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Summary

The aim of this study was to unearth some of the ingredients that pose the bioactive nature
of Cleome gynandra, isolating such ingredients and proving their biological efficacy, a
discovery stage towards commercialisation. This was motivated by literature on indigenous
use and scientific literature where the potential health benefits of Cleome gynandra, as one
of the marginalised plants, have been demonstrated. A further aim was to use
physicochemical and biological methods to investigate the feasibility of supercritical CO;
fluid and spray dryer inclusion complexation of selected isolated biological ingredients with
B-cyclodextrin. This was motivated by the notion that such inclusion might result in
favourable alterations in the physical properties of these bioactive compounds (e.g.
increased aqueous solubility and improved biological accessibility) and hence render them in
more suitable form for eventual incorporation into pharmaceutical formulations.

In this thesis, single solvent system extraction, sequential extraction and supercritical fluid
extraction were used to prepare several extracts which were initially selectively investigated
for their inhibition of selected enzymes (a-glucosidase, a-amylase, renin, HMG-CoA
reductase and xanthene oxidase), inhibition of selected bacteria strains (Staphylococcus
aureus and Escherichia coli) and cancer cytotoxicity of lung cancer A549 cell line. The
greatest enzyme based activity was seen against a-glucosidase where the ethyl acetate,
acetone, n-hexane and supercritical fluid (COz2-ethanol) extracts exhibited activities with
91.76 £ 1.16, 89.97 + 1.77, 92.67 + 0.17 and 96.55 + 0.15 %inhibition, respectively, at 200
Mg/mL. In bacterial assays, the ethanol extract exhibited the greatest inhibition activity
against Escherichia coli with the MIC value 0.052 + 0.016 mg/mL while in lung cancer
cytotoxicity assays the n-hexane extract was the most active (>84% inhibition in the
concentration range of 0.125 — 1.00 mg/mL, over 48-hour incubation and >75 % over 24-
hour incubation).

The solvent-solvent partition product of the ethyl acetate extract, pEtOAc fraction, displayed

IC50 value 8.75 pg/mL, better than the 25.40 ug/mL of the crude extract and 37.10 pg/mL of
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the positive control. This fraction was further fractionated using column chromatography via
a bioassay-guided fractionation approach resulting in seven semi-pure fractions displaying
activities in the range 82.0 — 98.4 %inhibition at 25 pyg/mL. Chemical profiling using UPLC-
QTOF-MS led to several unidentified high molecular mass compounds and a novel
compound cleogynone A.

Fractionation of the ethanol extract was followed by bioautographic antibacterial analysis of
22 fractions against both Escherichia coli and Staphylococcus aureus where the brightest
spot of largest diameter indicative of the greatest activity was located against Escherichia
coli and the most active fraction was further fractionated via semi-preparative HPLC yielding
eight semi-pure sub-fractions with MIC values in the range 0.012 — 0.094 mg/mL comparable
to gentamicin the positive control. Chemical profiling of the active fraction and sub-fractions
using UPLC-QTOF-MS and MassLynx data processing led to the tentative identification of
rutin, kaempferol-3-glucoside-3"-rhamnoside and isorhamnetin 3-O-robinoside as possible
biomarkers, while processing using the Waters® UNIFI® Scientific Information System led to
the identification of rutin (quercetin-3-O-rutinoside) and nictoflorin (kaempferol 3-O-
rutinoside) as the major compounds and kaempferol, quercetin and nepitrin were
represented by minor peaks. Purchased standards for nictoflorin and rutin displayed no
inhibition of Escherichia coli.

Bioassay-guided fractionation of the n-hexane extract initially using column chromatography
for lung cancer cytotoxicity led to several active fractions. Three semi-pure and most
abundant, reasonably active fractions of mid-polarity were further fractionated using a
combination of flash column chromatography and preparative thin-layer chromatography to
yield two novel compounds, cleogynone A and cleogynone B whose molecular ions were
identified using UPLC-QTOF-MS and chemical structures were elucidated using NMR with
their crystal structures subsequently determined by single crystal X-ray diffraction. A known
compound, named here, cleogynone C was confirmed by comparison of the NMR data to
those in literature. Further characterisation of the pure compounds involve melting point

analysis, IR, and optical rotation analysis. These three compounds were evaluated for their
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invitro anticancer activity against lung cancer (A549), breast cancer (MDA-MB-468) and
colorectal cancer (HCT116 and HCT15) in the concentration range 0.39 — 25.0 ug/mL.
Against the colorectal cancer (HCT15), cleogynone A, B and C showed the highest activities
82.97+0.56, 81.74+0.34 and 83.67+3.16 % inhibition, respectively, at 25 pg/mL
concentration over 48 hr treatment. Cleogynones B and C showed the greatest activity of
89.34+5.46 and 87.76%£1.22 % inhibition activity, respectively, against HCT116 over 24 hr
treatment at the highest test concentration (25 pg/mL). The compounds displayed moderate
activity with the highest activity 66.58+1.30 %inhibition displayed by cleogynone C against
breast cancer (MDA-MB-468) while all three compounds displayed poor activity against lung
cancer (A549) < 51.38+0.39 at the highest concentration (25 pg/mL).

Several B-CD n-hexane formulations were prepared via supercritical CO, technique at
varying temperature, pressure and exposure time to study the effect of varying such
operating parameters on the feasibility of the formulation, while one B-CD-n-hexane complex
formulation was obtained via the spray-drying technique for comparison. The solubility
assessments were achieved by area integrating the peaks of chromatographic profiles
generated using UPLC-QTOF-MS. Formulation was successful in improving the aqueous
solubility for most of the supercritical CO, formulations as well as the spray-dried
formulation. High pressure formulation conditions enhance the formulation but negatively
impacts the aqueous solubility. While formulations via the supercritical CO2 technique did not
show improvement of anticancer activity the spray drying technique resulted in the greatest
anticancer activity improvement. The aqueous solubility of the novel compounds cleogynone
A and cleogynone B was not improved in the presence of B-CD in water, no improvement of
anticancer activity against the lung-, breast- and colorectal cancer cell lines.

This is the first comprehensive systematic study on the isolation, purification, identification
and structure elucidation of known and novel bioactive ingredients from Cleome gynandra
and physicochemical study of the interaction between ingredients of leaf extract of Cleome

gynandra with B-cyclodextrin, and isolated ingredients and the results reported here should
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be of significant interest in the further development and application of these bioactive

components.
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Chapter 1:

Introduction

1.1. Background

In search for biological species from which products such as pharmaceuticals and other
commercially valuable ingredients can be obtained. Indigenous knowledge plays a vital role
in narrowing the search pool, a bioprospecting approach. Given the great wealth of such
knowledge with regards to plant use, scientific verification of the claims is necessary to
bridge the gap towards product development. Plants have been used in traditional systems
in varying manner to benefit communities in their food, medicines and holistic healing needs.
There is a great wealth of herbs and edible plants claimed to possess medicinal properties
that have not been absolutely screened and commercially exploited, Cleome gynandra (C.
gynandra) is one such plant. It is used as a source of food and as a medicinal plant by some
rural communities around the world [1]. C. gynandra has benefited traditional systems
worldwide for the treatment of various diseases and is renowned for its nutritional and
antioxidant properties [1,2]. The health promoting properties of C. gynandra highlight an
opportunity for studies towards developing its health products - which are usually obtained in
the form of extracts. Plant constituents are generally known to possess poor
physicochemical properties, such as low aqueous solubility [3]. While in order to be readily
delivered to the cellular membrane the bioactive components must have a certain minimum
level of aqueous solubility, most plant constituents are lacking in this regard. In fact, many
promising active pharmaceutical ingredients fall out in the development stages due to
insufficient solubility [4,5]. Cyclodextrins (CDs) offer a solution, as they are able to
incorporate a variety of molecules in their hydrophobic cavity resulting in a complex that is

more water soluble than the uncomplexed molecule [6].
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In search for bioactive ingredients for protection against- and treatment of diseases, the

natural products approach has demonstrated solid capability throughout history.

1.2. The role of natural products in combating diseases

Historically, mankind has had varying ways of using natural products, such as marine
organisms, microorganisms, animals and plants, in medicines to fight against sicknesses.
Western medicine was introduced in countries such as China in the sixteenth century and
underwent no development until the nineteenth century. In the nineteenth century it was a
German pharmacist who isolated morphine, a pharmacologically active compound [7].
Countless bioactive compounds thereafter been isolated from natural products. The natural
products approach of drug discovery has largely benefited some medicines such as
antihypertensive, anticancer and antimigraine medication [7]. Natural products have been
vital in the development of antibacterial drugs such as macrolides, B-lactams, lincosamides,
lipopeptides, streptogramins, cephalosporines, glycopeptides, tetracyclines,
chloramphenicol, rifamycins, and aminoglycosides. Only the sulfonamide, nitroimidazole,
quinolone, trimethoprim and oxazolidinone are synthetically derived [8]. In view of the
antifungal drugs, polyenes and griseofulvin are natural products and echinocandins are
semi-synthetic derivatives from natural products. There are numerous natural products
active against various diseases such as Fumagillin as antiparasitic, viramidine against HCV,
betulinic acid against HIV replication, w-Conotoxin for the treatment of neuropathic pain,

huperzine for the treatment of Alzheimer’s disease, and many more [8].

The development of synthetic techniques has resulted in a decrease in the role of natural
products in drug discovery, the greatest decline seen over the last 3 decades, yet the
importance of natural products has been widely demonstrated [7,9]. Cooper stated that,
despite recent advances that result in rapid generation of new compounds, the

pharmaceutical industry still heavily relies on undiscovered possibilities from nature [10].
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While about 40% of prescription drugs are natural-based-products, 49% of new chemical
products registered by the U.S. Food and Drug Administration (FDA) are natural products or
derivatives thereof [11,12]. Furthermore, with advances in separation techniques for natural
products and spectroscopic approaches for structure elucidation, the screening of natural
product mixtures can now be achieved in time-frame comparable to high-throughput

screening campaign [13,14].

Natural products have certain physical and chemical properties that render them amenable
to actively engage biological targets. They generally have increased numbers of sp3-
hybridised carbons and chiral centre, they have larger macrocyclic aliphatic rings, fewer
aromatic rings, increased oxygen content and lower nitrogen content. As thus, they are more
complex three-dimensional structures and therefore effectively engage relative biologically
relevant receptors or targets, in contrast with the more planer and less steriochemically
complex synthetic compounds libraries [15]. Of the natural products that eventually get
marketed, a huge majority originate from plants. Nearly 80% of the world’s population still

relies on herbal drugs for their health care [16].

1.3. Indigenous plants as source of biologically active ingredients

Plants are ubiquitous and relatively easily accessible, hence their predilection. The route of
using nature’s providence is usually guided by indigenous knowledge, and such knowledge
had been passed down from generation to generation. Indigenous plants are those that are
found in a particular locale that have existed for a long time. For centuries indigenous
medicinal plants have been used worldwide for the treatment of various maladies including
cancer, diabetes and tuberculosis and other mild complaints such as arthritis, stomach
issues, common colds, menstrual problems and many more [2,17-21]. Communities have
over centuries developed indigenous knowledge on the use of plants to benefit themselves

in varying manner.
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According to the World Health Organization (WHO) [22], about 20 000 medicinal plants are
in existence in 91 countries, 12 mega biodiversity countries included. South Africa alone
possesses about 9% of all known plant species on earth. Taking all of this into account it is
evident that blindly searching for medicinal plants with a particular biological possession
would be highly implausible. And thus taking on the footsteps on indigenous knowledge
holders has been deemed as a provident narrowing strategy. There is great wealth of
knowledge with regards to indigenous plant use in South Africa alone that poses to be
commercially valuable. Combining such knowledge with science has the potential to bring
forth some plants that have been marginalised due to the production and consumption of

cash crops.

The collaboration of companies such as Smith-Kline Beecham with organic chemists from
the CSIR and botanists from the National Botanical Institute (National Herbarium) in Pretoria
implemented the bioprospecting approach. While a project on edible plants which constituted
the first work on Hoodia was initiated at the time at the CSIR [23,24]. A bioprospecting
project initiated in 1993 at the CSIR resulted in a number of scientific discoveries such as the
isolation of monatin (a sweetener) from Sclerocjiton illicifilius, and the discovery of P57 (an

appetite suppressant), from H. gordonii[24].

Examples of medicinal plants that have eventually landed on the market include honeybush
(Cyclopia intermedia, C. genistoides) and rooibos (Aspalathus linearis) amongst others
[19,24]. The research followed the traditional use by the Khoi-people, and its herbal benéefits.
Aloes (Aloe), Hypoxis, Bowiea, Siphonochilus, and Scilla, and essential oil plants buchu
(Agathosma betulina and Agathosma crenulata) are other medicinal plants. Companies such
as Phyto Nova Ltd were also responsible for producing new crops and new herbal health
care products, such as those developed from S. frutescens, S. Aesthiopicus and W.

Salutaris, M. Tortuosum[19,24,25].
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It is estimated that greater than 70 % of the population in South Africa use traditional
remedies while a large part of the day-to-day medicine is still derived from plants [19]. large
volumes of plants or the extracts thereof are sold in the informal and commercial sectors of
the economy. Traditional Healers play a huge role and the conversion of the indigenous
knowledge is being taken into account. The Agricultural Research Council (ARC) does a
collection of genebank maintenance and the determination of propagation methods of

establishment [2,26].

C. gynandra has been deemed worthy of this study towards developing edible plant products
with health benefits. Cited for immunomodulatory, antioxidant, anti-carcinogenic, analgesic,
anti-inflammatory properties and lysosomal stability actions amongst others, C. gynandra
grows abundantly in South African provinces such as Limpopo, North-West, Mpumalanga
and Gauteng and is distributed across tropical and subtropical regions of the world such as

Asia and the Middle East [27-31].

