzopyranones (also called coumarins). Studies
have shown that these compounds possess anticancer activity. For instance, 2H-I-benzopyran-2-
one and 7-hydroxy-2H-I-benzopyran-2-one displayed cytostatic and cytotoxic activities against
various human cancer cell lines (A549 [lung], ACHN [renal], H727 [lung], MCF-7 [breast] and
HL-60 [leukemia]) (Mohler et al., 1992, Egan et al., 1997, Stanchev et al., 2008, Thornes et al.,
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1994). Moreover Zeldis, (2004) filed a patent for an invention that involved the use of
benzopyranones for the treatment or prevention of brain cancer or brain metastasis. These
compounds are also capable of eliciting apoptosis inducing effects. For example, 2H-I-
benzopyran-2-one elicited depolarization of the mitochondrial membrane potential, DNA

fragmentation and activation of caspase 3 in HeLa (cervical cancer) cells (Chuang et al., 2007).

1,4-naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-cyclohexenyl)formyl]- (F2C) and  1,4-
naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy (F5D) belongs to a class of compounds
known as naphthoquinones. Over the years, researchers have reported several anticancer
naphthoquinones. We referred to two derivatives. Plumbagin (5-hydroxy- 2-methyl-1, 4-
naphthaquinone) can be isolated from the genus known as Plumbago (Bhasin et al., 2013). This
compound has shown to inhibit various cancer cell lines. Examples include: MDA-MB-231
(breast), CAL27 (oral adenosquamous carcinoma) and U937 (leukemia) (Gaascht et al., 2014,
Liu et al., 2015, Manu et al., 2011). Also Xu et al. (2013) reported that plumbagin activated
caspase 3 and 9 in several human non-small cell lung cancer cell lines (A549, H292 and H460).
Another naphthoquinone, juglone (5-hydroxy-1,4-naphthalenedione) was isolated from Juglans
mandshuria (Liu et al., 2004). This compound has shown to elicit apoptotic inducing effects such
as PS exposure (in HeLa cells) and caspase 3 and 9 activation (in LS-174T cells [colon
adenocarcinoma]) (Li et al., 2013, Zhang et al., 2012b).

5-methoxy-7-methylbenz(a)anthracene (F4A) and 9,10-anthracenedione, 1,8-dihydroxy-3-
methyl (F5B) belongs to a class of compounds known as anthraquinones. This class of
compounds consist of several hundreds of compounds that differ in the nature and positions of
substituent groups (Schripsema et al., 1999). Anthraguinone derivatives contain 9,10-
anthracenedione as a base structure (Bajaj, 1999). These compounds have been used in the
treatment of various cancers. For example, mitoxantrone is used in the treatment of metastatic
breast cancer, acute myeloid leukemia and non-Hodgkin's lymphoma (Arlin et al., 1985, Dutcher
et al., 1985, Paciucci et al., 1983). Another anthraquinone, doxorubicin is used for the treatment
of breast cancer and gynecological and hematological malignancies (Preobrazhenskaya et al.,
2006). Moreover, recent studies have reported the anticancer activity of other anthraquinones.

Physcion (1,8-dihydroxy-3-methoxy-6-methylanthracene-9,10-dione) from Rheum tanguticum
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inhibited MDA-MB-231 cells (Hong et al., 2014). 1,3-dihydroxy-9,10-anthraquinone-2-
carboxylic acid inhibited MCF-7 cells (Yeap et al., 2015). Rhein (4,5-dihydroxy anthraquinone-
2-carboxylic acid) is a natural anthrathraquinone that is found in Rheum palmatum, Rheum
tanguticum, Cassia angustifolia and Cassia fistula (Duraipandiyan et al., 2012, Hoerhammer et
al., 1959, Irshad et al., 2011, Lee et al., 2003) Al-Fatlawi et al. (2014) reported that it induced
DNA fragmentation and caspase 3 and 9 activities in several human cancer cell lines (SiHa
[cervical cancer], MCF-7 and HepG2).

Androstan-17-one, 3,11-dihydroxy-, (3a,58,11B)- (F4B) belongs to a class of compounds known
as androstanes. The following androstane derivatives have shown to possess anticancer
properties. Dehydroepiandrosterone derivatives inhibited KB (nasopharyngeal epidermoid
carcinoma) and T47D (human breast cancer) cell lines (Vosooghi et al., 2013).
Aminothienoandrostane inhibited HepG2 cells (Elmegeed et al., 2009). Androstane D-Seco-
mesyloxy derivatives inhibited MDA-MB-231, HeLa and PC-3 (human prostate cancer) cells
(Okljesa et al., 2013). Sa-androstane-3a,17p-diol induced caspase 3 and 8 activities in HL-60
(human promyelocytic leukemia) cells (Jegham et al., 2012). Thus, these steroidal compounds

are effective against various cancers.

4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl (F8E) and 9-Cyano-2,15-
diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl ~ 2-chloroacetate
(F5F) belongs to a class of compounds known as quinazolines. These compounds are known to
have a broad spectrum of biological activity which includes targeting cancer cells (Zahedifard et
al., 2015). For instance,  6-[(4-(B-chloro-2-(pyridine-4-yl)quinazoline-4-ylamino)phenyl)-2-
amino-4-(4-methoxyphenyl)]-pyridine-3-carbonitrile and 1-(4-(6-chloro-2-(pyridin-4-
yl)quinazolin-4-amino)phenyl)-3-(4-nitrophenyl)prop-2-en-1-one inhibited liver cancer cells,
HepG2 (Wasfy et al., 2015). In addition, 6-bromo-2-(morpholin-1-yl)-4-anilinoquinazoline
induced caspase 3 activity and DNA fragmentation in several leukemia cell lines (L1210, HL-60
and U-937) (Jantova et al., 2008). Other quinazolines, 3-(5-chloro-2-hydroxybenzylideneamino)-
2-(5-chloro-2-hydroxyphenyl)-2,3 dihydroquinazolin-41(H)-one and 3-(5-nitro-2-
hydroxybenzylideneamino)-2-(5-nitro-2-hydroxyphenyl)-2,3-dihydroquinazolin-4(1H)-one

induced budding and chromosomal condensation (which are parts of apoptosis) in MCF-7 cells.
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Cellomics High Content Screening (HCS) (automated cellular imaging) revealed that these
compounds triggered the release of cytochrome ¢ from the mitochondria into the cytosol. Also,
caspase 3, 7, 8 and 9 activities was detected. Zahedifard et al. (2015) deduced that these
quinazolines induced apoptosis of the MCF-7 cells through the extrinsic (type Il) or intrinsic
pathway.

Amongst the compounds that were found in C. triloba root extract was an important compound
known as betamethasone acetate. This compound is a steroid that has anti-inflammatory and
immunosuppressant properties. It is used for the treatment of diseases that involve the blood and

lymphatic systems (Bethesda, 2006). Hence, the C. triloba plant has great medicinal value.

This is the first study that shows the presence of these compounds in C. triloba roots. Mohanlall
et al. (2011) previously found 9,10-anthracenedione; 1-hydroxy-4-methylanthragquinone; 5,8-
dimethoxy-2,3,10,10a-tetrahydro-1H,4aH-phenanthrene-4,9-dione and androst-5-ene-3, 17, 19-
triol. We were unable to find these compounds in the roots of C. triloba as derivatization
(presence of similar structured compounds) made chromatographic analyse a challenge. Other
techniques (such as mini-column chromatography, PTLC and PHPLC) would have to be
employed to achieve maximum separation. Nevertheless, our study has revealed that the roots of
C. triloba serve as a rich source of anticancer compounds. It was important to perform this study
as Narang and Desai, (2009) reported that the “identification of cytotoxic compounds led to the
development of anticancer therapeutics for several decades”. Thus, the compounds characterized

in this study could be used towards the development of new anticancer drugs.
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5. CONCLUSIONS

C. triloba is an indigenous plant that has been used in traditional medicine to treat painful
menstruation, stomach cramps, nausea, fever and diarrhea (Tredgold, 1986). Over the years we
have uncovered that this plant has anticancer activity. Studies have found that anthraquinones is
the class of compounds that are responsible for its anticancer activity (inhibits human
topoisomerase Il and kills cancer cells) (Mohanlall, 2010, Naicker, 2012). However, there are
certain unanswered questions like: are there any other anticancer compounds present in the plant
and do these compounds exhibit apoptotic activity. Thus, in this study the anticancer activity of
C. triloba was further investigated and the classes of compounds that contributed towards its

activity were determined.

Leaf and root extracts were prepared using a polarity based extraction method (the use of non-
polar to polar solvents - hexane, DCM, DCM: methanol [1:1], methanol and water). It was clear
that the hexane root extract exhibited the highest %Gl on all three cancer cell lines (A375
[81.35%], MDA-MB-231 [65.77%] and WHCO1 [78.61%] at 50 pg.ml™). In addition, the A375
cell line was most susceptible to this extract. Therefore this cell line and another melanoma cell
line (UACC-62) were used in the study.