1.4. Developing potentially commercial products from C. gynandra

Developing health beneficiating food extracts is the notion of positive prevention and
treatment of diseases via a safe approach. The medicinal properties of C. gynandra highlight
an opportunity for studies towards its nutraceutical and/or pharmaceutical development. The
ultimate products should be produced via green technologies and have proven biological
efficacy and safety. Some potential health and nutritional benefits of C. gynandra have been
documented, however, there is a need to also realise the economic potential of this plant by
developing products that can be commercialised. Ingredients from leaf extracts of C.
gynandra qualify for development as bio-accessible medicinal ingredients with proven health
benefits. Natural health products have gained popularity to the point of becoming
complementary alternative therapies [13,32,33]. Preparation of plant derived medicines

involve the use of the whole plant or parts such as the roots, flowers, stems, fruits, leaves or
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seeds [32] while the processing steps may involve cleaning and inspection, oven drying,
grinding, and extraction and fractionation [34]. A modern approach to drug discovery from
plants critically comprises identification and purification of the biologically active constituents,
whereby the available constituents of the plant with inherent biological activity and even their
concentrations are determined. The common sensitive techniques for the separation and
isolation procedures are Liquid chromatography (LC), High-Performance Liquid
Chromatography (HPLC) and Thin-Layer Chromatography (TLC), whilst Ultra-violet (UV),
Infra-red (IR), Mass Spectrometry (MS) and Nuclear Magnetic Resonance (NMR) as well as
X-ray diffraction are the spectroscopic techniques are used for structural elucidation. It is
important to standardise medicinal plant preparations in order to be assured of the
consistency of the chemical profile the biological potency [35]. Quality control for batch to
batch reproducibility is vital and can be achieved by chemical fingerprinting using Ultra-
Performance Liquid Chromatography Quadrupole time of flight Mass Spectrometry (UPLC-
QTOF-MS). When used for commercial purposes natural medicinal products must meet the
requirements that are no less than scientific evidence of safety and efficacy and must be
obtained following good manufacturing procedures for safety and quality to be
assured.[9,36]. C. gynandra has been traditionally used as a leafy vegetable and therefore
safety concerns are negligible. Towards ascertaining bioavailability of the final product,
techniques for improvement of physicochemical properties are in place, such as modification
of ingredients via soft non-covalent methods of molecule modification that maintain the
chemical integrity while improving its bio-accessibility improving the chances of the final

product eventually developed as a commercial product with proven efficacy.
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1.5. Problem statement

With increasing incidences of chronic diseases worldwide there is a growing need not only
for new drugs but for preventative approaches. The role of natural products in drug discovery
has been demonstrated, and thus taking this route is justified. To this day there are large
numbers of marginalised plants with medicinal implications. Backing evidence exists in the
literature where the potential health benefits of C. gynandra, one of the marginalised plants,
have been demonstrated. It is necessary to unearth the ingredients that pose its bioactive
nature. Isolating such ingredients and proving their biological efficacy will serve as the first
step towards the development of the plant’s nutraceutical, pharmaceutical and/or food
products. In addition, CDs play an added advantage of improving the poor physicochemical
properties of bioactive ingredients expected for the plant ingredients and therefore studies
focused on microencapsulating the bioactive ingredients will better the chances of eventually
developing medicinal products or food health products of C. gynandra. No such study has

hitherto been undertaken.

1.6. Aims and objectives

The study aims at developing health products from C. gynandra using green technologies
and to validate its potential health benefits and functionality. Further, to improve the chances
of the expected bioactive ingredients being eventually developed as market ready products
by improving their inherent physicochemical properties such as solubility towards eventually

improving their bioavailability.

The specific objectives of the study were as follows:

» Prepare laboratory and bench scale plant extracts of natural bioactive molecules
using food grade and green technologies. Followed by identification and quality

control using chromatographic techniques such as UPLC-QTOF-MS.
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Identification of the best extraction methods for ingredients with a particular
bioactivity from C. gynandra leaves.

Bioactivity based fractionation of bioactive crude extracts and isolation of the
bioactive compounds using separation techniques such as HPLC, column
chromatography and thin layer chromatography.

Identification of bioactive components and structure elucidation of any resulting novel
compounds using NMR, Single Crystal X-ray diffraction, FTIR and other relevant
techniques.

Assessment of the solubility and stability of the bioactive components.

Attempts at improving the physicochemical properties of isolated bioactive
ingredients by preparing their inclusion complexes using selected beta-CD as hosts.
Solid-state inclusion complexation of bioactive extracts with CDs using supercritical
carbon dioxide (SC-CO,) technology and studies on the impact of operating
parameters on physicochemical properties such as solubility. Complexation
techniques such as spray drying for comparative studies with the SC-CO, technique.
Determination of bioactivity and physicochemical properties of the formulations, such

as solubility.

Chapter 2 describes the overall crude extraction of C. gynandra leaves using organic

solvents (n-hexane, ethyl acetate, ethanol, water, hydro-alcohol, acetone) as well as

supercritical CO; extraction technology. Biological assessment of the crude extracts against

various biological targets (a-amylase, a-glucosidase, xanthine oxidase, HMGCoA reductase,

renin, lung cancer cell line, staphylococcus aureus, Escherichia coli) and chemical analysis

of the extract using UPLC-QTOF-MS.

Chapter 3 describes the fractionation of selected extracts with a-glucosidase inhibition and

extracts with bacterial inhibition activity, UPLC-QTOF-MS profiling of such bioactive

fractions, and further identification of compounds using UNIFI®.
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In Chapter 4 the anticancer components of C. gynandra are located via bioassay-guided
fractionation and some major compounds as constituent ingredients of the active fractions
are isolated. Structure solution of known compound(s) and structure elucidation of the novel
compounds is described in Chapter 3 and purely isolated compounds are further assessed

for their lung cancer, colorectal cancer and breast cancer cytotoxicity.

Chapter 5 describes formulation studies of the anticancer ingredients of the n-hexane extract
via the supercritical CO, technology as well as the spray drying technique, and solubility

assessment of the formulations.

Chapter 6 is the general conclusion chapter.
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Chapter 2:

Extraction of Cleome gynandra leaves, bioactivity assessment of

extracts and chemical analysis using UPLC-QTOF-MS

2.1. Introduction

2.1.1. Background

Nature provides natural products with endless variety of structural composure. Such
components have many functions and may possess biological properties that prove them
beneficial to humans. Unearthing such molecules may help better human health and in
improvement of medicines, proving pivotal in healthcare. Natural products may also be
developed as functional foods with health benefits or nutraceutical agents as a preventative
medicinal approach. Past research has shown that plants in particular have been invaluable
reservoirs of potent biological products [1]. A relatively small percentage of the known plant
species have been extensively studied in the pharmacological aspect. Despite the historical
decline in natural products research in pharmaceutical industry, recent technological
advances have resulted in renewed interest [1,2]. The WHO estimated that 65 percent of the
world population relies on plant-derived traditional medicines for their primary health care.
Research has shown that 61 percent of the 877 new small-molecule chemical compounds
registered as drugs worldwide during the period 1981 — 2002 have a natural products origin
[2,3]. The journey to discovering new biologically active agents, having selected the plant
species, begins with extraction. The extract is chemically screened and subjected to various
biological or pharmacological targets in order to distinguish between new components and
known components in the crude extract, and further to providing quality control of the extract.

Targeted isolation may then follow for constituents presenting novel spectroscopic
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properties. There are numerous techniques related to metabolites identification methods

which the principal operation is described.

This chapter focusses on extraction of the leaves of C. gynandra, biological assessment

against various biological targets and chemical analysis of extract using UPLC-QTOF-MS.

2.1.2. Extraction

Extraction is one of the first steps towards obtaining medicines from plants and food
ingredients. This process is characterised by physicochemical wetting, penetration and
swelling by solvents contact with plant substrate, followed by separation of substances into
soluble and insoluble constituents from surfaces of disrupted cells and dissolution of plan
inherent componentsand theirdiffusive transfer to the external environment [4]. The
efficiency of the extraction process is dependent on the chemical affinity of the substances
for the extractor solvent. The extraction operation can be influenced by factors related to:
physical properties of plant material and chemical composition, the process (such as
agitation, temperature), and product specifications (nature of solvent) [4]. The choice of
method, solvent and ratio of drug to solvent is not only based on efficiency of the process,
but also the ease of operation, safety, cost effectiveness, time and energy efficiency. The
plant material for extraction may be dry and ground or fresh in cases where the activity is
affected by dryness. The choice of solvent(s) and method is crucial for achieving the
particular desired outcome. Once the constituents responsible for activity are identified the
goal is to obtain them in high yields through the extraction process. Quality control is vital at
each stage to ascertain that the stability and structural integrity of the bioactive compounds

is maintained, and that the extraction is reproducible.
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2.1.2.1. Maceration extraction

This process will generally involve placing the prepared plant material in a vessel and adding
a suitable solvent. The container is normally closed to limit solvent evaporation. Water,
ethanol and hydro-alcoholic solvent systems are the “generally regarded as safe” (GRAS)
solvents of choice in this study, with ethyl acetate and acetone as additional solvents in this
respect. The plant material must be fully immersed in the solvent during this type of
extraction. The extraction system may be allowed to stand for a specific period of time to
allow the solvent to diffuse through the cell wall, sometimes with occasional shaking. When
equilibrium is reached, the solution is filtered either using a cloth or filter paper. The insoluble
plant material could be subjected to further extraction cycles with fresh solvent multiple
times. The maceration in water is normally not prolonged for too long as this can present
fungal contamination, which does not occur in alcohol or hydro-alcoholic solutions. The final
step will generally involve evaporating the solvent and concentration of the extract. Different
drying and concentration techniques may be used, such as vacuum distillation and the use

of stream of air.

2.1.2.2. Supercritical fluid extraction technique

The technology of supercritical fluids is exploited due to its solvent strength and physical
properties of the immanent compound at temperature and pressure about its critical point [5].
Each compound has its characteristic phase diagram and the location of the critical point will
differ from compound to compound. At the critical point the gas and liquid phases merge to
form a single homogeneous fluid phase. Beyond the critical point is the supercritical fluid
region. The supercritical fluid is highly dense, and possesses low viscosity and diffusive
intermediate between gas and liquid. These characteristics make supercritical fluids powerful

solvents. The physicochemical affinity of the solute for the solvent and the apparent density
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of the solvent determine the solubility of a compound in a supercritical solvent [5].
Supercritical CO; technique (SC-CO-) has been receiving increased attention over the past
recent years due to the adjustability of the supercritical fluid properties [6]. SC-CO; is the
technique of choice due to its safety and the mild temperature and pressure required to
achieve the supercritical state. Further, since CO; is gaseous at ambient conditions and thus
eliminating residual solvent problem it is an ideal substitute for organic solvents. The solid-
liquid extraction in supercritical fluid extraction technique involves non-steady transfer of
solutes from a solid to a fluid. Researchers label the physicochemical properties of
supercritical-CO, to facilitate mass transfer. According to Diaz-Reinoso et al.[7] plant
materials havevarious solutes extractable at different ratesdependant on their location (outer
surface, pores, vacuoles, etc.) and partition coefficients, and that SC-CO, extraction
involves: transport of CO, from the bulk solution to the external surface of the particle, CO,
penetration and diffusion in the solid matrix, solubilisation of the components, transport of
the solutes through the solid matrix, and transport of the solutes from the external surface of
the solid to the bulk solution. Garlic is used as a food ingredient and as a nutraceutical and
has many medicinal implications including treatment of cardiovascular disease and cancer to
name a few. A study involved the used SC-CO- to obtain garlic extract in order to compare
with the conventional extracts in terms of yield and quality [8]. Temperature and pressure
conditions could be optimised to obtain the best possible yield. Comparison study of the
extraction of essential oil from dried star anise fruits (/llicium verum H) on the yield and the
time of extraction, revealed that extraction with SC-CO; yielded 9.8% more essential oil than
the conventional steam distillation method [9]. The effects of pressure and temperature on
the solubility of flaxseed oil using this technique of SC-CO2 was investigated, a maximum
solubility of 11.3 mg oil/g CO., was obtained at 70°C/55 MPa, however, the yield obtained
after 3 h of extraction at this condition was only 66% of the total available oil of the flaxseed.
Determination of the lipid composition and free fatty acids and tocol (tocopherol and
tocotrienol) contents of the oils obtained by both SC-CO; and petroleum ether extraction

revealed that the a-linolenic acid content of the SC-COz-extracted oil was higher than that
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obtained by solvent extraction. Furthermore, using an entrainer with CO, in supercritical fluid
extraction provides another dimension in the extraction and therefore may enhance solvation
strength. Machmudah et al.[10] conducted a study to extract astaxanthin from
Haematococcus pluvialis using the supercritical fluid extraction technique,higher CO, flow
rate increased the amount of the total extract while the amount of astaxanthin content in the
extract almost did not change. When ethanol was used as a co-solvent, higher amount of
astaxanthin was extracted while working at moderate pressure and temperature at similar

conditions.

The mild critical temperature and pressure conditions and the increased solvating power
motivated the use of supercritical fluid CO, with ethanol as an entrainer, as one of the

extraction processes in this study.

2.1.3. Biological assays

The initial screening approach in early stages in drug discovery move beyond observation of
the effect in whole organism, but the application of robust conditions in assay development
to provide methods that can be run in microplates where interaction between drug and target
are detected by sensitive readouts that are generally light-based(absorbance, fluorescence,
or chemilominescence) and such approach is the same for natural products as for synthetic
compounds[11]. In order to demonstrate reliability, negative and positive controls are
included, while optimisation of the reagents concentrations and the time course of the assay
is essential to maximise signal to noise ratio. Any assay is susceptible to false positives and
it may be necessary, therefore, to have a backup test method or readout equipment to
confirm the results [11]. There are many sources of false positives - such as polyphenolic
tannins which are generally assumed to precipitate proteins and therefore are a source of

false positives during crude extract screening. High throughput screening approach, which
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involves rapid screening of very large numbers of test samples, works well when there is a
defined biological target such as a receptor or enzyme [11,12]. Fifty percent of currently
used drugs are thought to act through G-protein-coupled receptors and there is a

considerable number of these receptors whose functions remain uncovered [11,12].

Cell-based assays have become more popular for drug discovery and such are more
advantageous than molecular based assays as the activity is detected against a functioning
pathways as opposed to assuming a target specific role or mechanism of action. Some
biologically active compounds may be unable to penetrate the cell membrane and these will
be missed in cell-based assays, this is when chemical modification may be necessary to
improve their bioavailability[12]. The simplest cell-based assays are those that measure cell
viability or cell proliferation. Kits are commercially available that detect cell multiplication and
cell death. Both molecular and cell-based assays were employed to assess the activity of the
crude extracts herein. In this study, enzyme based assays involved were a-amylase-, a-
glucosidase-, HMG-CoA-, renin-, and xanthine oxidase inhibition assay. Further assays
involved were cell based anticancer assays for lung cancer cytotoxicity. Bacterial growth

inhibition assays against Escherichia coli and Staphylococcus aureus, were also employed.

2.1.3.1. The role of a-amylase and its inhibition for management of diabetes

The enzyme a-amylase (a-1, 4-glucan-4-glucanohydrolases) is secreted in the pancreas and
salivary glands and is vital in digestion of starch and glycogen. It is found in microorganisms,
plants and higher organisms. This enzyme catalyses the initial step in the hydrolysis of
starch to a mixture of smaller oligosaccharides consisting of maltose, maltotriose and
branched oligosaccharides of a-(1-6) and a-(1-4) oligo-glucans [13,14]. Such
oligosaccharides are further degraded to glucose by a-glucosidase and the glucose is then

absorbed into the blood stream. Rapid degradation of dietary starch by a-amylase leads to
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elevated postprandial hyperglycaemia (PPHG). Hyperglycaemia is a condition resulting in
excessive glucose in the bloodstream. Since a-amylase hydrolyses starch to glucose its
inhibition is a therapeutic strategy for disorders of carbohydrate uptake such as diabetes and
obesity. Inhibition of a-amylase limits postprandial glucose levels by delaying the process of
carbohydrate hydrolysis and absorption [15]. Inhibitors of a-amylase are expected to be
better suppressors of PPHG, since these inhibitors do not result in an abnormal
accumulation of maltose which result in side effects such as abdominal pain, flatulence and
diarrhoea [16]. There are several drugs targeted for carbohydrate-hydrolysing enzymes
clinically, however, it is necessary to develop a large inhibitor pool as a strategic move
against resistance to existing drugs. Literature indicates that a variety of plants possess o-
amylase inhibition, with about 800 species displaying antidiabetic properties[14]. Themain
plant derived compounds with hyperglycaemic activity fall in the categories alkaloids,
glycosides, steroids, terpenoids, hypoglycans, galactomannan gum, peptidoglycans,

polysaccharides, glycopeptides, and guanidine[14].

2.1.3.2. The role a-glucosidase and its inhibition for management of diabetes

o-glucosidase is a membrane-bound intestinal enzyme responsible for hydrolysing
oligosaccharides, trisaccharides and disaccharides to glucose and other monosaccharides
[17].This enzyme, therefore, controls the rate of glucose absorption. Inhibition of a-
glucosidase retards the process of breaking down carbohydrate consequently delaying
glucose absorption and therefore lowering PPHG. Controlling hyperglycaemia is a vital part
in the treatment of diabetes mellitus - a chronic disease that affects the body from sufficiently
using the energy from food. This metabolic disorder is characterised by abnormal increase in
blood glucose level [18]. There exist three types of diabetes mellitus. Type 1 and type 2 are
insulin-dependent and non-insulin-dependent, respectively. The third type is gestational

diabetes, and this type is prevalent in pregnant women [15]. The most common type,
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accounting for over 90% of diabetes cases in adult population is type 2 diabetes [15]. While
there are other proposed methods to counter type 2 diabetes, decreasing PPHG is a
prominent therapeutic approach, achieved by impairing the action of carbohydrate
hydrolases, such as a-amylases and a-glucosidase in the digestive system [15]. a-
glucosidase inhibitors in therapeutic use are acarbose, miglitol and voglibose. Even though
these inhibitors effectively control postprandial blood glucose levels, they have been
associated with harmful side effects, by that means necessitating the search for new
inhibitors [15,19]. Plants possess a variety of classes of compounds, exhibiting different
medicinal properties. Researchers have identified and isolated compounds with a-
glucosidase inhibition properties. Yin et al. (2014) summarised a collection of over 400
published a-glucosidase inhibitors isolated from different medicinal plants [19]. They alluded
that the compounds showed high a-glucosidase inhibition and merited clinical development

for treatment of diabetes mellitus.

2.1.3.3. HMG-CoA reductase and its inhibition for management of

hypercholesterolemia

Hypercholesterolemia (high cholesterol levels) is associated with increased risk of
atherosclerosis, which might result in angina, heart attack, stroke and peripheral vascular
disease [20]. High cholesterol level is accountable for one-third of all cases of ischemic heart
disease and increased risks of stroke [21]. While the major rate-limiting step invoves the
conversion of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) to malonate and
coenzyme A in sterol biosynthesis [22], the enzyme that catalyses this reaction if HMG-CoA
reductase, a transmembrane glycoprotein[23]. Inhibitors of the enzyme HMG-CoA reductase
act by inducing the expression of low density lipoprotein (LDL) receptors in the liver, in so
doing enhancing the catabolism of plasma LDL, lowering the plasma concentration of

cholesterol [23,24]. This enzyme is thus the target of widely used drugs called statins which
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are used for the therapeutic reduction of high plasma cholesterol levels [20,25]. Statins are
associated with several side effects, in view of this the current study explores plant based
ingredients as possible inhibitors of HMG-CoA reductase. Traditional medicines have
demonstrated capable in the treatment and eradicating cardiovascular problems as well as

associated metabolic disorders[26].

2.1.3.4. Renin and its inhibition for management of vascular diseases

Once released into the blood stream the enzyme renin,mainly secreted from the kidney,
targets angiotensinogen. Cleavage of angiotensinogen by renin results in angiotensin |
which is further converted to angiotensin Il by angiotensin converting enzyme (ACE).
Angiotensin II, binds to angiotensin Il subtype 1 receptors (AT1 receptors). This cascade is
called the renin—angiotensin system (RAS).The blood vessels consequently constrict and the
blood pressure elevates; further imminent are changes in renal glomerular and tubular
function, inflammation and fibrosis in the kidney, as well as hypertrophy, fibrosis and
vasoconstriction in the heart [27,28]. Some clinical interventions in the RAS involve ACE

inhibitors andrenin inhibitors.

2.1.3.5. Xanthine oxidase and its inhibition for management of hyperuricemia

An elevation of uric acid level in the blood is called hyperuricemia. Gouty arthritis is the result
of such high uric acid blood levels and it treatment involves the use of uricosuric drugs to
increase the renal excretion of uric acid, thereby lowering the serum urate concentration, a
well-established therapeutic approach[29,30]. The evidence of some degree of uric acid
overproduction in gouty arthritis patience is the rational approach to therapy involving

decreasing uric acid production [29], therefore inhibition of the terminal steps of uric acid
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formation is the method of inhibition involved herein. Uric acid in the human arises from the
oxidation of both hypoxanthine and xanthine and is catalysed by the enzyme xanthine

oxidase (found in the liver, intestinal mucosa, serum and lungs) [29-31].

2.1.3.6. Plant extracts for bacterial inhibition

The bacterial pathogens chosen in this study were Escherichia coli (E. coli) and
Staphylococcus aureus (S. aureus). Pathogenic E. coliis associated with diseases such as
thrombocytopenic purpura, haemolytic uremic syndrome and diarrhoea [32]. S. aureus is
amongst the leading microbes responsible for skin infection such as boils, abscesses,
carbuncles and sepsis of wounds, it further produces toxins causing diarrhoea and vomiting

[33].S. aureus is susceptible to antibiotics [37]

.Escherichia coli and Staphylococcus aureus and their relevance to this study

E. coli, a rod-like, Gram-negative bacillus, which may have whip-like flagella to help it
navigate the environment, or hair-like pili for attachment to surfaces or other cells [34]. E. coli
can grow in both oxygen abundant and oxygen deprived conditions, however, its growth is
halted in extreme temperature or pH conditions. E. coli is found in the gut microbiomes of
mammals, and less commonly constituted in the gut microbiomes of birds, reptiles and fish,
also in soil, water, plants and food [34,35]. It is an all-rounder, most of its strains exhibiting
commensalism, and other of its strains possessing varying pathogenic abilities [35]. E. coli
may cause intestinal or extra-intestinal diseases in humans and other animal hosts. Some of
the diseases that may be caused by E. coli include diarrhoea, ulcerative colitis, haemolytic

uremic syndrome and thrombocytopenic purpura [32,36].

Current antibiotics are losing efficacy due to inclining resistant strains causing diseases [38].
And as the worldwide trend is towards minimising the use of antibiotics in food animals. It is
not surprising that scientists are looking for alternative ways to combat infectious microbes.

A number of plants have been claimed to have medicinal benefits against infectious
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diseases which affect both humans and animals. As a result, efforts have been made to
carry out research into traditional medicines, presenting ideal alternatives to the currently

used antimicrobial agents.

2.1.3.7. Lung cancer

Cancer takes second place in the leading causes of death worldwide[39,40]. Cancer cases
are mainly reported in developing countries, and South Africa has shown an increase in lung
cancer cases linked to diseases such as tuberculosis (TB) and acquired immunodeficiency
syndromes (AIDS) [41]. Tobacco smoking is one of the major causes of lung cancers, 80%—
90% of cases arise in cigarette smokers, and a 20- to 30 fold increased risk of developing
lung cancer is reported for a lifetime smoker compared to a lifetime non-smoker[42]. There
are several systems of therapy directed at certain targets that have recently been introduced
in clinical trial for the treatment of lung cancer as well as other types of cancers [42,43].
Such therapeutic strategies include inhibitors of Ras activation and function (such as
farnesyltransferase inhibitors),epidermal growth factor receptor (EGFR) inhibitors, HER2/neu
receptor inhibitors and other tyrosine kinase inhibitors, matrix metalloproteinase inhibitors,
vaccines against tumour mutated or specifically expressed peptides, and gene replacement
therapy to name a few. Available chemotherapy has limited beneficial effects, whilethe
rationally targeted approach has been stimulated by clinical success of BCR/Abl and c-kit
inhibitors in chronic myelogenous leukaemia and gastrointestinal stromal tumours [42]. Lung

cancer cytotoxicity assay has been chosen herein for preliminary screening.
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2.1.4. UPLC-QTOF-MS for chemical analysis of crude extracts

Ultra-performance liquid chromatography/ quadrupole time-of-fight mass spectroscopy
(UPLC-QTOF-MS) has, in recent years, seen great recognition as a highly efficient
technique for profiling in metabolism studies. The chromatographic profile of an extract
presents some common chemical constituents with biological activity that will ultimately
represent a chromatographic fingerprint of a herbal medicine[44]. Chromatographic
fingerprints, aid in the accurate identification and authentication of herbal medicines even if
the concentration of characteristic marker constituents may slightly differ for different
samples [44]. It isvital, therefore,to acquire reliable chromatographic fingerprints as
representative chemically characteristic component of the complex mixture. Marker
compounds that verify the identity and potency of the extract can be identified through
chemical fingerprinting of active extracts. Further, the markers are important in confirming

the correct botanical identity of the starting material.

2.1.4.1. High performance- and ultra-performance liquid chromatography

Because of many factors including: high accuracy and precision, its versatility, ease of use,
compound specificity, ease of sample preparation, rapid analysis time and high sensitivity,
high-performance liquid chromatography (HPLC) is considered as the separation technique
of choice in various applications [45]. In this technique solvent is forced through a tightly
packed column by pumps in high pressure, the column itself connects to a variety of
sensitive detectors[46]. Instead of the polar phases as it is the case with thin-layer
chromatography and column chromatography (which is discussed in chapter 3), highly
nonpolar phases, called ‘reverse-phase’ packing are used. Such phase is achieved by
bonding multiple hydrocarbons to the silica gel particles surfaces in order to attain a

nonpolar surface. The elution order will be an opposite of the behaviour on alumina or silica
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column. The polar compounds elute first on this type of column as the more nonpolar

components adhere longer to the stationary phase.

Smaller particles are used to shorten the diffusion path of the analyte in packed column LC,
this approach improves separation efficiencies. The simplified van Deemter equation
signifies this. It describes the relation between efficiency (H), the linear velocity (v) and the

particle size,

H = 2dp + 222

: +f(k)%v=A+B/v+C (1)
where A is a packing constant, y an obstruction factor for diffusion in a packed bed, Dm is
the diffusion coefficient in the mobile phase and f(k)the function of the retention factor (k)
[45-47]. A van Deemter curve aids in the investigation of chromatographic performance
[45,46]. A, B and C are constants,the term A is independent of velocity and smallest when
the packed column particles are small and uniform. B represents axial diffusion or the natural
diffusion tendency of molecules and diminished at high flow rates and so this term is divided
by v. The term C is due to kinetic resistance to equilibrium in the separation process. The
kinetic resistance is the time lag involved in moving from the gas phase to the packing
stationary phase and back again. The greater the flow of gas, the more a molecule on the

packing tends to lag behind molecules in the mobile phase. Thus this term is proportional to

V.

The principles of ultra-performance liquid chromatography (UPLC) are similar to those of
HPLC, the basic distinction is in the design of the column material particle size, less than 2
pum,this, greatly enhancing the performance resulting in maximised advantages in the
column use, crafting a powerful, robustand reliable solution [45,47]. The recent introduction
of UPLC instrumentation of columns packed with 1.7 ym particles able to withstand liquid
flow at pressures up to 1034 barof its capabilitiesextends the limits of what has been thus far

achievable on commercial HPLC instrumentation [47].
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2.1.4.2. Mass Spectrometry and the quadrupole time of flight capability

The technique of mass spectrometry (MS) utilises the degree of deflections of charged
particles by a magnetic field to find the relative masses of molecular ions and fragments.
This method provides a great deal of information that assist in determining molecular mass,
assist in structure elucidation, and in verifying the identity of known substances in extracts

[47].

The sample is normally vaporised and bombarded by a beam of electrons of high-energy
(usually at 70 eV) in order to produce gas phase ions of the compound [48]. The molecular
ion is weaker than the original molecule and will undergo further fragmentation to result in
either a radical and an ion, or a molecule and a new radical cation. Each ion can, in turn,
undergo fragmentation, and so on. The ions are then separated according to their mass-to-
charge ratio (m/z) and are detected in proportion to their abundance. A mass spectrum of
the molecule is ultimately produced and is a plot of ion abundance versus mass-to-charge

ratio [48].

Different mass analysers are in existence; including triple quadrupoles and ion traps. lon trap
provides well-established metabolite experiments such as neutral loss and product ion
scanning,triple quadrupole on the other hand allows MSn for metabolite structural
elucidation. These analysers both provide nominal mass accuracy and may not be well
poised in untargeted metabolite profiling experiments such as herbal metabolomics [49].
Orthogonal acceleration time-of-flight mass spectrometry (TOFMS), in turn, allows the
generation of mass information with greater accuracy and precision [49]. Candidate
empirical formulae at the 3-5ppm error range, can be deduced from such accurate mass
thus significantly reducing the number of possible structures of putative metabolites with

molecular masses of a few hundred Dalton (Da).
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2.2. Cleome gynandra

2.2.1. Plant description, distribution and habitat

Cleome gynandra (bangala, lerotho, spider flower, spider plant, African cabbage, cat’s
whiskers, oorpeultjie, snotterbelletjie) belongs to the Capparaceae family and is reported to
have originated in tropical Africa or South-east Asia [50,51]. It was distributed to other
tropical and subtropical countries in the Northern and Southern hemisphere [50]. C.
gynandra is frost tender, erect, annual herb which can grow up to 0.6 m - 0.9 m high; it is a
leaf at one stage and a flower at another [50,52]. C. gynandra has taproot with secondary
roots and root hairs. The stem is granular, mostly with hair and longitudinal parallel lines
[62,53]. Pigmentation varies from green to pink and violet to purple. The plant has branches
which may become woody at a later stage of the plant’s life. The plant has compound and
lobed leaves with 3 — 5 leaflets. Its flowers are white or purple in a long terminal cluster with
the separate flowers attached by short, equal stalks at equal distances along a central stem
up to 30 cm [52,53]. seeds are brown, circular in outline measuring 1.5 mm in a diameter,

with obscurely netted surface [53,54].

Figure 2.1: Image of Cleome gynandra [53].