The separation of the compounds of the hexane root extract was optimized on TLC plates by
using different ratios of hexane: DCM. The principle behind this method was that the separation
of the compounds was achieved by slowly increasing the polarity of the mobile phase. Hence, a
similar principle was applied to column chromatography. Subsequently, the fractionation of the
hexane root extract was achieved by gradually increasing the polarity of the mobile phase in the
column with hexane: DCM, DCM, DCM: ethyl acetate, ethyl acetate and ethyl acetate:
methanol. A total of ten combined fractions were collected from the column. Four of these
fractions (F2, F4, F5 and F8) displayed a high %Gl on the A375 (89.85, 89.39, 90.81 and 75.51
%Gl at 25 pg.ml™, respectively) and UACC-62 (74.54, 97.55, 86.96 and 73.29 %Gl at 25 pug.ml’
! respectively) cell lines. Moreover, fraction F4 was the most active fraction as it had the lowest
ICsp (0.70 pg.ml™ [A375] and 0.39 pg.ml™* [UACC-62]) and TGI (12.50 pg.ml-1[A375] and 25
pg.ml-1 [UACC-62]) values in comparison to the other fractions.
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According to the flow cytometer analysis data, fractions F2, F4, F5 and F8 induced
depolarization of the mitochondria membrane potential (AW), caspase 3 activation, early
apoptosis (phospholipid phosphatidylserine exposure) and/or late apoptosis in the melanoma
cells. The results also revealed that fraction F4 (25 pg.ml-1) induced depolarization of the AY to
a higher percentage of A375 (78.11%) and UACC-62 (87.4%) cells than the other fractions and
standards. This fraction also induced caspase 3 activation to a high percentage of A375 (90.56%)
and UACC-62 (96.78%) cells. Therefore, fraction F4 was also the most active fraction in terms
of apoptosis activity. Based on our results and literature findings, it was deduced that the active

fractions induced the intrinsic or extrinsic (type Il) apoptosis pathway in the melanoma cells.

Six classes of compounds were isolated from the hexane root extract of C. triloba. These were:
benzothiophenones  (benzothiophen-3(2H)-one,  2-(2-trifluoromethylbenzylideno)-  [F2A]),
benzopyranones (pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-3-(1-
propenyl)perhydro [F2B]), naphthoquinones (1,4-naphthoquinone, 3-methyl-2-[(4-isopropenyl-
1-cyclohexenyl)formyl]- [F2C] and 1,4-naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy
[F5D]), anthraquinones  (5-methoxy-7-methylbenz(a)anthracene  [F4A] and  9,10-
anthracenedione, 1,8-dihydroxy-3-methyl [F5B]), androstanes (androstan-17-one, 3,11-
dihydroxy-, (30,5B,11B)- [F4B]) and quinazolines (4(1H)-quinazolinethione, 1-cyclohexyl-
5,6,7,8-tetrahydro-2-phenyl [F8E] and 9-Cyano-2,15-diazatetracyclo [8.7.0.0(3,8).0(11,15)]
heptadeca-1,3,5,7,9,11,13-heptaen-12-yl 2-chloroacetate [F5F]).

In conclusion, this is the first study that evaluated the growth inhibition potential of the leaf and
root extracts of C. triloba on a panel of cancer cells. This research indicated that the hexane root
extract displayed the best levels of growth inhibition. The active constituents of this extract were
isolated into four fractions which elicited apoptosis inducing effects that promoted the extrinsic
(type 1) or intrinsic apoptotic pathway in the melanoma cells. Furthermore, fraction F4
contained the most active compounds from C. triloba as it had the lowest 1Cs and TGI values (in
comparison to the other fractions) and induced depolarization of the AW in the highest
percentage of melanoma cells. It was confirmed that six classes of compounds were accountable
for the anticancer activity of these fractions. Thus, the C. triloba plant is a rich source of

anticancer compounds.

140



This study represents the initial phase of researching the anticancer activity of the compounds
from C. triloba. Further studies needs to be conducted as these compounds need to be tested for
the ability to inhibit resistant cancer cell lines. In addition, safety tests need be performed to
determine the toxicity of these compounds on normal cells. This will involve the use of fibro-
blast cell lines (such as NIH-3T3 [normal mouse fibroblast] and MRC-5 [human lung
fibroblast]), peripheral blood mononuclear cells and cardiomyocytes (Danihelova et al., 2013,
Sarzaeem et al., 2013, Philippoussis et al., 2003, Mati¢ et al., 2013, Andersson et al., 1999).
Also, mice models need to be developed for evaluating the in vivo anticancer activity and

toxicity of these compounds.
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APPENDIX

Appendix 1: Concentration ranges of the standards and fractions

Table Al: Concentration ranges of the standards and fractions that were used to treat the
A375 cells.

Standard/fraction Concentration range (ug.ml™)

Camptothecin 7.81 x 10® 1.56 x 107, 3.13 x 1073, 6.25 x10°, 1.25 x 107?, 2.50 x10?, 5.0 x107,
0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00, 50

Doxorubicin 3.125 x107, 6.25 x107, 1.25, x107, 2.50 x 107, 5.0 x10%, 0.10, 0.20, 0.39, 0.78,
1.56, 3.13, 6.25, 12.50, 25.00

Fraction F2 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00, 50.00

Fraction F4 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00, 50.00

Fraction F5 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00, 50.00

Fraction F8 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25.00, 50.00

Table A2: Concentration ranges of the standards and fractions that were used to treat the
UACC-62 cells.

Standard/fraction Concentration range (ug.ml™)

Camptothecin 7.81 x10™, 1.56 x 10°, 6.25 x 107, 1.25 x10%, 2.50 x10%, 5.0 x 10, 0.20, 0.39,
0.78, 1.56, 3.13, 6.25, 12.50

Doxorubicin 1.25 x107, 2.50 x 10%, 5.0 x 10? 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50,
25.00, 50

Fraction F2 1.56 x 107, 3.13 x10°, 6.25 x107, 3.75 x107, 7.50 x107%, 0.30, 0.50, 0.60, 3, 6.25,
12.50, 25, 50

Fraction F4 2.5x 107, 5.0 x 107, 0.075, 0.15, 0.3, 0.5, 0.78, 1.25, 1.5, 6.25, 12.50, 25, 50

Fraction F5 3.13x10% 5.0 x 10%, 0.10, 0.20, 0.39, 0.78, 1.56, 3.13, 6.25, 12.50, 25, 50

Fraction F8 3.75x107% 7.50 x 10, 0.15, 0.50, 0.60, 1, 1.25, 1.5, 2, 3, 6, 12.50, 25, 50
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Appendix 2: Log curves of the melanoma cells treated with the standards

and fractions
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Figure Al: Log curves of the A375 cells treated with camptothecin (A), doxorubicin (B) and
fractions F2 (C), F4 (D), F5 (E) and F8 (F).
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Appendix 3: MS library matches
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Figure A3: Mass spectrum of compound F2B isolated from C. triloba root extract (A) matched the library template of

pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-3-(1-propenyl)perhydro- (B).
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Figure A4: Mass spectrum of compound F2C isolated from C. triloba root extract (A) matched the library template of 1,4-
naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-cyclohexenyl)formyl]- (B).
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Figure A5: Mass spectrum of compound F4A isolated from C. triloba root extract (A) matched the library template of

5-methoxy-7-methylbenz(a)anthracene (B).
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Figure A6: Mass spectrum of compound F4B isolated from C. triloba root extract (A) matched the library template of

androstan-17-one, 3,11-dihydroxy-, (3a,58,11p)- (B).
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Figure A7: Mass spectrum of compound F4C isolated from C. triloba root extract (A) matched the library template of
1-naphthalenecarboxaldehyde, 2,8-dihydroxy-3-methoxy-6-methyl-4-(1-methylethyl)- (B).
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Figure All: Mass spectrum of compound F5D isolated from C. triloba root extract (A) matched the library template of
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Figure A13: Mass spectrum of compound F5F isolated from C. triloba root extract (A) matched the library template of

9-cyano-2,15-diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl 2-chloroacetate (B).
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Figure A18: Mass spectrum of compound F8D isolated from C. triloba root extract (A) matched the library template of
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Figure A19: Mass spectrum of compound F8E isolated from C. triloba root extract (A) matched the library template of

4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl (B).
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Abstract

C. triloba is a South African annual plant that is found in the summer rainfall areas of South
Africa. The plant has been used by many traditional cultures as an abortifacient and to treat
painful menstruation, stomach cramps, nausea, fever and diarrhea. Previously, Mohanlall et
al. (2011) identified three anthraquinone derivatives (9,10-anthracenedione; 1-hydroxy-4-
methylanthraquinone and 5,8-dimethoxy-2,3,10,10a- tetrahydro-1H,4aH-phenanthrene-4,9-
dione) and one steroid (androst-5-ene-3, 17, 19-triol) from C. triloba. Reports have shown
that these types of compounds possess anticancer activity. Thus the aim of this study was to
investigate C. triloba for other possible anticancer compounds.

Different mobile phases were prepared for optimizing the separation of the compounds of the
hexane root extract by TLC. Column chromatography was performed with this extract using
six mobile phases (hexane, hexane: DCM, DCM, DCM: ethyl acetate, ethyl acetate and ethyl
acetate: methanol). The fractions collected from the column were examined for cytotoxicity
on two melanoma cell lines (A375 and UACC-62). The compounds from the active fractions
were structurally characterized by EI-LC-MS.

Column chromatography led to the isolation of ten combined fractions. Four of these fractions
(F2, F4, F5 and F8) displayed over 60% of cytotoxicity on the melanoma cell lines. Comparison
of the EI-LC-MS library structures to literature sources revealed that six classes of
compounds (nine anticancer compounds) were found in the hexane root extract of C. triloba.
These included: These were: benzothiophenones (benzothiophen-3(2H)-one, 2-(2-
trifluoromethylbenzylideno)- [F2A]), benzopyranones (pyrano[4,3-b]benzopyran-1,9-dione,
5a-methoxy-9a-methyl-3-(1-propenyl)perhydro [F2B]),  naphthoquinones  (1,4-
naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-cyclohexenyl)formyl]- [F2C] and  1,4-
naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy [F5D]), anthraquinones (5-methoxy-7-
methylbenz(a)anthracene [F4A] and 9,10-anthracenedione, 1,8-dihydroxy-3-methyl [F5B]),
androstanes (androstan-17-one, 3,11-dihydroxy-, (30,5B,11B)- [F4B]) and quinazolines
(4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl [F8E] and 9-Cyano-
2,15-diazatetracyclo  [8.7.0.0(3,8).0(11,15)] heptadeca-1,3,5,7,9,11,13-heptaen-12-yl  2-
chloroacetate [F5F]). In conclusion, this study revealed that the roots of C. triloba serve as a
rich source of anticancer compounds. Thus, the compounds characterized in this study could
be used towards the development of new anticancer drugs.

Key words: Ceratotheca triloba, cancer, cytotoxicity, hexane root extract, thin layer
chromatography, column chromatography, anticancer compounds.

1. Introduction

C. triloba is a South African annual plant that is found in the summer rainfall areas of South
Africa, mainly the grasslands. There are only four known species of Ceratotheca that are
found in Southern Africa’. The genus name ‘Ceratotheca’ means a horned capsule which is
derived from the Greek words kerato (horned) and theke (a case). The species name triloba is
derived from Latin, meaning three-lobed, alluding to leaves®. The plant belongs to the family
Pedaliaceae®. C. triloba has been used by many traditional cultures. The whole plant was
soaked in water to serve as a substitute for soap or shampoo. The plant was used to treat
painful menstruation, stomach cramps, nausea, fever and diarrhea®. Also, infusions of C.
triloba leaves were prepared and administrated as an abortifacient™®.

Some of the biological activities of C. triloba have been documented. The plant has no
angiotensin 1-converting enzymes’. The leaf extract of the plant has shown to inhibit o-
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amylases and thus it has anti-diabetic potential*®. Mohanlall and Odhav, (2013) reported other
biological activities of C. triloba'. The root and leaf extracts exhibited anti-bacterial activity
against Staphylococcus aureus, Micrococcus luteus, Escherichia coli, Salmonella
typhimurium and Bacillus cereus. In addition, partially purified fractions were obtained from
the root extract and they exhibited anti-bacterial activity against the same bacterial cultures.

According to previous research, Mohanlall et al. (2011) identified three anthraquinones (9,10-
anthracenedione;  1-hydroxy-4-methylanthraquinone  and  5,8-dimethoxy-2,3,10,10a-
tetrahydro-1H,4aH-phenanthrene-4,9-dione) and one steroid (androst-5-ene-3, 17, 19-triol)
from the hexane root extract of C. triloba'®. Reports have shown that these types of
compounds possess anticancer activity***°. In the search for finding alternative anticancer
drugs, we decided to further investigate the plant for other possible anticancer compounds.
Fractionation of the hexane root extract by column chromatography led to the isolation of 10
combined fractions. The cytotoxicity of the fractions was determined and the characterization
of nine anticancer compounds from the four active fractions was performed by LC-MS
analysis.

2. Materials and Methods

2.1 Plant material

C. triloba plants were collected from the wild in Durban, Kwa-Zulu Natal, South Africa.
The plants were authenticated by Professor H. Baijnath at the School of Life Sciences,
University of Kwa-Zulu Natal, Durban, South Africa. A voucher specimen was deposited in
the Ward Herbarium at UKZN (Westville campus).

2.2 Extraction

The roots and leaves were washed under running tap water and dried in an oven for 2-4 days
at 40°C until they broke easily by hand. Thereafter, the plant material was ground to a powder
by using a blender. The ground material was extracted in hexane on a shaker at 80 rpm for 24
hours at room temperature. The hexane extract was concentrated by using a roto-evaporator
(Heidolph Laborota 400 efficient) with the water bath set at a temperature of 50°C and the
flask rotated at 60 rpm. The concentrated extract was transferred to a glass bottle which was
covered in foil to prevent the compounds from being degraded by light. The extract was then
dried for 2-3 days under a fume hood and stored at room temperature.

2.3 Bioassay

2.3.1 Cell lines

Two melanoma cell lines were used in this study. The A375 cell line was provided by Dr
Catherine Kaschula from the International Centre for Genetic Engineering and Biotechnology
(ICGEB) at the University of Cape Town (UCT). The UACC-62 cell line was provided by
Natasha Kolesnikova from the Biosciences unit at the Council of Scientific and Industrial
Research (CSIR).

2.3.2 Sample preparation

The fractions were dissolved in DMSO and further diluted in the culture medium and added
to the cells at concentrations of 12.5 pg.ml™ and 25 pg.ml™. The final concentration of
DMSO that was used for all treatments was 0.1 %. Cells treated with DMSO served as a
negative control.
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2.3.3 Cytotoxicity assay (MTT assay)

Cells were cultured in DMEM supplemented with 10% heat-inactivated FBS, and antibiotics
(10,000 U/ml of penicillin, 10 mg/ ml of streptomycin) at 37°C in a humidified incubator
containing 5% CO, gas. An aliquot of 90 pl of cells (3 x 10°) was added to each well of a 96
well plate. After an incubation period of 24 hours the cells were treated with DMSO or the
fractions. The cells were incubated for 48 hours. Subsquently, MTT (0.5 mg/ml) was added
the and the mixture was incubated for 4 hours. Then 100 pul of 10% SDS in 0.01 M HCL was
added to the cells to dissolve the formazan crystals. The plates were incubated overnight. The
color intensity was read at 595 nm an ELISA plate reader (Digital Analogue Systems, Italy)
to obtain the absorbance density values.

2.4 Thin layer chromatography

Aliquots of 10 pl of the hexane root extract were loaded onto six pieces of silica gel TLC
plates (1 cm in width and 10 cm in length) (Merck) which were developed in the following
mobile phases: hexane: ethyl acetate: ethanol (1:8:1), ethanol: hexane (9:1), ethanol:
petroleum ether (1:9), hexane: dichloromethane (3:7), hexane: dichloromethane (1:9) and
hexane. Thereafter, the TLC plates were sprayed with a vanillin solution (300 mg vanillin in
84 ml of ethanol and 3 ml of H,SO,) (Sigma-Aldrich, Inc) and heated with a blow dryer for 2
minutes to reveal the bands.

The separation of the compounds of the hexane root extract was further optimized by using
different ratios of hexane: DCM (a polarity based separation method) (Table 1). Eight pieces
of TLC plates (1 cm in width and 10 cm in length) were loaded with 10 ul of the hexane root
extract. These plates were developed in hexane and one of the plates was sprayed and heated
as described above. The seven remaining plates were re-ran in hexane: DCM at a ratio of
10:90 and one of the plates was sprayed and heated. Then the six remaining TLC plates were
consecutively processed as described in Table 1.

Table 1: Ratios hexane and DCM used to separate the compounds of the hexane root extract
by TLC

Ratio of hexane: Number of TLC Number of TLC

DCM plates developed plates sprayed with
vanillin and heated
1:0 8 1
10:90 7 1
88:12 6 1
85:15 5 1
60:40 4 1
40:60 3 1
20:80 2 1
0:1 1 1

2.5 Column chromatography

The lower part of a glass column (30 mm in width and 80 cm in length) was stocked with
cotton wool by using a glass rod. An aliquot of 300 ml of hexane and 60 g of silica gel 60
(0.063-0.200 mm, 70-230 mesh ASTM) (Merck) was mixed to form a slurry which was
poured into the column. The tap was left open for collection of the excess hexane into a
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beaker. An aliquot of 50 ml of hexane was left in the column to prevent the formation of air
bubbles. Thereafter, 900 mg of the hexane root extract was mixed with 50 ml of hexane and
poured gently into the column. The compounds of the extract were separated and eluted by
gradually increasing the polarity of the mobile phase in the column. This was done by using
the following mobile phases: hexane : DCM (60 : 40, 40 : 60), DCM, DCM : ethyl acetate
(90 : 10, 70 : 30, 60 : 40, 50 : 50, 50 : 60, 30: 60, 20 : 80), ethyl acetate and ethyl acetate:
methanol (80 : 20, 70 : 30, 50 : 50). Thus, hexane: DCM (60:40) was poured first into the
column and the tap was opened for elution of the band/s into test tubes which had a capacity
of 20 ml. The next mobile phase was added when no more bands eluted from the column
while the hexane: DCM (60:40) mobile phase was used. This procedure was repeated with
the remaining mobile phases. The contents in each test tube represented a fraction that
consisted of one or several band/s. Each fraction was given a number, for example: 1. In
order to visualize the bands of the fractions, an aliquot of 10 ul of the fractions were loaded
onto TLC plates which were developed in the appropriate mobile phases (Table 2). The plates
were then sprayed and heated as described in section 4.4. All fractions were not analysed by
TLC because if the colour of the solution was repeated in many test tubes; this suggested that
similar fractions was present in the respective test tubes.

Table 2: Fractions were loaded onto TLC plates which were developed in the appropriate
mobile phases

TLC plate  Fractions Mobile phase Solvent
ratio

A 13,16, 17,19, hexane: DCM 60:40
22,23, 24,25

B 31, 34, 36,40, hexane: DCM 60:40
41, 43, 45, 47

C 48,50, 53,54, DCM: ethyl acetate 90:10
57, 58, 60, 66

D 66, 68, 69, 71, DCM: ethyl acetate 60: 40
72,73

E 75, 76, 80 DCM: ethyl acetate 60: 40

F 81, 82, 84,86, Ethyl acetate: 70: 30

87, 88, 89, 90 methanol

2.6 Electron lonization-Liquid Chromatography-Mass Spectrometry (EI-LC-MS) analysis

EI-LC-MS analysis was performed by using the Waters Thermabeam (TMD) system which
comprised of a 2695 Solvent Delivery System, 2996 photodiode array (PDA) detector,
column heater and Thermabeam (TMD) Electron lonization Mass spectrometry detector.
Chromatographic separation was achieved in a Waters Xbridge C18 column (150 x 2.1 mm,
3.5 um) that was kept at 400C. The first eluent comprised of water (containing 10 mM
Formic acid) (C) and acetonitrile (D) (70:30) at 0.2 ml.min-1. The gradient table of the
chromatographic process is summarised in Table 3. The TMD detector was operated in
positive scan mode (50 — 650 amu) with a gain of 10 collecting 1 spectrum per second. The
nebuliser temperature was set at 900C, the expansion region temperature at 800C and the
source temperature at 2250C. The total volume of post-column eluent was sent to the TMD
detector and helium was used as the nebulisation gas at 30 L.h-1. The TMD detector was
tuned every day prior to starting an analysis run and caffeine was injected as the test
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compound to ensure functionality of the total system. The injection volume was 5 pl for all
fractions.