29| Page

2.2.2. Traditional uses

C. gynandra is used predominantly as a leafy vegetable. Its tender leaves or young shoots
and often the flowers are boiled in a stew or as a side dish [54] while dried leaves are ground
and incorporated in weaning foods. In some countries, only this leafy vegetable is available
during the relish-gap period, thereby playing a significant role in household food security
during drought [50,51]. In traditional systems worldwide it is used to treat many diseases and
is also used in various traditional culinary systems for its nutritional and antioxidant
properties [52,55]. In India it is used by traditional healers for the treatment of various
diseases including epilepsy, irritable bowel syndrome and in protozoal and worm infections
[52]. In western Uganda extracts of the plant is also used to induce labour during childbirth
[56]. The plant is high in protein and amino acids, and its minerals content deems it highly

economically important as it can be grown and cultivated easily [52,57].
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2.2.3. Scientific studies on nutritional constituents and the biological properties of C.

gynandra extracts

C. gynandra has been cited to have immunomodulatory, antioxidant, anti-carcinogenic,
analgesic, anti-inflammatory properties and lysosomal stability actions [52]. Work is reported
proving the anticancer activity of the methanol extract of C. gynandra in Swiss albino mice
against ehrlich ascites carcinoma [58], demonstration of the anti-inflammatory activity of the
ethanolic extract of C. gynandra leaves and the capacity to stabilise lysosomal enzyme
activities in the plasma and liver of control and experimental rats [59]. C. gynandra has been
used traditionally to treat microbial diseases [60]. Different researchers have conducted
studies to assess the capabilities of C. gynandra extracts as antimicrobial agents. The
methanol extracts of C. gynandra against different fungi and bacterial strains including E. coli
and S. aureus,using disc diffusion assay proved to possess high antibacterial and antifungal
activity [61]. Ethanol and ethyl acetate extracts from leaves of C. gynandra amongst other
plant species from the same family, against several bacterial pathogens including E. coli and
S. aureus showed positive reactions on all tested organisms [62]. Ranjitha et al. conducted a
phytochemical investigation of n-hexane extract of C. gynandra leaves [63] In the study 4
compounds were identified (a-amyrin acetate, a-amyrin, sitosterol, stigmasetrol) using GC-
MS technique. The compounds were isolated and tested in different antimicrobial assays
exhibiting moderate activity against S. aureus and C. albicans, but low activity against E. coli
and C. glabrata. Studies involving methanol, chloroform, aqueous, petroleum ether and n-
hexane extract of C. gynandra against some bacteria and fungi isolated from patients with
infectious diarrhoea had been conducted [64]. The in vitro screening was carried out using
Enterotoxigenic E. coli, Salmonella typhimurium, Salmonella entertidis, Shigella dysentriae,
Shigella flexineri, Candida albicans, Candida tropicalis and Candida krusei. The methanol
extract showed good activity compared to aqueous and chloroform extract while petroleum

ether and n-hexane extract showed no activity. In addition, the methanol extracts
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phytochemical analysis showed the presence of carbohydrates, alkaloids, flavonoids, amino

acids, steroids, sterols and saponins.

Literature indicates that there is a significant interest on the antimicrobial activity of C.
gynandra. And it is quite evident, studying different research outputs, that C. gynandra
proves to possess E. coli and S. aureus inhibitory properties. Furthermore, the polar extracts
of C. gynandra leaves prove more potent, in this regard. While the classes of compounds via
preliminary phytochemical identifications by different research groups are revealed. It still
remains unclear which compounds are responsible for the antimicrobial activity, particularly
E. coli and S. aureus inhibitory activity, microbes chosen in this study. Furthermore, while
Ranijitha et al. isolated 4 compounds from n-haxane extract of C. gynandra leaves these
showed poor E. coli inhibitory activity [63]. Reports by other researchers indicate that the
polar compounds may be responsible for the potency against E. coli [61,62,64]. There is a
need to identify the compounds responsible for the microbial inhibitory properties of C.
gynandra. ldentifying natural compounds responsible for E. coli growth inhibition will add
great value since it has a broad spectrum of lifestyles and phenotypes, and thus is a well-
suited model organism to study bacterial evolution and adaptation to different growth
conditions and niches [35]. And also to note, as alluded earlier, E. coli is responsible for a
number of infectious diseases such as diarrhoea and thrombosis notwithstanding the world
trends towards lessening the antibiotic use on animal food products, natural alternatives are
necessary. This study realises the opportunity to identify and isolate the ingredients
responsible for the inhibition of microbes such as E. coli and S. aureus.C. gynandra has
numerous biologically active phytochemicals such as triterpenes, tannins, anthroquinones,
flavonoids, saponins, steroids, resins, lectins, glycosides, sugars, phenolic compounds, and
alkaloids in its methanolic extract, the compounds are thought to be responsible for the anti-
arthritic properties [59]. Furthermore, a study showed the total extractable phenolic content
to be 3.94 £ 0.09 mg garlic acid equivalent per gram of dry weight while the total flavonoid

concentration as 2.19 + 0.11 mg catechin equivalents per gram of dry weight. Total iridoid
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content was 9.14 + 0.20 mg harpagoside equivalents per gram of dry weight [65]. Studies on
its nutritional content reveal that C. gynandra is high in beta-carotene and vitamin B, as well
as in selected minerals such as iron, zinc, magnesium, calcium and phosphorus [66]: And
further the nutrient content per edible portion of leaves of C. gynandra which includes
protein, riboflavin, vitamin A and C, dietary fibre was studied [67]. The antioxidant enzymes
of C. gynandra are able to cope with the formation of reactive oxygen species under drought
stress [68] and flavonoids mediate antioxidant activity of C. gynandra in some chronic
inflammatory cells via its free radical scavenging activity, it is proposed that the high content
of phenolic compounds is responsible for the antioxidant property [69]. Such reported
findings reveal that indigenous vegetables such as C. gynandra have higher levels of
phytochemicals and also exhibit more potent antioxidant activity compared to the
commercial varieties. A further study showed that planting of C. gynandra in beds of cut-
flower roses significantly reduces red spider mite (Tetranych usurticae Koch) infestation

without any negative effect on productivity or flower quality [55].

These findings not only reveal the high medicinal properties of C. gynandra but also prove

that it is amongst the most nutritious leafy vegetables.

Regardless of the elaborate evidence that C. gynandra possesses medicinal components,
very little has been reported towards isolation and identification of the ingredients
responsible for the inherent biological activities. Dammerane triterpenoids from C. gynandra
were previously isolated without any biological studies [70]. To the best of our knowledge
there are no reported studies involving the isolation and naming of compounds from C.
gynandra leavesresponsible for bioactivity, leaving the gap for this study. In this chapter we
report bioactivity of several extracts from the leaves of C. gynandra that may lead to the
identification and isolation of bioactive compounds and its further development of potentially

commercial products.
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2.3. Materials and methods

2.3.1. Plant harvesting and preparation

C. gynandra was harvested from the Agricultural Research Council — Vegetable and
Ornamental Plants (ARC-VOP) (Roodeplaat, Pretoria, South Africa) in November 2016, and
identified by Dr Willem Jansen Van Rensburg. A voucher specimen (TOT8420) was
deposited at the ARC-VOP laboratory. The leaf material was carefully examined and the
healthy leaf material was dried using an oven heat at 50 °C followed by dry storage. The
dried leaves were ground to fine particles size using a Lasec polymix PX-MFC 90 D grinder,
Kinematica AG (Switzerland), before extraction, not only to maximise surface area and
obtain homogeneity but also to rupture the plant organ, tissue and cell structures exposing

the solutes to the extraction solvent.

2.3.2. Extractions materials

Analytical grade extraction solvents (n-hexane, ethanol, acetone, ethyl acetate, methanol
and dichloromethane) were purchased from Radchem pty (Ltd) (South Africa), or MERCK
(Sigma Aldrich) (South Africa). Milli-Q® water was used in preparative experimentations

involving the use of water. All chemicals were used without further purification.

2.3.3. General extraction methods

The general extraction techniques employed were divided into three categories: 1) extraction
via single solvent system, 2) supercritical fluid extraction and 3) sequential organic solvent

extraction.
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2.3.3.1. Batch extraction of dry leaf material usingasingle solvent system

The dried ground leaf material (amounts varying as per solvent extraction) was immersed
separately in a selected solvent or solvent mixture, at 1:10 m/v ratio. The contents were
constantly stirred using a stirrer plate and stirrer bar at room temperature with repeated
extraction of plant residue (1hr, 18hr and 1hr), with filtering after each interval using a
Buchner funnel. The filtrates were combined. The combined filtrates were evaporated using
a Buchi rotary evaporator and/or a genevoc SP Scientific genevac EZ-2 centrifugal
evaporator or left to dry in a fume hood. The plant material was extracted separately with
water, ethanol, ethanol/water (50:50), ethyl acetate, n-hexane and acetone to give 6

extracts.

Liquid-Liquid partitioning of the EtOAc extract

The EtOAc extract (18 g) was dissolved in n-hexane (200 ml) and sonicated for 2 min to
which 90% ethanol (200 ml) was added. A separating funnel was used for the liquid-liquid
partitioning and the content was shaken several times. The n-hexane layer was evaporated
to dryness and the resulting fraction named p-hexane. The 90% EtOH layer was evaporated
and the dry mass was re-suspended in ethyl acetate (200 ml) to which water (200 ml) was
added and the combination shaken in separating funnel. The contents were allowed to settle
and the resulting two layers were collected separately. The resulting fractions from the
EtOAc phase and that from the water phase were named p-EtOAc and p-water, respectively.

The partitioning of the EtOAc extract is illustrated in Figure 2.2.
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EtOAc extract (18 g)

Dissolvedin Hexane (200 ml)
Sonicate for 10 min.
Partition with 200 ml 80% EtOH/water

Hexane fraction EtOH/water fraction
| Evaporate to dryness | Evaporate to dryness
p-Hexane extract (7.6 g) Dry fraction

Dissolvedin Ethyl acetate (200 ml)
Partition with 200 ml water

Ethyl acetate fraction Water fraction
Evaporate to dryness Evaporate to dryness
p-EtOAcC extract (8.5 g) p-water extract (1.8 g)

Figure 2.2: Liquid-liquid partitioning of EtOAc extract.

2.3.3.2. Supercritical fluid extraction of dried leaf material

A Waters MV-10 ASFE supercritical fluid extraction system (Figure 2.3) using the software
ChromScope for the supercritical fluid extraction of the plant material with analytical grade

ethanol and carbon dioxide.

Figure 2.3: Image of a Waters MV-10 ASFE Supercritical Fluid Extraction system [71].
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Dried C. gynandra leaf material (100 g) was subjected to supercritical fluid extraction in an
extraction chamber. The ethanol flow rate was varied from 0 — 1.5 mL/min while that of CO-
was maintained at 5 ml/min. The pressure conditions varied from 100 — 350 bar while the
temperature conditions initiated at 35 °C and with a maximum of 80 °C. The gradient
extraction conditions are shown in Table 2.1. After extraction the filtrate was allowed to

evaporate in a fume hood to yield approximately 3.5 mg of the sc(CO,-EtOH) extract.

Table 2.1: Extraction conditions via the supercritical fluid extraction method.

Ethanol

Flow CO2 Tem Pressure Dynamic Static Dynamic Make-up
rate Flow (‘,C;D' (bar) duration1 duration duration2 Cycles Flow

(mL/min) (mL/min) (min) (min) (min) (mL/min)

0,0 5 35 100 5 20 10 4 0,5

0,0 5 35 100 1 1 3 1 1,0

0,0 5 40 250 5 20 10 2 0,5

0,0 5 40 350 5 20 10 3 0,5

0,0 5 40 200 1 1 3 1 1,0

0,2 5 50 100 5 20 7 3 0,5

0,4 5 60 200 5 20 7 3 0,5

0,6 5 70 300 5 20 7 3 0,5

0,8 5 70 310 5 20 7 3 0,5

1,0 5 80 320 5 20 7 3 0,5

1,2 5 80 330 5 20 7 3 0,5

1,5 5 80 340 5 20 7 3 0,5

1,5 5 80 350 5 20 7 3 0,5

0,0 5 80 150 5 5 1 0,5

1,0 5 80 100 5 0 10 2 0,5

0,0 5 80 100 5 0 10 1 1,0

2.3.3.3. Sequential extraction of plant dried leaf material

This extraction method involved soaking leaf material in different solvents sequentially in the
order from least polar to most polar, in the order —n-hexane, dichloromethane, ethyl acetate
and methanol. The sequential extraction followed the order illustrated in Figure 2.4 for the
extraction of dried leaves (500 g) of C. gynandra ground to fine particles (~ 40 ym) at room

temperature. Plant material was soaked in n-hexane (5 L x 1h, 5L x 18h and 5L x 1h) with
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constant stirring then filtered between each extraction. The n-hexane extracts were
evaporated to dryness at 40 °C under vacuum by a rotary evaporator and combined yielding
13 g of the extract. The residual plant material was further soaked in dichloromethane (5L x
1h, 5L x 18h and 5L x 1h) at room temperature with stirring then filtered between each
extraction. The dichloromethane extracts were evaporated to dryness at 40 °C under
vacuum by a rotary evaporator to obtain 18 g of the extract. The resulting residual plant
material was further soaked in ethyl acetate (5 L x 1h, 5L x 18h and 5L x1h) at room
temperature with constant stirring then filtered between each extraction. The combined ethyl
acetate extracts were evaporated to dryness at 50 °C under vacuum by a rotary evaporator
to obtain 19 g of the extract. Finally, the residual plant material was further soaked in
methanol (5L x 1h, 5L x 18h and 5L x 1h) at room temperature with stirring then filtered
between each extraction. The methanol extracts were combined and evaporated to dryness
at 60 °C under vacuum by a rotary evaporator to obtain 16 g of the extract. The extracts
obtained are named: n-hexane-, seq-DCM-, seq-EtOAc- and seq-MeOH extract, according

to the extraction sequence.
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Dried, ground Cleome gynandraleaves (500 g)

Add n-hexane, stir then filter (x 3)
Combine hexane layers
Evaporate to dryness

Plant residue Hexane extract

Add DCM stir then filter (x3)
Combine DCM layers
Evaporate to dryness

Seq-DCM extract Plant residue

Add EtOAc, stir then filter (x3)
Combine EtOAc layers
Evaporate to dryness

Plant residue Seq-EtOAc extract

Add MeOH, stir then filter (x3)
Combine MeOH layers
Evaporate to dryness

Seq-MeOH extract Plant residue
(Discarded)

Figure 2.4: An illustration of the sequential extraction procedure followed using n-hexane,
dichloromethane, ethyl acetate and methanol to obtain the extracts labelled as
n-hexane, seq-DCM, seq-EtOAc and seq-MeOH.