Table 3: Gradient conditions on the Waters 2695 solvent delivery system.

Time Flow % C % D Curve
0.0 0.20 70 30 6
1.0 0.20 70 30 6

40.0 0.20 0 100 6

48.0 0.20 0 100 4

50.0 0.20 70 30 3
60.0 0.20 70 30 6

Water containing 10 mM Formic acid (C), acetonitrile (D).

3. Results and discussion

3.1 Thin layer chromatography analysis

In order to optimize the seperation of the compounds of the hexane root extract for column
chromatography, we performed thin layer chromatography (TLC) to view which mobile
phases could best separate the compounds of this extract. The TLC plates in Figure 1 depict
the degree of separation of the compounds after exposing the hexane root extract to different
mobile phases. The hexane mobile phase (Lane 6) held back most of the compounds at the
baseline and allowed the separation of one band. The hexane: DCM mobile phase at a ratio of
1: 9 (Lane 5) allowed for the separation of two bands and initiated the movement of some
compounds from the baseline. The hexane: DCM mobile phase at a ratio of 3: 7 (Lane 4)
began the actual separation of the compounds. Subsequently the hexane: DCM mobile phase
was chosen for column chromatography as these solvents showed the potential to separate the
compounds of the hexane root extract. The other three mobile phases (Lane 1 - ethyl acetate:
hexane: ethanol [1:8:1], Lane 2 - hexane: ethanol [9: 1], Lane 3 - ethanol: petroleum ether
[1:9]) were not used because these permitted poor separation and allowed the compounds to
run too quickly towards the solvent front. We further optimized the separation of the
compounds of the hexane root extract. Figure 2 shows the separation of the compounds was
achieved by slowly increasing the polarity of the hexane: DCM mobile phase. A similar
principle was applied to the column.
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Figure 1: Separation of the compounds of the hexane root extract by using different mobile
phases. Lane 1- ethyl acetate: hexane: ethanol (1:8:1), Lane 2 - hexane: ethanol (9: 1), Lane 3
- ethanol: petroleum ether (1:9), Lane 4 — hexane: DCM (3: 7), Lane 5 - hexane: DCM (1:9),

Lane 6 - hexane.

b
AL

Figure 2: Separation of the compounds of the hexane root extract by using different ratios of
hexane: DCM. Lane 1 - 1:0, Lane 2 - 1:9, Lane 3 - 88:12, Lane 4 - 85: 15, Lane 5 - 60:40,

Lane 6 - 40:60, Lane 7 - 20:80, Lane 8 - 0:1.
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3.3 Fractionation of the root extract by column chromatography

Column chromatography was ran twice with the hexane root extract (results from column run
2 are not shown as the experiment was repeated to bulk up the fractions). The fractions that
were collected from both column runs were grouped into two sets as shown in Table 4. Set A
represented the 91 fractions that were collected from column run 1 while set B represented
the 83 fractions that were collected from column run 2 (results not shown) (Figure 3 and
Table 5). Thereafter, the fractions with the same or similar band pattern or solution colour
(colour of the solvent after the fraction has been dissolved in it) were pooled into two other
sets. The fractions that were collected from column run 1 were pooled into 9 fractions (1A-
9A) which were represented by Set C. The fractions that were collected from column run 2
were pooled into 8 fractions (1B-8B) which were represented by Set D (Table 4). The
fractions from set C and set D were then ran on TLC plates as shown in Figure 4. Thereafter,
the fractions from these two sets were combined according to their band pattern (Figure 4 and
Table 6). Subsequently a total of ten combined fractions (F1-F10) were isolated from the
hexane root extract. The combined fractions were then ran on TLC plates as shown in Figure
5. The Rf values and band colours of the these fractions are shown in Table 7. The yields of
these fractions are shown in Table 8. Fractions F1, F7 and F9 had the highest percentage
yields (approximately 200 mg) while fraction F3 had the lowest percentage yield (5.9 mg).

Column chromatography allowed us to narrow down a large pool of compounds (plant
extract) into smaller pools of compounds (fractions). In this way when we screened the
fractions for activity, the less active fractions were ruled out while the active fractions were
further researched. Certainly, column chromatography did not elute purified compounds (as
shown by thin layer chromatograms in Figure 3. This may be due to the co-elution of similar
structured compounds from the complex plant extract of C. triloba. Hostettmann, (1997)
reported that the purification of pharmacological compounds from plants is a difficult and
time consuming process'’. Thus, further research would have to be conducted to achieve the
purification of the compounds from C. triloba. Separation techniques that can be used to
facilitate purification include: mini-column chromatography, preparative thin layer
chromatography (PTLC) and preparative high performance liquid chromatography (PHPLC).

Some of the fractions (F2, F3, F4 and F5) isolated from the hexane root extract formed
crystals (Figure 6). It has been reported that certain plant derived compounds (such as
anthraquinones and naphthoquinones) can form crystals. For instance, 2,6-
dihydroxyanthraquinone and 2-hydroxy-6-methylanthraquinone isolated from the Rubia
cordifolia extract formed red crystals’®. In addition, juglone (5-hydroxy-1,4-
naphthalenedione) isolated from Juglans regia formed vyellow crystals’®. Thus, the
observation of crystals in the fractions may be an indication of the presence of
anthraquinones and naphthoquinones.

Table 4: Fractions that were collected by column chromatography were organized into sets.

Origin of fractions Set
Fractions collected from column run 1 A

Fractions collected from column run 2 B

Fractions collected from column run 1 were pooled into 9 C

fractions (1A-9A)

Fractions collected from column run 2 were pooled into 8 D

fractions (1B-8B)
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Figure 3: TLC of the fractions (13-90) (A-F) that were collected from column run 1.

Table 5: Fractions collected from column run 1 by using different mobile phases.

Fraction  Fractions Solution colour* Mobile phase Solvent ratio
pooled
1A 1-15 Light yellow Hexane : DCM 60 : 40
2A 16 - 17 Yellow Hexane : DCM 60 : 40
18-21 Dark orange Hexane : DCM 60 : 40
3A 22 - 23 Orange Hexane : DCM 60 : 40
24 - 27 Yellow Hexane : DCM 60 : 40
28 - 31 Yellow Hexane : DCM 40 : 60
4A 32-34 Light orange Hexane : DCM 40:60
35-43 Orange Hexane : DCM 40 : 60
5A 44 - 47 Orange DCM 100
48 - 49 Orange DCM : Ethyl 90:10
acetate
50 -51 Brownish red DCM : Ethyl 90:10
acetate
6A 52-55 Dark red DCM : Ethyl 90:10
acetate
7A 56 - 58 Reddish orange DCM : Ethyl 90:10
acetate
59 - 60 Orange DCM : Ethyl 90:10
acetate
61 - 66 Orange DCM : Ethyl 70:30
acetate
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6772 Orange

8A 73-74 Light orange
75 Clear
76-77 Clear
78 Clear
79-80 Clear
81 Clear
82 Clear

9A 83 -85 Dark purple
86 - 90 Dark purple
91 Dark purple

DCM : Ethyl
acetate

DCM : Ethyl
acetate

DCM : Ethyl
acetate

DCM : Ethyl
acetate

DCM : Ethyl
acetate

DCM : Ethyl
acetate

Ethyl acetate
Ethyl acetate :
Methanol
Ethyl acetate :
Methanol
Ethyl acetate :
Methanol
Ethyl acetate :
Methanol

60: 40

60: 40

50:50

50: 60

30- 60

20:80

100
80:20

80:20

70:30

50:50

* Colour of the solvent after the fraction has been dissolved in it.

Note: These fractions were represented by set A. The same or similar fractions were pooled into 9 fractions

(1A-9A) which were represented by set C.

‘s |

-
- A

1A 1B 2A 2B 3B 3A 4B

B TY n " ".

Y - . . . ;90

4A

5B

SA 6B 6A 7A 7B

8A 9A 8B |

-

i

Figure 4: TLC of fractions 1A-9A (originated from column run 1, set C) and 1B-8B

(originated from column run 2, set D).

209



Table 6: Fractions 1A-9A (set C) and 1B-8B (set B) were combined according to their band
pattern to produce ten fractions.

Combined Fractions from set C and D
fraction

F1 1A, 1B

F2 2A

F3 2B

Fa 3B

F5 3A, 4B

F6 4A, 5B

F7 5A, 6B

F8 6A

F9 7A, 7B
F10 8A, 8B, 9A

- ‘ L
= A L: ‘

! 3 A - — - . - i

Root F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

Figure 5: TLC of the hexane root extract and fractions F1-F10.
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Table 7: Mobile phases used to develop fractions F1-F10 and the Rf values and colours of the
bands of these fractions.

Fraction Mobile phase Band Colour Rf value
F1 Hexane : DCM (60 : 40) A Purple 0.98
F2 Hexane : DCM (60 : 40) A Red 0.77
B Green 0.83
C Light red 0.86
F3 Hexane : DCM (60 : 40) A Green 0.74
B Purple 0.81
F4 Hexane : DCM (60 : 40) A Red 0.65
B Reddish brown 0.70
F5 Hexane : DCM (60 : 40) A Green 0.54
B Blue 0.59
C Red 0.62
F6 Hexane : DCM (40 : 60) A Purple 0.33
B Dark green 0.58
C Black 0.88
D Light red 0.94
F7 DCM : Ethyl acetate (90 : 10) A Purple 0.62
F8 DCM : Ethyl acetate (90 : 10) A Purple 0.63
B Dark green 0.72
C Light red 0.95
F9 DCM : Ethyl acetate (90 : 10) A Purple 0.49
F10 Ethyl acetate : Methanol (80 : 20) A Brownish black 0.73

Table 8: Yield of fractions F1-F10.

Fraction Mass of fraction (mg)
F1 232.5
F2 96.7
F3 5.9
F4 160
F5 86.2
F6 140.9
F7 276.1
F8 47.7
F9 232

F10 95.3
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Figure 54: Crystals formed by fractions F2, F3, F4 and F5.

3.2 Cytotoxicity activity

The ten combined fractions were screened on two melanoma cell lines. Fractions F2, F4, F5
and F8 exhibited a high percentage of cytotoxicity on both the A375 (89.85, 89.39, 90.81 and
75.51% at 25 pg.ml™, respectively) and UACC-62 (74.54, 97.55, 86.96 and 73.29% at 25
ug.ml ™, respectively) cell lines. Fraction F7 exhibited a moderate percentage of cytotoxicity
(47.70%) on the A375 cells. The other fractions (F3, F6, F7, F9 and F10) exhibited no
cytotoxicity or a low percentage of cytotoxicity on the melanoma cells (Figure 7 and 8).
Therefore fractions F2, F4, F5 and F8 were further investigated.
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Figure 55: Percentage of cytotoxicity exhibited by the fractions on the A375 cell line.
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Figure 56: Percentage of cytotoxicity exhibited by the fractions on the UACC-62 cell line.
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3.3 EI-LC-MS analysis

Preparative High Performance Liquid Chromatography (PHPLC) was used to separate the
compounds present in the four active fractions (F2, F4, F5 and F8). The chromatograms in
Figures 9-12 display the separation of the compounds. It was evident that the retention times
of some of the compounds were very close. Thus, the compounds present in the fractions
were structurally related. Due to this reason we were unable to separate all of the compounds
in the fractions. The compounds were structurally elucidated by MS analysis. The mass
spectrums of the isolated compounds (from PHPLC) were compared to library templates to
obtain their structures (Figure 13-21). Comparison of the structure names to literature sources
such as Zhang et al. (2006), Chuang et al. (2007), Xu et al. (2013), Hong et al. (2014), Yeap
et al. (2015), Okljesa et al. (2013) and Wasfy et al. (2015) revealed that six classes of
compounds (nine anticancer compounds) were found in the root extract of C. triloba 2.

These were: benzothiophenones (benzothiophen-3(2H)-one, 2-(2-
trifluoromethylbenzylideno)- [F2A]), benzopyranones (pyrano[4,3-b]benzopyran-1,9-dione,
5a-methoxy-9a-methyl-3-(1-propenyl)perhydro [F2B]),  naphthoquinones  (1,4-

naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-cyclohexenyl)formyl]- [F2C] and  1,4-
naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy [F5D]), anthraquinones (5-methoxy-7-
methylbenz(a)anthracene [F4A] and 9,10-anthracenedione, 1,8-dihydroxy-3-methyl [F5B]),
androstanes (androstan-17-one, 3,11-dihydroxy-, (30,5B,11B)- [F4B]) and quinazolines
(4(1H)-quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl [F8E] and 9-Cyano-
2,15-diazatetracyclo  [8.7.0.0(3,8).0(11,15)] heptadeca-1,3,5,7,9,11,13-heptaen-12-yl ~ 2-
chloroacetate [F5F]). The structures of these compounds are illustrated in Figures 22-25.
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Figure 9: Chromatogram of fraction F2 showing the presence of three distinct compounds of interest at varying retention times. F2A-Retention
time (Rt) = 29.228, F2B-Rt = 26.708 and F2C-Rt = 22.955.
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21.509, F5D-Rt = 19.016, F5F-Rt = 17.512.
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Figure 13: Mass spectra of compound F2A isolated from C. triloba root extract (top axis) matched the library template of
benzothiophen-3(2H)-one, 2-(2-trifluoromethylbenzylideno)-(bottom axis).
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Figure 14: Mass spectrum of compound F2B isolated from C. triloba root extract (top axis) matched the library template of
pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-3-(1-propenyl)perhydro- (bottom axis).
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Figure 15: Mass spectrum of compound F2C isolated from C. triloba root extract (top axis) matched the library template of 1,4-
naphthoquinone, 3-methyl-2-[(4-isopropenyl-1-cyclohexenyl)formyl]- (bottom axis).
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Figure 17: Mass spectrum of compound F4B isolated from C. triloba root extract (top axis) matched the library template of androstan-
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Figure 18: Mass spectrum of compound F5B isolated from C. triloba root extract (top axis) matched the library template of 9,10-
anthracenedione, 1,8-dihydroxy-3-methyl (bottom axis).
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Figure 19: Mass spectrum of compound F5D isolated from C. triloba root extract (top axis) matched the library template of 1,4-
naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy- (bottom axis).
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Figure 20: Mass spectrum of compound F5F isolated from C. triloba root extract (top axis) matched the library template of 9-cyano-
2,15-diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl 2-chloroacetate (bottom axis).
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Figure 21: Mass spectrum of compound F8E isolated from C. triloba root extract (top axis) matched the library template of 4(1H)-
quinazolinethione, 1-cyclohexyl-5,6,7,8-tetrahydro-2-phenyl (bottom axis).
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Figure 22: Compounds isolated from fraction F2. F2A-benzothiophen-3(2H)-one, 2-(2-
trifluoromethylbenzylideno)-, F2B-pyrano[4,3-b]benzopyran-1,9-dione, 5a-methoxy-9a-methyl-
3-(1-propenyl)perhydro, F2C-1,4-naphthoguinone, 3-methyl-2-[(4-isopropenyl-1-
cyclohexenyl)formyl]-.
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Figure 23: Compounds isolated from fraction F4. F4A-5-methoxy-7-methylbenz(a)anthracene
and F4B-androstan-17-one, 3,11-dihydroxy-, (30,58,11p)-.
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Figure 24: Compounds isolated from fraction F5. F5B-9,10-anthracenedione, 1,8-dihydroxy-3-
methyl, F5D-1,4-naphthoquinone, 2-acetyl-3-hydroxy-5,6,8-trimethoxy and F5F-9-cyano-2,15-
diazatetracyclo[8.7.0.0(3,8).0(11,15)]heptadeca-1,3,5,7,9,11,13-heptaen-12-yl 2-chloroacetate.
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Figure 25: Compounds isolated from fraction F8. F8E-4(1H)-quinazolinethione, 1-cyclohexyl-
5,6,7,8-tetrahydro-2-phenyl, F8F-2-methylenesuccinic acid, bis-(2-biphenyl-4-yl-2-oxoethyl
ester).
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4. Conclusions

Column chromatography allowed for separation of the hexane root extract into ten combined
fractions. From the results obtained it was evident that the cytotoxic compounds were located in
Fractions F2, F4, F5 and F8. Moreover according EI-LC-MS data, there were various classes of
anticancer compounds (benzothiophenones, benzopyranones, naphthoquinones, anthraquinones,
androstanes and quinazolines) present in these fractions. Mohanlall et al. (2011) previously
found 9,10-anthracenedione; 1-hydroxy-4-methylanthraquinone; 5,8-dimethoxy-2,3,10,10a-
tetrahydro-1H,4aH-phenanthrene-4,9-dione and androst-5-ene-3, 17, 19-triol. We were unable to
find these compounds in the roots of C. triloba as derivatization (presence of similar structured
compounds) made chromatographic analyse a challenge. Other techniques (such as mini-column
chromatography, PTLC and PHPLC) would have to be employed to achieve maximum
separation. Nevertheless, our study has revealed that the roots of C. triloba serve as a rich source
of anticancer compounds. It was important to perform this study as Narang and Desai, (2009)
reported that the “identification of cytotoxic compounds led to the development of anticancer
therapeutics for several decades™’. Thus, the compounds characterized in this study could be
used towards the development of new anticancer drugs.
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Abstract

Background: Ceratotheca triloba was found to contain three anthraquinones (9, 10-anthracenedione, 1-hydroxy-4-methylanthraquinone
and 5, 8-dimethoxy-2, 3, 10, 10a-tetrahydro-1H, 4aH-phenanthrene-4, 9-dione [DTP]) in its roots. Inhibition of the human topoisomerase
Il enzyme is the basis of some currently used cancer drugs such as doxorubicin which is shown to be cardio-toxic. For this reason we
decided to investigate anthraquinones from C. triloba as a possible anticancer drug, however the main limitation was the large quantities
of roots that are required to obtain a good yield of the active compound. Therefore the aim of this research was to obtain a higher yield of
anthraquinones in hairy roots cultures than the parent plant as well as to compare yields of hairy root, cell suspension and shoot cultures.
Materials and Methods: Protocols for seed sterilization, seed germination, shoot cultivation, callus induction, A. rhizogenes mediated-
transformation and hormone supplementations of hairy roots were developed.

Results: The results revealed that stem explants was susceptible to transformation by A%robacterium rhizogenes at a low optical density

of 0.2. Induced hairy roots were decontaminated by exposure to cefotaxime at 500mg.l ~ for five days and then 200mg.l-1 for eight days.
Visualization of culture extract profiles by TLC revealed anthraquinones were present in all cultures. Analysis of the culture extracts by
HPLC showed the highest yield of anthraquinones was produced in hairy root cultures supplemented with 1-Naphthaleneacetic acid
[NAA] (8 mg). This was a 17 fold increase compared to field roots (0.47 mg).

Conclusion: Therefore C. triloba hairy root cultures are the preferable biological system for anthraquinones production over shoot (0.13
mg) and cell suspension cultures (0.70 mg).