2.3.4. Enzyme-based biological assays

The crude extracts prepared using single solvent system and supercritical fluid extraction
were subjected to enzyme-based bio-assays. The enzyme assays were selected to assess
the potential of the extracts ingredients as anti-diabetic-, anti-hypertension-, anti-cholesterol-,
cardio-protective and anti-uricemic agents. The selected enzyme-based assays were a-

amylase-, a-glucosidase-, xanthene oxidase-, HMG-CoA reductase-, and renin inhibition.
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2.3.4.1. Materials for enzyme-based assays

All chemicals, reagents, standards and enzymes for the enzyme assays were purchased
from Sigma Aldrich unless specified otherwise. For the a-amylase and a-glucosidase
assays: 1% soluble starch as the substrate (Sigma, S2004), human salivary a-amylase
(Sigma, E8140), a-glucosidase (from Saccharomyces cerevisiae), phosphate buffer (pH 6.9)
(Sigma, S0751), standard inhibitors, acarbose (Sigma A8980) and a-amylase inhibitor from
wheat seed (Sigma A1520), 3, 5-dinitrosalicylic acid (DNS) reagent (Sigma, D0550) and
potassium sodium tartrate (S6170). For the HMG-CoA assay: HMG-CoA Reductase Assay
Kit (Sigma, CS1090), the kit contained the substrate solution (HMG-CoA), enzyme (HMG-
CoA reductase), NADPH (nicotinamide adenine dinucleotide phosphate), assay buffer and a
standard inhibitor, pravastatin. For the renin inhibition assay: Renin assay kit (Sigma,
MAK157-1KT). The kit contained the substrate, renin and assay buffer. The inhibitor,
aliskiren was purchased separately (Sigma, CDS023114). Xanthine oxidase inhibition assay:
Dimethoxymethylamphetamine (DMMA), xanthine oxidase assay kit (Sigma, MAKO78-1KT).
The contents of the kit included xanthine oxidase, fluorescent peroxidase substrate and
assay buffer. A Tecan Infinite® F500 microplate reader was used for colorimetric readings

where enzyme-based assays were involved.

The percentage inhibition for the enzyme assays was calculated using the formula:

iy e Abs —Abs
%Inhibition = Corxgzl extract @)
control

The mean values were obtained from triplicate experiments.
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2.3.4.2. a-Amylase inhibition assay

a-Amylase inhibition assay uses calorimetry and measures the extent of the hydrolysis of
starch to glucose by using a 3, 5-dinitrosalicylic acid (DNS) reagent. The hydrolysis yields a

brown-coloured product which can be detected at 540 nm.

In a 96-well plate, 30 pyL phosphate buffer (20 mM, pH 6.9) and 10 yL a-amylase (100
pg/mL) were added to the control wells. The blank wells contained 40 puL phosphate buffer.
The positive control well contained, 20 pyL acarbose (1 mg/mL in water), 10 uL phosphate
buffer and 10 puL a-amylase. The extract was prepared as 1 mg/mL solution in ethanol, 20
pML was added in the extract test well, with 10 yL phosphate buffer and 10 pL a-amylase.
Further, extract control wells contained 80 uL phosphate buffer and 20 pL extract.
Experiments were performed in triplicate for three different sets and mean + standard error
of the mean were calculated. The plates were incubated at 37°C for 30 min. After the pre-
incubation, 60 pL substrate of 1% starch solution was added to each well and incubated at
37 °C for 15 min. Using 1.0 mL DNS reagent the reaction was terminated and the plate was
placed in boiling water bath for 5 min. After this cooled to room temperature. The final test
concentration was 200 ug/mL for crude extracts, and the absorbance was read at 540 nm

using the Tecan Infinite® F500 microplate reader.

2.3.4.3. a-Glucosidase inhibition assay

o-Glucosidase inhibition assay measures the hydrolysis of p-nitrophenyl-a-D-
glucopyranoside to glucose and p-nitrophenyl. The resulting yellow-coloured product can be
detected at 405 nm. In a 96-well plate, 30 uL phosphate buffer (20 mM, pH 6.9) and 10 pL o-
glucosidase (100 ug/mL) were added to the control wells. The blank wells contained 40 uL
phosphate buffer. The positive control well contained, 20 yuL dimethoxymethylamphetamine

(DMMA) (1 mg/mL), 10 puL phosphate buffer and 10 ul a-glucosidase. The extract was
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prepared as 1 mg/mL solution in ethanol, 20 yL was added in the extract test well, with 10
ML phosphate buffer and 10 uL a-glucosidase. Further, extract controls contained 80 pL
phosphate buffer and 20 pL test extract. The plates were incubated at 37°C for 30 min. After
the pre-incubation, 60 uL substrate was added to each well and incubated at 37 °C for 15
min. The final test concentration was 200 pg/mLand varying in the case were ICsy value
determination was involved, and the absorbance was read at 405 nm using theTecan
Infinite® F500 microplate reader. Experiments were performed in triplicate and mean *

standard error of the mean was calculated.

2.3.4.4. HMG-CoA reductase inhibition assay

A stock solution of 1 mg/mL in 10% ethanol (EtOH) and 90% phosphate buffer (pH 6.9) was
prepared for all test samples (extracts). The extracts were screened at a final concentration
of 200 pg/mL. The assay buffer was added to the blank wells (92 uL), inhibitor wells (90 L),
control wells (91 pL) solvent control and sample wells (71 uL). The inhibitor wells contained
1 yL pravastatin, the solvent control contained 20 pL solvent and sample wells contained 20
WL of prepared stock solution. To all the wells 2 yL NADPH and 1 yL HMG-CoA reductase
(HMGR) were added. The sample controls contained no enzyme nor substrate but 78 yL

assay buffer, 2 yL NADPH and 20 pL of the samples.

The plates were incubated for 30 minutes, then 6 uL of substrate solution was added to all
the wells and the absorbance was read immediately at 340 nm the Tecan Infinite® F500
microplate reader. A kinetics program was used to measure the decrease in absorbance at 2
min intervals for 30 min. The plates were agitated for 10 seconds before the first
measurement. The enzyme activity was measured by the decrease in absorbance due to the
decrease in NADPH. Enzyme inhibition was characterised by no change or very slow rate of

decrease in absorbance compared to the control.
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2.3.4.5. Renin inhibition assay

The renin activity assay is determined by using a fluorescence resonance energy transfer
(FRET) peptide containing a fluorescence quencher. Cleavage of the peptide by renin
results in a fluorescent product which can be detected at Aex = 535 nm/Aem = 612 nm. Stock
solutions of test samples were prepared at 2 mg/mL either in aqueous phosphate buffer
solution (pH 6.9) or 10% ethanol and 90% phosphate buffer (pH 6.9). All extracts were

screened at a final concentration of 200 ug/mL.

The assay buffer was added to the blank wells (50 uL), control wells (30 pL), inhibitor,
solvent control and sample wells (10 pL). The inhibitor wells contained 10 pL aliskiren (100
Mg/mL), the solvent control and test sample wells each contained 20 uL of the prepared
stock. To all, except the blank well, 20 uL renin (100 ng/mL) was added. For each test
sample, a sample blank was prepared with 30 yL assay buffer and 20 uL test sample. The
plates were incubated for 30 min, then 50 L of substrate solution was added to all the wells
and the plates were incubated for further 60 min. Renin activity was measured by the
increase in fluorescence measured using the Tecan Infinite® F500 microplate reader and
thus inhibition of renin was characterized by a decrease in fluorescence compared to the

control.

2.3.4.6. Xanthine oxidase inhibition assay

For each extract a stock solution was prepared at 1 mg/mL in 10% ethanol (EtOH) and 90%
phosphate buffer (pH 6.9). All samples were screened at a final concentration of 200 ug/mL.
The assay buffer was added to the wells for blank (46 L), control (44 uL) and inhibitor well,
solvent control and sample wells (34 uL). The extract was prepared as 1 mg/mL solution in
ethanol and 10 yL was added in the extract test well, 10 uL of 10% ethanol in phosphate

buffer in the solvent well. 1 mg/mL positive control was prepared in phosphate buffer and 10



43 |Page

ML was added in the positive control well. Except the blank well, all the other wells contained
2 uL xanthine oxidase. Sample blanks contained 38 ul assay buffer and 10 uL test sample.
The plates were incubated for 30 minutes (min) at room temperature, after which 2 yL of
xanthine oxidase was added to all the wells followed by 2 uL of fluorescent peroxidase
substrate. The plates were further incubated for 2 min and kinetic measurements were taken
for 1 hour with 5 min intervals. Xanthine oxidase activity was indicated by the increase in
fluorescence and inhibition of xanthine oxidase was characterised by the decrease in
fluorescence measured using the Tecan Infinite® F500 microplate reader. The kinetics

graphs were plotted using GraphPad Prism 5 (GraphPad Software, Inc., California).

2.3.4.7. Determination of ICso values

The fractions obtained via the liquid-liquid partitioning of EtOAc were further assessed for a-
glucosidase inhibition activity, along with the original EtOAc crude, at different
concentrations (200, 100, 50, 25, 12.5, 6.25, 3.13, 1.56, 0.78, 0.39 uyg/mL) to achieve their

inhibition curves, and their ICs values were calculated using GraphPrism.

2.3.5. Antibacterial activity assay

The EtOH-, EtOAc-, acetone- and n-hexane extract were screened for antibacterial activity

against E. coli and S. aureus.

2.3.5.1. Bacterial strains and their culturing

S. aureus ATCC 29213 and E. coli ATCC 27853 were the strains used for antibacterial

assays. The strains were maintained in Mueller Hinton ager (MHA) (Fluka, Spain). The
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organisms were sub-cultured every 2 weeks. Before testing, the bacterial inoculums were
prepared and cultivated in Mueller Hinton broth for 12 hr at incubation temperature 37 °C.
The bacterial cultures were serially diluted (10-fold increments) in sterile broth to obtain cell

suspension of 1.0 x 10° CFU/ml (colony forming units per ml).

2.3.5.2. Determination of minimum inhibitory concentration

The minimum inhibitory concentration (MIC) for the selected crude extracts against bacteria
were evaluated using the serial microdilution assays [72,73]. The test solution (1 — 0.008
mg/mL) was serially diluted 50% with water and the sample with the highest test
concentration was dissolved in 10% ethanol in water. The dilutions were prepared in 96-well
microtitre plates. Bacterial culture (100 pL) was then added to each well before incubation
for 24 hr at 37 °C. The bacterial inhibition was visualised by adding 40 ul of aqueous p-
iodonitrotetrazolium violet (INT) (Sigma Aldrich) to each well. The plates were incubated for
a further 1 hr and the MIC was determined as the lowest sample concentration that inhibited

microbial growth, as indicated by the visible reduction in the red colour, visually inspected.

2.3.6. Anticancer assays

Crude extracts prepared from the sequential extraction method discussed in section 2.1.1.1

were initially evaluated for their lung cancer cytotoxicity in the A549 cell line.

2.3.6.1 Cell culture

All cell lines were cultured at 37°C, 5% CO.,, in Dulbecco’s Modified Eagle Medium (DMEM)

containing high glucose (containing 4.5 g/L glucose, sodium bicarbonate and phenol red),
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supplemented with 10 % fetal bovine serum (FBS), Glutamax (2 mM) and PenStrep (0.5

mg/ml).

2.3.6.2 General method for anticancer bioactivity assay

Cells were trypsinized at 10,000 cells per well in a 100 puL volume plated in 96 well plate.
The cells were incubated in CO, to reach 60 - 70% confluence, at which point, they were
treated with increasing concentration (0.125, 0.25, 0.50 and 1 mg/mL) of test sample (initially
reconstituted in 10%DMSO and diluted with H.O at 1mg/mL) along with positive control
(Cisplatin-100 uM and/or diallyl disulphide (DADS) 1mM), incubated over 24 hours and 48
hours and cell viability determined using sulforhodamine B (SRB) assay. After 24- and 48-
hour incubation cells were fixed using 50 uL of 50% trichloroacetic acid (TCA) was added to
each well, and the plates were kept at 40 °C for 60 min. After fixation of cells, the wells were
carefully washed with slow running tap water, and subsequently the plates were allowed to
dry. One hundred microliters of SRB was added to each well and the plates incubated for 30
min. Excess unbound SRB was removed and the plates washed with 1% acetic acid. The
washed wells were allowed to dry at room temperature. The protein bound SRB was
dissolved in 100 uL of 10 mM tris base solution and the absorbance read at 510 nm on a

multimode plate reader (ParkinElmer, Massachusetts, USA).

2.3.7. Ultra-performance Liquid Chromatography Quadrupole time-of-flight Mass

Spectrometry

UPLC-QTOF-MS was used to generate chromatograms for the chemical fingerprints of the
extracts. UPLC was performed using a Waters Acquity UPLC system (Waters Corp., MA

USA), equipped with a binary solvent delivery system and an autosampler.
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The extracts were reconstituted in methanol to a concentration of 1 mg/mL then centrifuged
at 10000 rpm for 2 min. Separation was performed on a Waters BEH C18, (2.1 mm x 100
mm, 1.7 ym column). The mobile phase consisted of solvent A: 0.1% formic acid in purified
water and solvent B: acetonitrile with 0.1% formic acid. The gradient elution was optimized
as follows: 3% B (0-0.1 min), 3-30% B (0.1-6.0 min), 30% B (6.0-9.0 min), 30-100% B (9.0-
20.0 min), 100% B (20.0-23.5 min), 100-3% B (23.5-24.0), 3% B (24.0-25.0). The flow rate
was kept at 0.400 mL/min and the injection volume was 5 pL. The column temperature was

40 °C.

For MS conditions a Waters Synapt G2 high definition QTOF mass spectrometer equipped
with an ESI source was used to acquire negative and positive ion data. The system was
driven by MassLynx V 4.1 software (Waters Inc., Milford, Massachusetts, USA) for data
acquisition. MS calibration was performed by direct infusion of 5 mM sodium formate
solution at a flow rate of 10 yL/min and using Intellistart functionality over the mass range of
50 - 1200 Da. The MS source parameters were set as follows for both the positive and
negative mode: Source temperature 110 °C, sampling cone 25 V, extraction cone 4.0 V,
desolvation temperature 300 °C, cone gas flow 10 I/h, desolvation gas flow (500 I/h). The

capillary was 2.8 kV in the positive and 2.6 kV in the negative modes.

Acquisition

A 2 ng/uL solution of leucine encephalin was used as the lockspray solution that was
constantly infused at a rate of 2 yL/min through a separate orthogonal ESI probe to
compensate for experimental drift in mass accuracy. Trap collision energies were 30 V (high)

and (10 V) for the low energy.

Chemical profiling

Compounds were tentatively identified by generating molecular formulas using MassLynx V

4.1 based on their iFit value, and by comparison of MS/MS fragmentation pattern with that of
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matching compounds. Identification of known compounds was effected using online
databases such as Chemspider, PubChem, the Dictionary of Natural Products, MassBank,

Metlin and MefFusion.

2.4. Results and discussion

2.4.1. Single solvent system and the SCF extraction

The solvent systems used to obtain the different extracts via the single solvent system
method were water, ethanol, ethanol/water (50:50), ethyl acetate, n-hexane and acetone.
The solvents were selected based on their acceptance as food grade and also for
comparative purposes as in the case of n-hexane. The results for extraction are summarised

in Table 2.2.