Key words: anthraquinones, Agrobacterium rhizogenes, Ceratotheca triloba, topoisomerase II, hairy root cultures, hormone
supplementations

Introduction
C. triloba is an annual plant that is found in the summer rainfall areas of South Africa. The root extract of the plant was found to contain
three anthraquinones; 9, 10-anthracenedione, 1-hydroxy-4-methylanthraquinone and 5, 8-dimethoxy-2, 3, 10, 10a-tetrahydro-1H, 4aH-
phenanthrene-4, 9-dione (DTP), and one steroid; androst-5-ene-3, 17, 19-triol (Mohanlall et al., 2011). Derivatives of the anthraquinones
molecule have shown to exhibit various pharmacological and biological activities which include: anticancer, antibacterial,
antitrypanosomal and antineoplastic activities (Baguley, 1991; Monneret, 2001; Dzierzbicka and Kolodziejczyk, 2005; Preobrazhenskaya
et al., 2006). Experiments in our lab have revealed that DTP can inhibit the human topoisomerase Il enzyme which transforms
supercoiled DNA to linear DNA. This mechanism is the basis of some currently used cancer drugs. For example: doxorubicin is used to
treat tumors of the mammary gland and gynaecological and haematological malignancies (Preobrazhenskaya et al., 2006). However the
use of this compound can be life threatening due to its cardiotoxicity (Hsiao et al., 2008). Recent research has also shown that
anthracenedione derivatives induce apoptosis in the human cervical cancer cell line, CaSki (Amin et al., 2009). Until now there has been
no effective compound against this type of cancer.

Due to the applications of anthraquinones and the need for alternative anticancer molecules, we decided to conduct further
research on the anthraquinones from C. triloba. There are certain limitations to extracting this anthraquinone from field grown plants. A
large quantity of roots is required to obtain a reasonable yield of the active compound. The plant growth is negatively affected by cold
winter conditions and is sensitive to pathogens and insects. Therefore we turned our attention to the in vitro production of
anthraquinones. In a previous study, cell suspension cultures of C. triloba were cultured to elicit an overproduction of anthraquinones,

but only 0.02ug.ml” ~ and 0.75 pg.ml ~ were produced in the control and elicited cultures, respectively (Naicker, 2011). This was due to
the undifferentiated state of the plant cells which synthesize low concentrations of secondary metabolites (Palazon et al., 2006). Hence in
this study we cultured hairy root cultures. These are differentiated plant tissues which are cultured by infecting stem explants with the
Gram negative bacterium, Agrobacterium rhizogenes which habours the Ri plasmid. The genes on this plasmid direct the transfer of
tDNA into the plants genome. This DNA contains genes that are responsible for the hairy root phenotype and auxin and cytokine
production that allow for growth without exogenous hormones. These cultures have been successfully employed towards producing
important anticancer plant compounds (taxol, vinblastine and vincristine) due to several advantages (Rowinsky and Donehower, 1995;
Kim et al., 2009; Ataei-Azimi et al., 2008; Schmelzer and Gurib-Fakim, 2008). Hairy root cultures can synthesize metabolites at a higher
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level than the parent plant (Pietrosiuk et al., 2007). They can produce metabolites specific to the parent plant as well as novel metabolites
that cannot be detected in the mother plant or other plant tissue cultures (Nader et al., 2006). When compared to other in vitro cultures
they have a higher growth rate and secondary metabolite yield than untransformed cultures (Charlwood and Charlwood, 1991; Flores et
al., 1999). Therefore aims of this research were to obtain a higher yield of anthraquinones in hairy roots cultures than the parent plant as
well as to compare yields of hairy root, cell suspension and shoot cultures.

Materials and Methods
Plant Material

Seed pods and roots of C. triloba were collected from wild plants in Durban, Kwa-Zulu Natal, South Africa. The plant was identified by
using taxonomic keys and a voucher specimen was deposited in the Ward Herbarium at the University of Kwa-Zulu Natal (Westville
campus). The seed pods were broken to remove the seeds which were stored in a closed bottle at room temperature. The roots were dried
in the laboratory at room temperature for 5-8 days or until they broke easily by hand. These were then ground to a fine powder using a
Wareing blender and stored in a closed bottle at room temperature until required.

Seed Germination and Shoot Cultivation

In order to determine the optimum time for effective surface sterilization the seeds were exposed to 30% NaClO for 0 (control), 5, 10, 15
and 20 minutes. The seeds were then washed with sterile distilled water and placed in a Petri dish containing solid MS medium (5 seeds
per plate) (Murashige and Skoog, 1962). A replicate of 5 Petri dishes were prepared for each exposure time. The Petri dishes were
incubated under visible light at room temperature. The seeds were examined for contamination after two weeks and the treatment regime
that produced the highest percentage of sterile seeds was used for germination seeds to produce shoot cultures for the in vitro
transformation experiment.

The germinated seedlings_&S weeks old) were cultivated into shoot cultures in 12 ¢cm culture ves_siels containing MS medium which was
supplemented with 1 mg.l = of 6-Benzylaminopurine [6-BAP] (Sigma-Aldrich, Inc.) and 0.5 mg.I = of Indole-3-acetic acid

[IAA] (Sigma-Aldrich, Inc.). The seedlings were incubated for 45 days in a growth chamber at 26°C under standard cool white

fluorescent light with a flux rate of 35 umols'lm'2 and a 16 h photoperiod.

Callus Induction and Preparation of Cell Suspension Cultures

The leaves of in vitro shoot cultures were removefl and cut into 1 cm square disks by using a scalpel. They (5 leaf disks per plate) were
placed on MS medium supplemented with 1 mg.l”™ of 2.4-D and 1 mg.I" ~ of 6-BAP (Sigma-Aldrich, Inc.). These plates were then placed
in a cardboard box and incubated in the dark phase at 26°C for 4 weeks. Induce calli were transferred onto fresh medium and maintained
by sub-culturing at 3 week intervals.

Inoculum for the cell suspension cultures were initiated by transferring approximately 1 g of callus (three weeks old) from t?e second
sub-culturelinto four 1000 ml Erlenmeyer flasks containing 50 ml of MS liquid medium which was supplemented with 1 mg. "~ of 2.4-D
and 1 mg.I"" of 6-BAP. The flasks were agitated on a shaker (Infors Ecotron, Polychem supplies cc) at 100 rpm at 26°C in the dark phase
for one week. Thereafter, 150 ml of MS medium was added to the inocula and the flasks were incubated for a further 2 months. At the
end of cultivation period the cell mass of suspension cultures was determined by centrifuging 50 ml volumes at 4000 rpm for 10 minutes
at 20°C. The total wet weight of the cell suspension cultures was determined by the following equation: (mass of beaker + cell mass) —
(mass of beaker) = total wet weight of cell suspension cultures from four flasks.

Production of Hairy Root Cultures
Cultivation of A. Rhizogenes

A. Rhizogenes strain 15834 was provided on yeast extract peptone (YEP) agar plates by the Council of Scientific and Industrial Research
(CSIR), South Africa. Plate cultures of A. rhizogenes were prepared by streaking the culture onto YEP agar (An et al., 1988). The strain
was cultivated for 24 hours at 30°C. A loopful of this culture was used to inoculate a 250 ml Erlenmeyer flask containing 50 ml of YEP
liquid medium. The flasks were placed on a shaker and incubated for 24 hours at 30°C. The optical density (OD) of the culture was
determined spectrophotometrically at 600 nm and the culture was diluted with YEP medium to an OD of 1, 0.5 and 0.2 for the
transformation experiment.

Hairy Root Induction in C. Triloba Using A. Rhizogenes

Shoots of the in vitro grown plantlets were cut at the stems and the leaves and stems were used as explants. These were inoculated with a sterile
scalpel dipped in three concentrations (OD of 1, 0.5 and 0.2) of the A. rhizogenes culture. Leaf explants were inoculated by pricking and stem
explants were cut. Explants inoculated with a scalpel dipped in YEP medium served as the control. The infected and control explants were placed
on MS medium (containing no hormones) and incubated for 3-4 weeks at 26°C under standard cool white fluorescent light with a flux rate of 35
umols'lm'2 and a 16 h photoperiod. The response of the explants to Agrobacterium in terms of hairy root emergence was measured by
determining the transformation efficiency: (number of hairy roots/number of explants) X 100. Induced hairy roots were excised and then

decontaminated by treating them with 500 mg.I~ of cefotaxime for five days, and thereafter with 200 mg.l'1 of cefotaxime for eight days. The

sterility of the hairy roots was confirmed by placing 1 cm of the root onto a
YEP plate which was incubated at 30°C for three days. Once the roots were confirmed to be sterile the hairy root cultures were placed on
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MS medium plates and maintained by sub-culturing onto fresh medium at three week intervals.

Effect of Auxins on Hairy Root Biomass Production

In order to improve the growth of hairy roots two auxins were used, NAA at 1 mg.l'land IAA at 1 mg.l'l. Inoculum cultures were
prepared by transferring approximately 200 mg hairy roots into 1 L flasks containing 30 ml of MS medium. Three flasks containing
medium with no hormone served as the control cultures. All cultures were incubated at 26°C in a shaker under standard cool
white fluorescent light with a flux rate of 35 umols'lm'2 and a 16 h photoperiod. An aliquot of 70 ml of medium was added to the
inoculum cultures after 3 weeks and a final volume of 100 ml of medium was added to the flasks after a further 3 weeks. Cultures were
then incubated for 4 weeks. Thereafter the biomass was removed from the medium using a forceps and the increase in wet weight was
determined by the following equation: (final wet weight — initial weight = increase in wet weight).

Examination of the Morphological Characteristics of Adventitious Roots and Hairy Roots

Shoot cultures were sub-cultured on Petri plates containing MS medium supplemented with 1 mg.l-1 of_&BA to induce adventitious roots.
Induced hairy roots were transferred onto plain MS medium and MS medium supplemented with 1 mg.l = of NAA.

The plates were incubated at 26°C under standard cool white fluorescent light with a flux rate of 35 pmols'lm'2 and a 16 h
photoperiod. The morphology of adventitious roots and hairy roots were examined according to color and branching of the lateral roots.

Extraction and Analysis of Anthraquinones

The preparation of the field roots, shoot, cell suspension and hairy root cultures for extraction varied but the preparation of the different
extracts was the same. This is outlined below:

Field roots: the ground material of the field roots was extracted with hexane by agitation on a shaker at 180 rpm for 24 hours at room
temperature.

Shoot cultures: the shoot cultures were dried at 30°C in an oven and crushed to a fine powder in a Waring blender. The powder was
extracted in 100 ml of hexane at room temperature by agitation on a shaker at 180 rpm for 24 hours.

Cell suspension cultures: The cell mass was harvested by centrifuging 50 ml volumes of suspension culture at 4000 rpm for 10 minutes
at 4°C. The cell mass pellet was disrupted by sonication (Virsonic, Virtis) at 4 psi for 10 minutes. The cell mass (used to obtain the intra-
cellular extract) and the supernatant (used to obtain the extra-cellular extract) were agitated in 100 ml of hexane in 1 L flasks on a shaker
at 180 rpm for 24 hours at room temperature.

Hairy root cultures: The hairy root biomass was macerated using a scalpel. The macerated root mass (used to obtain the intra-cellular
extract) and the supernatant (used to obtain the extra-cellular extract) were extracted in 200 ml of hexane on a shaker at 180 rpm for three
days at room temperature.

Preparation of the intra-cellular extracts involved using the following protocol. Filtration was used to separate the powdered plant
material, cells and macerated hairy roots from the hexane extract which was then concentrated by using a roto-evaporator (Heidolph
Laborota 400 efficient) with the water bath set at a temperature of 50°C and the flask rotated at 60 rpm. The residue was dissolved in 10
ml of hexane and transferred to a glass bottle which was covered with foil to prevent light from degrading the compounds. The extract
was dried under an air current for 3 days and used for chromatographic analyses. For the extra-cellular extract the hexane fraction was
slowly poured out into a flask and concentrated as described above.

Profile of Compounds and Detection of Anthraquinones in the Field Root Extract and in Plant Cell and Tissue Culture Extracts
by TLC

Thin layer chromatography (TLC) was performed to compare the compounds and detect anthraquinones in C. triloba field root extract
and plant cell and tissue culture extracts by using commercial standards; 9,10-Anthracenedione and 1-Hydroxy-4-methylanthaquinone
(Sigma-Aldrich, Inc) (1 mg.ml'1 dissolved ethyl acetate). Approximately 10 pl of each standard solution, 50 pl of the field root extract
and plant cell and tissue culture extracts were applied to the TLC silica gel plate (Merck TLC Fzs4). Hexane: ethyl acetate (90:10) was
used as the mobile phase. The developed TLC plate was visualized under ultraviolet light at 312 nm and 264 nm (Camag Universal UV
lamp TL-600). The TLC plate was also sprayed with p-anisaldehyde solution (13.31 ml of anisaldehyde in 250 ml of ethanol and 2.5 ml
of H2S04) and heated at 120°C in an oven for 15 minutes as described by Wagner et al. (1984)

Quantification of Anthraquinones by HPLC

HPLC analysis was carried out according to the method described by Fernand et al. (2008) using commercial standards. A standard curve

was generated with 10, 20, 50, 5, and 2 ug.ml_l of 9, 10- anthracenedione and 1-hydroxy-4-methylanthaquinone (Sigma-Aldrich, Inc.)
which were dissolved in ethyl acetate. The field root extract, hairy root, shoot and cell suspension culture extracts were dissolved in ethyl
acetate and filtered for HPLC analysis. Separation and quantitative analyses of anthraquinones were performed on a
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Merck- Hitachi LaChrom system (Darmstadt, Germany) consisting of a D7000 system controller, four pumps (D7400), a Merck- Hitachi
LaChrom (L-7200) auto injector and an Merck- Hitachi LaChrom (L-7200) UV-VIS detector (A = 260 nm). Separation of the analytes
was performed at 40 "C on a Licrospher C18 (2) column, 100 A pore size, 5um particle size, 250%4.6 mm i.d.column containing a
guard column (Merck, Darmstadt, Germany). The analytes were eluted isocratically at a flow rate of 0.4 mI.min'l using an
acetonitrile/methanol/buffer (25:55:20, v/v). The buffer used as 10 mM ammonium acetate at pH 6.8. The injection volume was 10 pL.

Results and Discussion
Seed Germination and Shoot Culture

The optimum exposure time to NaCIO for maximum seed germination and minimum contamination was determined by exposing the C.
triloba seeds to 30% NaClO for 0, 5, 10, 15 and 20 minutes. It was found that the percentage of seed germination decreased as the
exposure time of the seeds to NaCIlO increased (Fig 1). This could be due to damage of the seed by NaClO. The best exposure time for
sterilization of C. triloba seeds with 30 % NaClO was 10 minutes as 26 % of seeds germinated and only 6 % was contaminated. The
sterilized seeds germinated on MS medium within two to three weeks. The seedlings developed into shoots after 45 days.
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Figure 1:Percentage of seeds that germinated and the percentage of seeds that were contaminated after treatment with 30% NaClO at
different time intervals.

Callus and Cell Suspension Cultures

Callus initiation was observed on the surface or cut ends of the leaf explants after 2-3 weeks of inoculation. Callus cultures induced from
C. triloba leaf explants on MS medium were orange-yellow in color. When callus cultures were transferred into flasks containing MS
liquid medium, the friable callus tissue dispersed into small aggregates after the flasks were agitated on the shaker. This allowed for
semi-homogenous cell suspension cultures to form for scaling up to 200 ml. After two months of cultivation the cell suspension cultures
turned from orange to brown in color. This phenomenon was observed in Morinda elliptica cells which turned brown when
anthraquinones were produced (Abdullah et al., 1998). Thus the browning of these plant cell cultures can indicate the time to harvest the
cells from suspension cultures for extraction of secondary metabolites.

Induction of Hairy Roots

The transformation of C. triloba to produce hairy roots was dependent on the type of explant used (young tissues of sterile plantlets,
hypocotyl segments, cotyledons, petioles and young stems and leaves are normally used). In this study stem and leaf explants of shoot
cultures were used and it was found that stem explants gave the highest transformation efficiency (73 %) while leaf explants were not
responsive to transformation by A. rhizogenes (Table 1, Fig 2A and 2B). The concentration of A. rhizogenes used was also significant as
it influenced the survival of the explants. A low concentration of A. rhizogenes (culture with an optical density of 0.2) transformed the
stem explants whereas high concentrations (culture with an optical density of 0.5 or 1) killed the explants (Table 1). The concentration of
cefotaxime used to decontaminate the induced hairy root cultures was also significant. Induced hairy roots were disinfected by

transferring onto MS medium containing 500 mg.l_1 of cefotaxime. Hairy roots kept on this medium for more than five days resulted in
browning and they stopped growing. Therefore, they were transferred onto MS medium containing a lower concentration of cefotaxime

(200 mg.I""). After eight days on this medium, the sterility test showed that the hairy roots were sterile as no bacterial colonies grew on
YEP solid medium.

Morphological Characteristics of Adventitious and Hairy Roots
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Hairy roots cultured on MS medium containing no hormone were slow growing. Therefore, the morphology of adventitious roots (non-
transformed roots) and hairy roots were examined to ensure that the hairy roots induced were as result of Agrobacterium transformation.
Adventitious roots were induced in C. triloba shoot cultures using MS medium containing 1 mg.l-l of IBA Morphologically, these roots
were highly branched and were white in colour. In contrast, the hairy roots cultured with no hormone or with NAA were less branched and
turned brown as the biomass increased in the plate. Hence, based on the morphological features it can be assumed that in this study the
induced hairy roots resulted from Agrobacterium transformation

Table 1: Concentration of A. rhizogenes used to transform C. triloba and the transformation efficiency of leaf and stem explants.

Explant Concentration of No. of explants transformed Transformation efficiency (%)
bacteria (OD)

Leaf Control None 0
1 None 0
0.5 None 0
0.2 None 0
Stem Control None 0
1 None 0
0.5 None 0

0.2 11 73.33

Figure 2:C. triloba hairy roots were induced on MS medium and became highly branched after 4 weeks (A). The hairy roots emerged from
stem explants (B).

The Effect of Auxins Hairy Root Biomass

Hairy root cultures containing no hormone did not grow well as the entire hairy root biomass turned brown after four weeks. This result
contradicted the findings of Estruch et al. (1991) who indicated that hairy roots can growth rapidly in hormone free medium. The mean
doubling time of hairy roots after inoculation varies from 24 to 90 hours, but in some cultures this time is even longer, for example the
doubling time of Galphimia glauca hairy roots was 6 days (Nader et al., 2006) and as long as 15 days has been reported for Cinchona hairy
roots (Geerlings et al., 1999). Thus great variations exist from one species to another. It has been reported that the improvement of the
culture medium can increase the growth rate of slow growing hairy roots as well as the yield of secondary metabolites. In our study we
added auxins; IAA or NAA into the medium. Cultures containing either one of these hormones turned brown while their lateral roots were
yellow in color and continued growing). Moreover the mean biomass of these cultures increased by 23.21 and 44.79 times, respectively in
comparison to the control culture. Thus MS medium containing NAA produced the highest mean biomass (46.13 g) (Fig 3). A study by
Balvanyos et al. (2001) also showed that the addition of NAA into the medium increased the biomass production of Lobelia inflata L. hairy
root cultures.
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figure 3:The biomass of hairy root cultures were cultivated in MS medium containing no hormone (control) and 1 mg.l'l of IAAor 1 mg.l’
of NAA
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Figure 4:Separation of compounds and detection of anthraquinones from the field root extract and plant cell and tissue culture extracts of C.
triloba. The TLC profiles of the field root extract and hairy root, shoot and cell suspension culture extracts of C. triloba were compared under UV
light at 312 nm (A) and 264 nm (B) and by using p-anisaldehyde spray reagent (C). Field root extract (RT) (lane 1). Hairy root extract from the
cultures cultivated with no hormone (lane 2), hairy root extracts from the cultures supplemented with IAA or NAA (lane 3-6). Cell suspension
culture extract (CS) (lane 7). Shoot culture extract (ST) (lane 8). 9, 10-Anthracenedione (AN) (lane 9), 1-Hydroxy-4-methylanthaquinone (MA)
(lane 10). Intra-cellular extract (IC), Extra-cellular extract (EC).
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Profile of Compounds and Detection Of Anthraquinones in the Field Root Extract and Plant Cell and Tissue Culture Extracts by TLC