Table 2.2: Batch extraction yields summary

Solvent system Plant material (g) Extract (g) %Yield
Ethanol 450 35 7.8
Ethyl acetate 500 19 3.8
N-hexane 500 13 2.6
Acetone 103 5 4.9
Ethanol:water (50:50) 100 8 8.0
Water 126 2 1.6
sc(CO2& ethanol) 100 1 1.0

The best extraction yield was obtained for the ethanol extract and the lowest yield was
obtained with water. This can be expected as ethanol is able to extract both polar and non-
polar compounds. Water is suitable for extracting polar compounds and the leaves of C.
gynandra seem to possess a relatively few of these as the water extraction yield was the
lowest in batch extraction. N-hexane on the other hand gives high yields in the extraction of
non-polar and neutral analytes particularly oils and produced relatively low yield compared to

the rest of the solvents employed herein. It is evident that the majority of analytes in C.
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gynandra leaves are medium polar. The supercritical fluid extraction which involved
supercritical CO, and ethanol gave the lowest extraction yield i.e. 100 g of plant material
resulted in 1 g of extract, a 1 % vyield. The supercritical method of extraction used an
equipment designed for analytical purposes. While CO; is expected to return low yields, as it
boasts in the extraction of oils, as discussed earlier, the presence of ethanol was expected
to increase the yield as its presence was expected to expand the pool of extractable
components, however, this was not the case. This could be due to the equipment only
allowing a small amount of plant material to be extracted at a time and perhaps the
temperature, pressure and flow rate conditions were not the optimum conditions for such

extraction.

2.4.2. Sequential extraction

Sequential extraction of the dried, ground leaves (500 g) of C. gynandra as discussed in
section 2.3.3.3 gave a yield of 13 g n-hexane extract, 18 g seq-DCM extract, 19 g seq-
EtOAc extract, and 16 g seq-MeOH extract. This indicates a 66 g total extractable content, a
13.2 % overall extraction yield. The n-hexane extract contributed the lowest yield at 2.6 %
while the highest yield was seen for seq-EtOAc, 38 %, see Table 2.3. These extracts were

evaluated for their anticancer activity towards identifying the bioactive compounds.

Table 2.3: Sequential extraction yields

Extract Extract (g) %Yield
N-hexane 13 2.6
Seq-DCM 18 3.6
Seqg-EtOAc 19 3.8
Seq-MeOH 16 3.2

Total extractable 66 13.2
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2.4.3. Biological activity assays of extracts against a-amylase and a-glucosidase

All the extracts that were tested for their inhibition of a-amylase (EtOH, water, EtOH-water,
sc(CO,-EtOH), EtOAc, acetone and n-hexane) were inactive against this enzyme (Table
2.4). This result was unexpected as Sangameswaran et al.[74] in their study reported a-
amylase inhibitory effect of the ethanol extract from C. gynandra leaves to be ranging
between 13.21 % and 65.34 % when studied at concentrations 10 —100 pg/mL. Furthermore,
in the same study, at the same concentration range the inhibitory effect of the aqueous
extract was found to be ranging from 10.76% to 48.59%. The reported ICso of ethanol extract
was found to be 77.53 £ 0.15 uyg/mL, and that of the water extract was 123.5 £ 0.40 pg/mL.
The possible explanation for the lack of activity for all the extracts against a-amylase may be
due to the over-saturation of the enzyme as the concentration of 200 ug/mL may have been

too high.

In contrast, when assayed for a-glucosidase inhibition the extract sc(EtOH-CO-) exhibited
the highest inhibition compared to other extracts tested, a 96.55 £ 0.15 %inhibition when
tested at 200 pg/mL and compared favourably to the positive control, acarbose (97.56 + 0.10
%), while the EtOH extract gave a 61.09 + 2.16 % inhibition at the same test concentration
(Table 2.4). The EtOAc, acetone and n-hexane extracts also exhibited good inhibition activity
against a-glucosidase with 91.76 + 1.16, 89.97 + 1.77 and 92.67 = 0.17 %inhibition,
respectively. This result revealed that the active compounds against a-glucosidase are in all
likelihood medium to non-polar compounds, and this argument is further solidified by the

water extract showing no activity.
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Table 2.4: Inhibition activity (%) of crude extracts against alpha amylase and alpha

glucosidase.
Extract a-Amylase assay a-Glucosidase assay

% Inhibition * SD % Inhibition £ SD

EtOH extract -19.81 (0) 61.09 +2.16

EtOH/H20 extract -17.81 (0) -12.55 (0)

Water extract -9.51 (0) -17.86 (0)

sc(EtOH-COy) extract -17.80 (0) 96.55 + 0.15

N-hexane extract -32.87 (0) 92.67 £ 0.17

EtOAc extract -12.46 91.76 £ 1.16

Acetone extract -10.35 89.97 £1.77
Controls

Acabose 81.82 (0.81)

DMMA 97.56 (0.10)

10% Ethanol -18.89 (0) -2.50 (0)

Ethanol falls under ‘generally regard as safe’ chemicals and its use is found vastly across
fields.Alcohol is the principle ingredient in alcoholic beverages like beer, wine or brandy. It is
also an ingredient in a range of products, such as personal care and beauty products, paints
and varnishes and fuel. Developing an ethanol extract for commercial purposes as food,
herbal or nutraceutical products would be less restricting and would be preferred. On the
other hand, the supercritical fluid extraction technology ensures safety as well as green
measures of extraction. The extract sc(CO2-EtOH) showed the highest inhibition activity and
thus merited further steps towards identifying the active components, however, the major
obstacle was that very little quantity of plant could be extracted, limited by the instrument

capability as it is an analytical design.

Ethyl acetate is listed as a FDA approved solvent, and the extract EtOAc exhibited 91.76 +
1.16 % inhibition of a-glucosidase while the extraction yield was relatively appreciable at
about 3.8 % per leaf mass. EtOAc extract was therefore subjected to solvent-solvent

partitioning to attempt concentrating the bioactive constituents to possibly improve activity.
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2.4.4. Evaluation of a-glucosidase inhibition for the liquid-liquid partitioned fractions

The fractions produced through liquid-liquid partitioning i.e. p-hexane and p-water showed

limited inhibition of a-glucosidase with ICsg values greater than 130 ug/mL (Figure 2.5).
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Figure 2.5: Inhibition curves and ICso values of extracts tested for the inhibition of a-
glucosidase.

The ethyl acetate liquid-liquid fraction showed excellent activity with an ICso value of 8.75

Mg/mL which was an improvement compared to that of the parent extract, 24.40 ug/mL. This
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also compared favourably with the positive control DMMA with an ICso of 37.10 pug/mL. The
results showed that the active compounds were retained in the ethyl acetate fraction
indicating that these were in all likelihood medium polar compounds since the n-hexane with
non-polar compounds and the water with the polar compounds did not exhibit any
appreciable activity. This warranted the further chemical characterisation of the ethyl acetate

extract and the partition p-EtOAc, the results of which are discussed in section 2.4.10.

2.4.5. Effect of extracts on HMG-CoA reductase

The enzyme activity was measured by the decrease in absorbance due to the decrease in
NADPH, therefore, inhibition of the enzyme by pravastatin was recognized by the
unchanged or very slow rate of decrease in absorbance of NADPH compared to the control.
Figure 2.6 demonstrates the activity of pravastatin as the rate of decrease in NADPH
absorbance is slower in the presence of pravastatin compared to the control. As the test
samples were dissolved in 10 % ethanol it was vital to have ethanol as a control and very

small activity was observed which was subtracted for test samples.

o
©
1

0.8 -= Control —o— Blank
£ Pravastatin £ P
S 0.6 g 054% -= Control
3 & A Pravastatin
o o \
o o 10% EtOH
% 0.4 g 0.4+
2 r-}
S [
o o :
3 0.2 B 0.2
< <
0.0 T T T 1 0-0 T T T 1
0 10 20 30 40 0 10 20 30 40
Time (min)

Time (min)

Figure 2.6: The activity of the inhibitor, pravastatin (green), against HMG-CoA reductase
(black) action and the controls.

The EtOH-, n-hexane-, acetone and EtOAc extracts were tested in the assay at 200 ug/mL.

The kinetics for the assay are shown in Figure 2.7. The competition for site of the
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components in the n-hexane and those in the EtOAc extracts versus the substrate is evident
as the NADPH absorbance increases with time thus revealing the activity of these extracts
towards retarding catalytic action of HMG-CoA reductase and thus reducing the oxidation of
NADPH by the catalytic subunit of HMG-CoA reductase in the presence of the substrate.
The EtOAc- and n-hexane extracts were effective in inhibiting the action of HMG-CoA

reductase. The EtOH and acetone extracts exhibited poor activity.

(=]
[=-]
]

—= Control
EtOAc extract

e
(=]
1

—#= Control
Hexane extract

(=]
=]
o

P

o
-y
1

sgzzeeeess

o
R

Absorbance 349,
o o
'S >
1 Tl

e
N
h

Absorbance 340nm

o T T 1 T
0 10 20 30 40 0 10 20 30 40
Time (min)

Time (min)
0.8 -=- Control 0.8+ -=— Control
Acetone extract EtOH extract

o
(=]
o’

o
R

Absorbance 350nm
; o e
-
1
Absorbance 340nm

=4
=}

T T
10 20 30 40 0 10 20 30 40
Time (min)

o

Time (min)

Figure 2.7: HMG-CoA reductase inhibition of extracts at 200 ug/mL.

The results show that the effect of concentration of NADPH on the action of HMG-CoA
reductase at 200 ug/mL for the EtOAc and n-hexane extract is time dependant. The
bioactive components are likely medium polar to none polar constituents as the EtOAc and

n-hexane extracts exhibited activity while the acetone and EtOH extracts were inactive.



55| Page

2.4.6. Evaluation of extracts for the inhibition of renin

The renin activity is measured by the increase in fluorescence, therefore, inhibition of renin
by aliskiren was recognized by the decrease in fluorescence compared to the control. Thus,
the samples that have an inhibitory effect on renin will show a fluorescence that is lower than
that of the control and the percentage inhibition can be calculated. The solvent control, 10%
EtOH showed very low effect on renin action (0.86 + 0.74%). This effect was subtracted from
that of the extracts dissolved in 10% ethanol to correct for the inhibition due to the solvent.
The EtOH extract and the EtOH-water extract at 200 ug/ml displayed moderate activity,
68.06 + 1.78 % and 52.72 + 1.37 % inhibition, respectively, while aliskiren used as a positive
control exhibited 100.72 + 0.25 % inhibition at 100 ug/mL (Table 2.5). The sc(CO2-EtOH)
extract exhibited poor activity, 29.34 £ 1.26 % inhibition while the water extract revealed no
activity. Aliskerin is one of the inhibitors widely used in the treatment of hypertension, and is
also used for treating heart failure and diabetic nephropathy [28]. The EtOH extract exhibited
good activity and merits further studies towards identification of compounds responsible for
the activity. The activity displayed by the EtOH extract is due to the medium polar
compounds since the water extract exhibited no activity, while the EtOH-water extract
displayed poor activity, indicating that the polar compounds may not possess renin inhibition
properties.

Table 2.5: Renin inhibition of crude extracts at 200 ug/mL and the positive control, aliskiren
at 100 ug/mL.

Extract Renin % Inhibition £ SD
EtOH extract 68.06 + 1.78
EtOH-water extract 52.72 +1.37
Water extract -107 (0)
sc(CO,-EtOH) 29.34 + 1.26
Controls
10% EtOH 0.86 £ 0.74

Aliskiren 100.72 £ 0.25
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2.4.7. Xanthine oxidase inhibition activity of the extracts

Xanthine oxidase activity assay is determined by a coupled enzyme assay, which results in a
colorimetric or fluorometric product, proportional to the hydrogen peroxide generated. One of
the commercial inhibitors of xanthine oxidase is allopurinol. The kinetics curve demonstrating
the inhibition of xanthine oxidase action is seen in Figure 2.8 for allopurinol at 100 pg/ml,
wherein the rate of production of hydrogen peroxide is seen to decrease compared to the

control, indicative of the retardation of the enzyme activity in the presence of allopurinol.
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Figure 2.5: Xanthine oxidase inhibition kinetics curves of allopurinol (100 ug/mL) (positive
control) water-, EtOH-water-, EtOH- and sc(CO,-EtOH) extract at 200 ug/mL.

Retardation of the enzyme activity was seen for the EtOH-, EtOH-water- and sc(CO,-EtOH),

which displayed high activity as the rate of decrease was much greater at 200 ug/ml as
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illustrated by the respective kinetics curves. The water extract displayed no activity. The
effective extraction of biologically active ingredient against xanthine oxidase from C.
gynandra leaf extract was evident with the ethanol, 50% ethanol in water and supercritical
ethanol-CO; extraction media. These extracts merit development as herbal medicines for the
management of diseases such as gout. It can also be said that the active compounds are
medium polar, and that polar compounds are less active as the water extract showed poor

activity.

2.4.8. Extract inhibition of Escherichia coli and Staphylococcus aureus

The EtOH-, EtOAc-, acetone- and n-hexane extracts were tested to determine their inhibition
of S. aureus and E. coli growth. Of the four extracts, the EtOH extract exhibited the greatest
inhibition activity against E. coli. The MIC for the ethanol extract against E. coli was 0.052 +
0.016 mg/mL, comparable to 0.037 + 0.013 mg/mL of gentamicin, the positive control. The
acetone extract exhibited the highest activity against S. aureus at 0.25 £ 0.00 mg/mL (Table
2.5). This result warranted studies towards identification of the bioactive compounds.
Chemical characterisation of the extract is discussed in section 2.4.10.

Table 2.6: Minimum inhibition concentration of EtOH-, EtOAc-, acetone- and n-hexane
extract against S. aureus and against E. coli.

Mean MIC (mg/mL) and standard deviations

Extract S. aureus E. coli
EtOH 0.458 +0.102 0.052 £0.016
EtOAC 0.333+0.129 0.146 + 0.051
Acetone 0.25+0.00 0.167 £ 0.065
N-hexane >1 1.00 £ 0.00

Gentamicin (+ve control) 0.047 £0.017 0.037 £0.013
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2.4.9. Evaluation of the anticancer activity of the extracts obtained via the sequential

extraction method

The extracts obtained via the sequential extraction technique vizn-hexane, seq-DCM, seq-
EtOAc and seq-MeOH extract, were assessed for their lung cancer cytotoxicity against A549
cell line. Table 2.7 displays the anticancer screening results for the extracts, wherein the n-
hexane extract was the most active (>84% inhibition in the concentration range of 0.125 —
1.00 mg/mL, over 48-hour incubation and >75 % over 24-hour incubation). This result
warranted the isolation and identification of the compounds responsible for activity and such

study is discussed in detail in Chapter 4.

Table 2.7: Comparative assessment of cytotoxic potential of sequential solvent extracts of

Cleome gynandra against A549 lung cancer cell line.