The TLC and Rf value profiles of the field roots and hairy root, shoot and cell suspension cultures are shown in Fig 4. Different visualization
methods were used as not all bands were visible when only one method was used. For instance band A was only shown clearing on the TLC
viewed under UV light at 312 nm. The TLC viewed at 264 nm showed the standards clearly. This allowed for the Rf values of 9, 10-
Anthracenedione (0.55) and 1-hydroxy-4-methylanthaquinone (0.60) to be compared to the Rf values of the bands in the extracts. The Rf value of
band D (0.55) in the hairy root and cell suspension culture extracts correlated to Rf value of 9,10-Anthracenedione. There were three other bands
that had a Rf value similar tol-hydroxy-4-methylanthaquinone. These were: band A (0.71) (Fig 4A) which was present in field root and hairy root
extracts, band B (0.70) (Fig 4B) which was present only in hairy root culture extracts and band C (0.64) (Fig 4B) which was present in the field
root and hairy root, shoot and cell suspension culture extracts. The TLC sprayed with p-anisaldehyde showed most of the bands present the
extracts, however the standards were not visible (Fig 4C). Thus the TLC results gave indication that anthraquinones were present in the extracts.

Quantification of Anthraquinones by HPLC

HPLC analysis showed that the 9, 10-Anthracenedione and 1-Hydroxy-4-methylanthaquinone standards eluted at retention times (Rt) of 3.72-3.75
minutes and 4.07-4.12 minutes, respectively (Table 2). The field root extract showed peak at 3.57 minutes. The hairy root culture extracts showed
a peak between 3.60-3.70 minutes. The shoot and cell suspension cultures extracts showed a peak at 3.55 and 3.68 minutes, respectively. Thus
anthraquinones were present in the plant cell and tissue culture extracts. However, individual anthraquinones were not identified due to co-elution
and therefore, the total amount of anthraquinones was calculated.

Table 3: Retention times of anthraquinones from C. triloba field root, plant cell and tissue culture extracts

Sample/Standard 9.10-Anthracenedione 1-Hydroxy-4-methylanthaquinone
Retention Time (Ry) - Retention Time (Rt) - minutes
minutes
Standard 3.72
9.10-Anthracenedione
Standard 4.07
1-Hydroxy-4-methylanthaquinone
C. triloba field root extract 3.57 -
Hairy root (cultivated in MS medium without 3.60 -
hormone) intra-cellular extract
Hairy root (cultivated in MS medium 3.62 -
supplemented with IAA) intra-cellular extract
Hairy root (cultivated in MS medium 3.70 -
supplemented with NAA) intra-cellular extract
Shoot culture extract 3.55 -
Cell suspension culture intra-cellular extract 3.68 -

The concentration of anthraquinones in C. triloba field root extract and plant cell and tissue culture extracts were calculated by using the standard curve of
9,10-Anthracenedione (Table 3). Hairy root cultures supplemented with IAA (125.03 ug.mg'l [intra-cellular extract]) or NAA (98.25 pg. mg'1 [intra-

cellular extract]) produced a higher concentration of anthraquinones compared to the control culture (13.33 ug.mg'l [intra-cellular extract]). This was a
9.38 and a 7.37 fold increase, respectively. Also hairy root cultures supplemented with IAA or NAA produced a higher concentration of anthraquinones

compared to the field roots of C. triloba (33.51 pg. mg'l). This was a 3.73 and a 2.93 fold increase, respectively. This is possible as there is evidence that

the secondary metabolites produced by hairy roots in culture are same as those usually synthesized in the intact parent roots and have similar or higher

yields. For instance similar results were obtained in C. roseus hairy root cultures (Pietrosiuk et al., 2007). Studies show that the biosynthesis of secondary

metabolites in hairy root cultures is directed by the effect of the oncogenes (the four rol genes A, B, C and D) (Schmidilling et al., 1988; Petersen et al.,

1989; Estruch et al., 1991). For example, it has been reported that a correlation exists between the expression of the rolC gene and the production of C.

roseus alkaloids (Palazon et al., 1998). Furthermore a study reported by Bulgakov et al. (2002) showed that an association exists between the rol genes and

anthraquinone production. In this study callus cultures of Rubia cordifolia were transformed with rol genes and the level of anthraquinones (purpurin and

munjistin) was as high as 4.8% of the dry weight extract. This was much higher than the yields reported by Mischenko et al. (1999) for R. cordifolia field

roots (0.2% of the dry weight extract) and non-

transformed callus cultures (0.62-1.22% of the dry weight extract). The rol genes have also been considered to be potential activators of secondary
metabolism in transformed plants as shown in Solanaceae, Araliaceae, Rubiaceae, Vitaceae and Rosaceae families (Bulgakov, 2008). Thus, the
effect of the rol genes on secondary metabolism may probably be the reason for the higher anthraquinone yields in hairy root cultures of C. triloba.

Shoot (3.23 pg.mg ) produced a lower concentration of the anthraquinones in comparison to the field roots and hairy roots (supplemented with
hormones). According to literature shoot cultures can produce high yields of secondary metabolites for example;

Frangula alnus and Frangula rupestris shoot cultures (Kovacevi¢ and Grubisi¢, 2005). However, some shoot cultures produce lower quantities of
secondary metabolites than the parent plant for example; Gentianella austriaca shoot culture (Vinterhalter et al., 2008).

Cell suspension cultures (13.17 pg.mg ) also produced a lower concentration of the anthraquinones in comparison to the field roots and hairy roots
(supplemented with hormones). A major limitation of cell suspension cultures is their lack of ability to synthesize secondary metabolites at the
same level as the intact parent plant. This could be due to the lower degree of differentiation and organization of cell suspension cultures compared
to organ cultures, and the location of key enzymes involved in the biosynthetic pathways (Palazon et al., 2006). There are certain genes and
proteins that are required to produce the secondary metabolites of interest. For example, the expression pmt gene is essential for the synthesis of
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scopolamine and the expression of this gene is specific to the pericycle of the roots (Suzuki et al., 1999). In the case of C. triloba the
anthraquinones of interest are predominantly synthesized in the roots and thus root differentiation of the plant tissue is required to express certain
genes in order for high yields of anthraquinones to be synthesized.

Table 3: Concentration and yield of anthraquinones from C. triloba field root and plant cell and tissue culture extracts

Plant Hormones Extract Anthraquinones Yield of anthraquinones in the  Fold increase (comparison
. -1 .
material (mg) (ng.mg ) extract (mg) to field roots)
Natural 14 3351 0.47 +0.11* -
roots
Hairy roots ~ No hormones 37.7 13.33 0.50 +0.09 -

(control) (IC)

IAA (IC) 38.8 125.03 4.85+0.17 3.73
I1AA (EC) 13.3 0.0037 0.00005 + 0.05 -
NAA (IC) 81.4 98.25 8.00 +0.25 2.93
NAA (C) 5.3 117.23 0.62 £0.13 3.50
Cell 2,4-D and 6-BAP 53.1 13.17 0.70+£0.14 -
suspension (1C)
Shoot 6-BAP and IAA 39.6 3.23 0.13 £0.09 -

culture

IC (Intra-cellular extract), EC (Extra-cellular extract). Fold increase is representative of the increase in the concentration
of anthraquinones found in hairy roots cultures compared to C. triloba field roots. * n=3

In this study, we established the C. triloba hairy root system that exhibits the biosynthetic capacity for anthraquinones production. This
was achieved by obtaining the following objectives. Protocols have been developed for the surface sterilization and germination of C.
triloba seeds for the cultivation shoot cultures to serve as a source of explants for transformation. Hairy root cultures were induced by
employing a low cell density inoculum of A. rhizogenes and antibiotic decontamination to induced cultures. Improvement of the biomass
yield of the hairy root cultures by hormone supplementation; allowed for the comparison of the TLC profiles of the hairy root culture
extracts to the field roots, shoot and cell suspension culture extract profiles. Also the highest yield of anthraquinones was produced in
hairy root cultures supplemented with NAA (8 + 0.25 mg). This was a 17 fold increase compared to field roots (0.47 + 0.11 mg).
Therefore C. triloba hairy root cultures are the preferable mode of anthraquinones production over shoot and cell suspension cultures.

Conclusion

This is the first study that shows the induction of C. triloba hairy root cultures and compares concentration of anthraquinones from C.
triloba hairy root extracts to the field root, shoot and cell suspension culture extracts. The levels of anthraquinones produced by hairy
root cultures showed a 17 fold increase as compared to the filed roots. Further optimization of culture parameters (the selection of

241



A. rhizogenes strain, medium composition, influence of pH and temperature and the effect of elicitors) can allow for the scale-up of the
cultivation of C. triloba hairy roots for the mass production of anthraquinones in bioreactors. For example, Catharanthus trichophylleus
hairy roots were cultivated at a 20 L scale and 17 monomeric indole alkaloids were isolated including vindoline, ajmalicine, lochnericine
and tabersonine (Pietrosiuk et al., 2007). Advances in bio-techniques and plant tissue culture technology have provided new means for
commercial processing of medicinal plants and their valuable phytochemicals. For example, the German company ROOTec has
specialized in the large-scale cultivation of hairy root cultures for the production of valuable secondary metabolites such as camptothecin
and podophyllotoxin (anticancer drugs) (Shuler and Kargi, 1992).
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