Extract

Concentration

Growth inhibition (%) at

Growth inhibition (%)

(mg/mL) 24 h (Mean+SE) at 48 h (Mean*SE)
Vehicle control # 9.4+1.96 -2.46+2.15
0.125 75.05+0.20 84.87+0.05
0.25 78.61+0.73 87.18+0.13
N-hexane extract
0.50 78.10+0.23 87.27+0.18
1.00 77.53+0.77 87.08+0.18
0.125 -5.55+7.22 16.01+5.78
Dichloromethane 0.25 12.39+2.82 46.07+2.80
extract 0.50 22.45+0.49 64.64+1.68
1.00 25.70+2.52 66.44+1.91
0.125 16.3 8+2.71 38.29+0.86
Ethyl acetate extract 0.25 34.71+1.86 63.46+0.64
0.50 42.04+1.39 75.24+1.27
1.00 56.42+1.25 74.35+0.79
0.125 16.69+3.84 5.55+0.60
Methanol extract 10.95+3.73 -1.03+1.75
0.50 9.92+1.20 2.36+1.26
1.00 12.98+0.78 14.86+1.21

# The final concentration of respective vehicle control in the treatment media is 1%
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2.4.10. UPLC-QTOF-MS chemical analysis of extracts

UPLC-QTOF-MS was used to obtain a chemical fingerprint that can be used in the future to
show batch to batch reproducibly, for extracts that proved reasonably potent in biological
assays, and thus, worth pursuing further studies for. Compounds were tentatively identified
by first generating the molecular formula using MassLynx V 4.1 based on their isotopic fit
value (iFit value), and thereby obtaining accurate mass and by comparison of MS/MS
fragmentation pattern with that of matching compounds from selected databases (viz.
Chemspider, The Dictionary of Natural Products, PubChem, MassBank, Metlin and
Metfusion). The selected extracts were the EtOAc extract and the fraction pEtOAc for o-
glucosidase inhibition, the EtOH extract for antimicrobial activity, and the n-hexane extract

for anticancer activity.

2.4.10.1. Chemical profiling of the ethyl acetate extract and the fraction pEtOAc

A chemical analysis of pEtOAc, the fraction prepared via liquid-liquid partitioning of EtOAc
extract, and the parent EtOAc extract was undertaken to identify the compounds
represented by common peaks which could be responsible for the observed a-glucosidase
inhibition activity. The chemical fingerprint of the extract generated using UPLC-QTOF-MS
operating in the ESI positive mode, for both EtOAc and pEtOAc, is shown in Figure 2.9. A
total of six peaks were selected for identification of the chemical structures based on their
mass data and their purity (no interfering peaks). Of these, two compounds were tentatively

identified and one identified as a novel compound (Table 2.8).
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Figure 2.9: ESI positive mode BPI| chromatogram of the extract EtOAc and the fraction
pEtOAc. A total of six compounds were selected for tentative identification.
Three compounds were tentatively identified as Aspergone E (peak 1),
dihydroactinidiolide (peak 2), cleogynone A, and the rest were unidentified
(peak 4, 5 & 6).

EtOAc and pEtOAc showed similar profiles and showed minor peaks in the 7 to 10-minute
(polar-medium polar) region and major peaks in the region 13 to 16 minutes (medium
polarity region). This distribution of peaks reveals that the extract is composed mainly of
medium to non-polar constituents. Using the ESI positive mode two compounds were
tentatively identified and one was identified as a novel compound, which is isolated in this
work, cleogynone A (1) (isolation and structure elucidation discussed in chapter 4) (Table
2.8). The two medium polar peaks, at m/z 197.1172 retention time 7.23 minutes, and at m/z
181.1240 retention time9.58 minutes were tentatively identified as aspergone E (2) and
dihydroactinidiolide (3), respectively, while medium-nonpolar peak at m/z 599.3914 retention

time 13.07 minutes was identified as cleogynone A (1) (Figure 2.10).

Literature reveals that aspergone E (2) was isolated from an ethyl acetate extract of a
marine sponge-derived Aspergillus sp. strain OUCMDZ-1583, and proved to possess a-
glucosidase inhibitory activity [75]. In the reported study aspergone E displayed ICso value of

1.30 mM, comparable to acarbose (ICso = 0.95 mM). The molecular formula of aspergone E,
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as in this study, was established as C11H1603 from an HRESIMS peak at m/z 219.0989 [M +

Na]*. It can thus be one of the compounds contributing toward the a-glucosidase activity

exhibited by both the EtOAc extract and the fraction pEtOAc.

Dihydroactinidiolide (3), was first isolated from Actinidia polygama (A. polygama) and is also

found in tobacco, tea, coffee and other fruits [76—78]. It is an important aroma constitute of

cigar, tobacco and tea and is largely racemic (from tobacco (R)-isomer of 30% ee, from A.

polygama (S)-isomer of 6% ee) [78]. No reported a-glucosidase activity was found for

dihydroactinidiolide.

Table 2.8: Chemical profile of ethyl acetate extract of C. gynandra leaves.

Peak | Rete | Acquire Formula Theoretical Calculate | Possible structures Mass Observed ions
# ntion | d[M+ of [M+H]*/[M | d error
time Nal*/[M possible | + Na]* m/z accurate (ppm)
(min) | +H]* structure mass (Da)
1 7.23 219.0990 | C41H460O3 | 219.0997 196.1099 Aspergone E -3.0 219.0990 [M + NaJ*
M+
NaJ* 197.1172 | [M+HT
179.1064 [M+H]*-H,0
2 9.58 203.1055 | C41H4sO2 | 203.1048 180.1150 Dihydroactinidiolide 34 203.1055 [M + NaJ*
M+ 181.1240 | [M+H]*
NaJ*
3 13.07 | 599.3914 | C3HscO; | 599.3924 576.4026 Cleogynone A -1.7 599.3907 [M + NaJ*
M+ 542.3971 [M - H,O - OHI*
Na]* 541.3893 | [M - 2H,0O[*
499.3787 [M - CH;CO.H -
H,0]
481.3682 [M - CH3CO2H -
2H,0]
439.3576 [M - 2CH;3COH -
H,0]
421.3470 [M - 2CH3;COH -
2H,0]
413.3056 [M - C7H14O;5 -
H,0]
277.2168 [M - C16H280s]
4 14.82 | 304.2620 | C1sH3sNO | 304.2616 281.2719 Unidentified 1.3 304.2620
M+
Na]* 282.2801
283.2841
5 15.31 | 593.2765 | C3qHi0O9 | 593.2751 592.2672 Unidentified 1.9 593.2753
M+ H] 533.2540
505.2237
461.2320
447.2166
6 15.88 | 621.3076 | C3eHiO9 | 621.3064 620.2985 Unidentified 24 621.3079
M+ H] 593.2768
561.2867
535.2715
507.2766
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Figure 2.6: Chemical structures of compounds identified from the extracts EtOAc and
pEtOAc.

2.4.10.2. Chemical profiling ethanol extract

The EtOH extract showed peaks mainly within the 9 to 18-minute range of the 25-minute
chromatogram with a few peaks in the 0 to 9-minute. This distribution of peaks reveals that
the extract is composed mainly medium-polar to non-polar constituents. The chemical
fingerprint of the extract generated using UPLC-QTOF-MS operating in both the ESI
negative and positive mode is shown in Figure 2.11. A total of fifteen peaks were
selected for identification of the chemical structures based on their mass data and their
purity (no interfering peaks), using both the ESI positive and negative modes. Of these, five
compounds were tentatively identified (Table 2.9 and Table 2.10).and their chemical
structures are shown in Figure 2.12, the remaining could not be identified. Using the ESI

negative mode three compounds within the range 0 — 4 min, m/z 341.1067 retention time
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0.61 min, m/z 609.1453 retention time 3.42 min and at m/z 593.1506 retention time 3.80 min,
were tentatively identified as sucrose, rutin (4) and nicotiflorin (5). The compounds
represented by the peaks 4, 5, 6, 7 and 8 all have exact masses greater than 700 (see Table
2.9) and using their exact masses and molecular formulas obtained using MassLynx as well
as the Dictionary of Natural Products and LIPID MAPS® Lipidomics Gateway (online
libraries), these compounds fall in the category, glycerolipids. To the best of our knowledge,
however, the compounds represented by the peaks described could not be matched with
any known compounds, based on their MS fragmentation. Examples of such glycerolipids
are shown in Figure 2.13. Naturally occurring triacylglycerols are biosynthesised from a pool
of five or more fatty acids, and derivatives with two or three different acyl groups are usually
formed; symmetrical triacylglycerols are less often produced [79]. The number of possible
triacylglycerols increases rapidly with the number of different acids present in the fatty acid
pool. With two acids, eight triacylglycerols (including enantiomers) are formed. The number
of possible triacylglycerols that can be formed from 20 fatty acids, with all isomers

distinguished (including optical isomers) is 8000 [79].

Using the ESI positive mode one compound, m/z 181.1223 retention time 6.91 min was
tentatively identified as dihydroactinidiolide, and another compound, m/z 599.3922 retention
time 10.63 min was identified as cleogynone A. These were also tentatively identified from
the EtOAc extract and discussed in section 2.4.10.1 earlier, and are shown in Figure 2.10,

above.
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Figure 2.7:ESI positive and negative mode BPI chromatogram of the EtOH extract. A total of

five compounds were identified. From the ESI positive mode a novel compound
cleogynone A (peak 10) was identified and dihydroactinidiolide (peak 9) was
tentatively identified, while in the ESI| negative mode three compounds were
tentatively identified as sucrose (peak 1), rutin (peak 2) and nicotiflorin (peak
3). The remaining peaks could not be identified.

Rutin is a constituent of many plants, presence in over 30 families, mostly dicotyledons [80—

83]. It is also produced by Aspergillus flavus L7[84]. Its first isolation was from Ruta

graveolens. Some of its biological importance involve anti-oedemic, anti-inflammatory, anti-

thrombotic, anti-hypotensive, spasmolytic, anti-haemorrhagic properties, neuroprotective,

antioxidant and anti-HIV activity [81-84].

Kaempferol-3-O-rutinoside or nicotiflorin has been isolated from numerous plant species,

examples are Sophora japonica, Chromolaena moritziana, Mitracarpus scaber [85]. It was

reported to possess antimicrobial activity against E. coli, P. aeruginosa, P. mirabilis, K.

pneumonia, A. baumannii, S. aureus, E. faecalis, B. subtilis, C. albicans, C. krusei [86], it is

thus one of the components responsible for growth inhibition activity against E. coli and S.

aureus in this study.
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Table 2.9:Chemical profile of the ethanol extract using the ESI negative mode.

Peak | Rete Acquired Formula Theoretical Calculate Possible Mass Observed ions
# ntion | [M-H]/ of [M-H]/ d structures error
time [M + Na -2H]" | possible [M + Na - accurate (ppm)
(min) structure 2HIm/z mass (Da)

1 0.61 341.1067 C12H2,041 341.1084 342.1162 Sucrose -5.0 341.1064 [M-HI

[M-HT 179.0520 [M - CeH 1106

2 3.42 609.1453 C27H30046 | 609.1456 610.1534 Rutin -0.5 609.1453 [M-HI

[M - H] 302.0366 [M - C15H1007]>

301.0313 [M - C45sHoO]

300.0252 [M - C15HgO]

271.0221 [M - C14H,O¢]

3 3.80 593.1506 Ca7H30015 | 593.1506 594.1585 Nicotiflorin 0.0 593.1506 [M-HI

[M-HT 286.0406 [M - C15H1006]

285.0374 [M - C15HgOg]

284.0303 [M - C15HgO6]

255.0270 [M - C14H70s]

227.0323 | [M - Cy3H,04]

4 12.20 | 847.6786 Cs3HgsO6 847.6792 826.7050 Unidentified, -0.7 847.0771

[M + Na - 2HT possibly 512.2087

glycerolipid 412.3418

368.3524

366.3347

310.3097

183.0104

130.0851

5 13.61 | 903.7391 Cs7H10206 903.7418 882.7676 Unidentified, -3.0 903.7391

[M + Na - 2HT possibly 881.7589

glycerolipid 555.2868

540.2997

440.3727

396.3819

394.3679

183.0093

130.0845

6 15.25 | 737.6425 Ca7Hss04 737.6424 716.6683 Unidentified, 0.1 737.6425

[M + Na - 2HT possibly 468.2411

glycerolipid 369.3182

368.3152

324.3261

183.0097

130.0849

100.9314

7 16.45 | 793.7080 Cs3HgsO4 793.7074 794.7152 Unidentified, 0.8 793.7080

[M+H] possibly 497.2759

glycerolipid 496.2740

397.3506

396.3472

352.3580

183.0084

130.0849

100.9300

8 17.49 | 849.7698 Cs7H10204 | 849.7700 850.7778 Unidentified -0.2 849.7698

[M+H] 525.3071

524.3051

425.3819

424.3778

380.3889

339.2003

183.0089

130.0847

100.9314
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Table 2.10:Chemical profile of the ethanol extract using the ESI positive mode.

Peak | Rete Acquire Formula of | Theoretic | Calculate Possible structures | Mass Observed ions
# ntion | d[M+ possible al[M+H]" | d error
time Nal*/[M structure /[M + Na]* | accurate (ppm)
(min) | +H]J* m/z mass (Da)
9 6.91 181.1223 | C41H1602 181.1229 180.1150 Dihydroactinidiolide -3.3 203.1044 [M + NaJ*
[M-HJ* 181.1229 [M+ H]
10 10.63 | 599.3922 | C34H560- 599.3924 576.4026 Cleogynone A -0.7 599.3922 [M + NaJ*
[M + Na]* 542.3928 | [M - H,O - OHJ"
541.3894 [M - 2H,07*
499.3787 [M - CH3COH -
H,OJ*
481.3677 [M - CH3COH -
2H,01*
439.3567 [M - 2CH;CO,H -
H,OJ*
421.3470 [M - 2CH;COH -
2H,01*
11 12.20 | 396.3717 unidentified
12 13.61 | 424.3792 unidentified
13 14.93 | 975.5656 | Cs3sHs2O16 975.5681 974.5603 unidentified -2.6 593.2753
[M-HJ* 533.2540
505.2237
461.2320
447.2166
14 16.55 | 621.3080 | C3H1400 621.3064 620.2985 unidentified 2.6 621.3079
[M-HJ 593.2768
561.2867
535.2715
507.2766
461.2342
447.2185
435.2546
419.2233
405.2083
132.1035
86.0982
15 17.54 | 797.5174 | CysH74010 797.5180 774.5282 Unidentified, -0.8 915.5291
[M + Nal]* possibly glycerol 797.5174
686.5311
621.3111
558.4856
448.3759
426.3937
408.3828

86.0962
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Peak 2: Rutin (4) Peak 3: Nicotiflorin (5)

Figure 2.82:Chemical structures of nicotiflorin and rutin, two of the compounds identified
from the EtOH extract.

Glycerol 1,2-dialkanoates; Glycerol 1,2-di-(9Z,12Z,15Z-octadecatrienoate), 3-O-3-D-Galactopyranoside (8)

Figure 2.93:Chemical structures of some examples of compounds belonging to the category
glycerolipids.
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2.4.10.3. Chemical profiling n-hexane extract

The n-hexane extract showed peaks only within the 6 to 25-minute range of the 25-minute
chromatogram. This distribution of peaks reveals that the extract is composed mainly non-
polar constituents. Chemical profiling of the n-hexane extract was necessary for quality
control purposes. The chemical fingerprint of the extract generated using UPLC-QTOF-MS
operating in both the ESI positive mode is shown in Figure 2.14. Using the ESI positive
modes, eight major peaks were analysed resulting in tentative identification of one
compound, namely, dihydroactinidiolide (peak 1), and the identification of cleogynone A
(peak 2), both which had already been identified as present in EtOH and EtOAc extracts, the
rest could not be identified. The compounds represented by the peaks 4, 5, 6, 7 and 8 all
have exact masses greater than 700 and were found to fall in the category glycerolipids,
similar components as in the case of EtOH extract and could not be matched with any

known compounds, comparing their MS fragmentation, to the best of our knowledge.

20181004_VineshM_Buntu_122618A_p 1: TOF MS ES+
100 1061 _ BFI
541.4175 6 16.46 1.38e5

3 1595 983832
5 370.3500

11.93 1362

= 1 48340884 4244010 8

1220 1751
i 4264191
s 396.3718 1031
: 10.53 13.49 2189
923 4413954 410.3817 429.3919 5045427 2353
R ) MmN 135073
0 T T JW

T T T g T T T T T T T T T T T T T T Time
200 4.00 6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 2200 24.00

Figure 2.10: ESI positive mode BPIl chromatogram of the n-hexane extract. Eight peaks
were selected for identification. Cleogynone A (peak 2) was identified and
dihydroactinidiolide (peak 1) was tentatively identified, peak 3 could not be
identified, while peak 4, 5, 6, 7 and 8 were found to belong to the category of
glycerol lipids but could not be identified.

This extract was further fractionated towards isolating, purifying and identifying the active
ingredients. And several compounds were isolated and their structures elucidated in chapter

4.
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2.5. Conclusion

This preliminary assessment opens stage for further studies veered at identifying the
compounds responsible for activity. In particular, this may present drug leads for future
discoveries to add to the medicines bank as the world is in search for new drugs in
combatting the increasing incidences of chronic diseases. In chapter 3 work towards
identification of some ingredients that may be responsible for the a-glucosidase inhibition of
EtOAc extract which exhibited greater than 90% inhibition activity and an ICso value 25.40
hMg/ml, a better activity than the positive control, will be discussed. The partitioning of the
EtOAc was effective in concentrating bioactive components in the pEtOAc extract exhibiting
an ICso value 8.75 ug/ml, almost 3 times better than that of the crude extract and thus
meriting further studies towards identification of the ingredients responsible for activity,
discussed in the next chapter. Furthermore, the n-hexane extract displayed high activity
against lung cancer cell line A549 compared to other extracts prepared via the sequential
extraction method and therefore merits further analysis and possible identification of the
bioactive compounds, and in chapter 4 the isolation of cancer active compounds from this
extract and further cancer assessment will be discussed. It can further be concluded, in this
chapter, that the EtOH extract can be developed as an antibacterial, particularly for
management of sicknesses such as diarrhoea which may be caused by bacteria such as E.
coli. Furthermore, the C. gynandra leaf extracts are seen to generally possess four or five
major common peaks at medium-polar to non-polar end on UPLC MS analysis. Some of the
compounds represented by these common peaks were tentatively identified, while one
compound isolated in this study was found present in the extracts EtOAc, EtOH and n-
hexane. Most of the components represented by these peaks could not be identified and
future work should involve their isolation and identification. Further extracts showed varying
biological activities against enzymatic assays xanthine oxidase inhibition, renin inhibition and

HMGCoA reductase inhibition and certainly studies involving identifying the compounds
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represented by the common peaks may help to unearthing either novel compounds or

revealing known compounds responsible for such biological properties.

The results in this chapter reveal that the leaves of C. gynandra possess medicinal
ingredients which can be developed into agents, either as nutraceutical, functional foods,
herbal medicines or pharmaceutical, potentially, for management of and protection against
various diseases. The inherent ingredients have the potential for treatment of cancer,
hyperglycaemia, cholesterol, management of heart diseases, management and prevention
of gout, management of hypertension as well as treatment and prevention of diarrhoea, to

name a few.
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Chapter 3:

Fractionation of extracts, UPLC-QTOF-MS profiling of fractions with
a-glucosidase inhibition and bacterial inhibition, and further

identification of compounds using UNIFI®

3.1. Background

The biological activities of crude extracts from the leaves of C. gynandra were discussed in
Chapter 2, viz the liquid-liquid partition of the ethyl acetate extract (pEtOAc) was most active
for a-glucosidase inhibition while the ethanol extract was most active for the growth inhibition
of Escherichiacoli (E. coli).In this chapter, fractionation of the fraction pEtOAc and the
ethanol extract with their a-glucosides inhibition and antibacterial properties against E. coli

are discussed.

Bioassay-guided fractionation for a-glucosidase inhibition

Further fractionation of the fraction pEtOAc which was more active than the crude EtOAc
extract against a-glucosidase in Chapter 2 is discussed here. Fractions of pEtOAc are
obtained via column chromatography and evaluated for their a-glucosidase inhibitory activity.
Selected active and abundant fractions are further assayed at different concentrations to
study their behaviours at varying concentrations. Selected active fractions are further

chemically profiled using UPLC-QTOF-MS towards identifying possibly known compounds.

Bioassay-guided fractionation for bacterial inhibition
The further fractionation of the EtOH extract via column chromatography and evaluation of
the fractions for their growth inhibition of E. colivia thin-layer chromatographic bioautography,

towards identifying the components responsible for the antimicrobial activity is discussed.
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Staphylococcus aureus (S. aureus) inhibition was also included, only for comparative
measures as the EtOH extract only showed moderate activity against S. aureus.
Furthermore, the most active fraction(s) are chemically profiled via UPLC-QTOF-MS towards
identifying possibly known components. Components of such potent fraction(s) are further
isolated in attempts at purification using semi-preparative HPLC. The program UNIFI® was
employed for the analysis of data generated by UPLC-QTOF-MS for the identification of
known compounds that are constituents in the sub-fractions obtained via semi-preparative
HPLC. The results discussed in this chapter form the basis of a discovery stage towards
developing ingredients with potential as antimicrobial agents for the inhibition of E. coli and

possibly S. aureus.

3.2. Type 2 diabetes and a-glucosidase inhibition

Inhibition of a-glucosidase, an enzyme involved in the digestion of carbohydrates, can
significantly decrease the postprandial increase of blood glucose after a mixed carbohydrate
diet and therefore can be an important strategy in the management of postprandial blood
glucose level in type 2 diabetic patients and borderline patients [1]. Currently, there is
renewed interest in functional foods and plant-based medicines modulating physiological
effects in the prevention and cure of diabetes and obesity. Plant extracts have long been
used for the ethnomedical treatment of diabetes in various systems of medicine and are
currently accepted as an alternative for diabetic therapy.To mediate adverse effects of
current agents and for provision of more candidates of drug choices, the search for new a-
glucosidase inhibitors is necessary, and natural resources such as plants possess the

potential therapeutic agents.
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3.21 Type 2 diabetes

3.2.1.1. Brief background

High levels of sugar in the blood is termed hyperglycaemia, and this condition is a leading
indicator of diabetes [2]. Uncontrolled diabetes over time leads to damage to body systems
such as the nerves and blood vessels. Diabetes is the major cause of blindness, kidney
failure, heart attacks, stroke and lower limb amputation [3]. In 2016, an estimated 1.6 million
deaths were directly caused by diabetes while another 2.2 million deaths were attributable to
high blood glucose in 2012 [4]. The World Health Organisation (WHO) further stated that
almost half of all deaths attributable to high blood glucose occur before the age of 70 years.
The WHO estimated that diabetes was the seventh leading cause of death in 2016 [4]. Type
2 diabetes results from the body’s ineffective use of insulin. The majority of people with
diabetes have type 2 diabetes and this number is estimated to be more than doubled from

that of 2005 by 2030 [5].

3.2.1.2. Causes and risk factors

Type 2 diabetes is largely the result of excess body weight, physical inactivity and unhealthy
diets [3-5]. It occurs more frequently in individuals with hypertension, dyslipidemia
(abnormal cholesterol profile), and central obesity, and is a component of metabolic
syndrome [4]. The condition is often genetic and may be caused by mutations in more than

one gene, as well as by environmental factors [4,5].

3.2.1.3. Effective treatment

The increasing trend of type 2 diabetes has prompted alternative combatting strategies for

new therapeutic agents. Over the last decade there has been evident improvement in drug
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treatment for type 2 diabetes, however, drug resistance is still a concern [4]. a-Glucosidases
inhibitors act against the enzyme in the small intestines by slowing down its process of
breaking down oligosaccharides to glucose units, and thereby reduce the postprandial
glucose levels and insulin responses [5]. Known inhibitors include acarbose, miglitol and
voglibose (Figure 3.1), and are currently used clinically in combination with diet or other anti-

diabetic agents to control blood glucose levels of patients [5,6].

OH

Acarbose Voglibose Miglitol

Figure 3.1: Structures of some well-known alpha glucosidase inhibitors.

Other antidiabetic agents include: biguanides, dopamine agonist, dipeptidyl peptidase-4
(DPP-4) inhibitors, glucagon-like peptide-1 receptor agonists (LP-1 receptor agonists),
meglitinides, sodium-glucose transporter (SGLT) 2 inhibitors, sulfonylureas and

thiazolidinediones [7].

3.2.1.4. Components from medicinal plants with antidiabetic properties

Some compounds reported from medicinal plants to possess anti-diabetic properties,
include: saponins, flavonoids, alkaloids, anthraquinones, terpenes, coumarins, phenolics and

polysaccharides [7,8]. Crude extracts of medicinal plants commonly used in the traditional
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Chinese medical system and having demonstrated experimental or/and clinical anti-diabetic
efficacy, include: Leguminosae, Cucurbitaceae, Araliaceae, Liliaceae, Chenopodiaceae,
Solanaceae, Compositae, Campanulaceae, Cornaceae, Rhamnaceae, Scrophulariaceae,
Euphorbiaceae, Ginkgoceae, Gramineae, Myrtaceae, Sterculiaceae, Annonaceae, Labiatae
and Crassulaceae [7,8]. Munhoz et al. (2018) reviewed that, reported compounds from
natural products, identified to have important anti-diabetic activity with defined mechanisms,
include: quercetin, oleanolic acid, kaempferol, ursolic acid, rutin, B-sitosterol, and mangiferin

[9] (Figure 3.2).

Quercetin

Kaempferol R-sitosterol

Figure 3.2: Structures of some reported natural product-based compounds to have
important anti-diabetic activity with defined mechanisms.
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3.3. Escherichia coli, Staphylococcus aureus and their growth inhibition

The increasing incidence of antibiotic resistance are undeniable, resulting in an absolute
necessity to finding other alternative candidate agents for treatment than commonly utilised
drugs [10]. Towards bacterial combatting strategies, the pharmaceutical and food industries
have invested substantial resources in the search for new inhibitory compounds from natural
resources [11]. Some known antibacterial compounds include: cephalosporin, macrolide,
fluoroketolide, vancomycin, methicillin, penicillin, minocycline, fluoroquinoone, mononactam
to name a few [12]. Some antibiotics discovered by classical screening include:
novalactamycin, lysostaphin, pleuromutilins, fusidic acid, VIC 200107 and fidaxomicin [12].
Figure 3.3 displays chemical structures of some antibacterial agents. Some known animal
growth promoting antibiotics include: bambermycin, bacitracin, monensin, salinomycin,

virginiamycin, tylosin, spiramycin, ardacin and olaquindox, to name a few [13].

Penicillin H;g\Hg/OH A
N HO
0 x

HO™

fusidic acid Fidaxomicin

Figure 3.3: Chemical structures of some of the known antibiotics.
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E. coli and S. aureus are becoming more and more resistant to conventional antibiotics [10].
The diarrhoeagenic strain of E. coli and S. aureus are known to cause gastrointestinal illness
in humans and other animals [14]. It was reported that 79 % of E. coli strains were resistant
to ampicillin and 30 % of strains were resistant to ciprofloxacin while 37 % of S. aureus
strains were resistant to ciprofloxacin [14]. Certainly, there is a need to search for natural
bioactive alternatives that can inhibit the growth of such pathogenic bacteria. The literature
reports on potential ingredients from natural resources and antibacterial activity of C.
gynandra are discussed in Chapter 2.

In Chapter 2, the EtOH extract exhibited the greatest inhibitory activity against E. coli
compared to other extracts tested. The MIC value for the ethanol extract against E. coli was
0.052 + 0.016 mg/mL, comparable to 0.037 + 0.013 mg/mL of gentamicin, the positive
control. This result warranted studies towards identifying the ingredients responsible for the
good activity. While growth inhibition exhibited by the EtOH extract against S. aureus was
moderate compared to other extracts, MIC value 0.458 + 0.102 mg/mL, it was deemed
necessary to also include S. aureus for comparative measures in the bioassay-guided

fractionation study involved in this chapter.

3.3.1 Bioautography

Medicinal plants, vegetables and fruits are sources of a large number of bioactive scaffolds
with therapeutic and nutraceutical importance. Dewanjee et al. (2015) stated that paper
chromatography and TLC were tools in the screening of antimicrobial agents through
bioautography. Three bioautographic methods, namely, (i) agar diffusion or contact
bioautography, (ii) direct TLC bioautographic detection and (iii) immersion or agar overlay
bioautography, are used to detect antimicrobial agents in a mixture of compounds [15].

Contact bioautography involves developing TLC plate or paper for compounds separation,

and the antimicrobial agents diffuse from TLC plates or paper to an inoculated agar plate.
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The chromatogram is placed face down onto the inoculated agar layer for a given period to
allow diffusion. The chromatogram is, thereafter, removed and the agar layer is incubated.
Zones of inhibition on the agar surface, corresponding to the spots in chromatographic
plates, are indicative of the antimicrobial compound.

Direct TLC bioautography involves spraying or dipping the developed plates into a fungal or
bacterial suspension. A suspension of test bacteria or fungi is used for the spraying or
dipping purpose. Using a suspension of 106 CFU/mL could be employed for both bacteria
and fungi. The bioautogram is then incubated for given period under humid condition.
Visualisation of microbial growth is achieved by the use of tetrazolium salts. These salts are
converted by the dehydrogenases of living microorganisms to intensely coloured formazan
bioautogram and are re-incubated at 25 °C for 24 hr or at 37 °C for 3—4 hr. White zones
against a purple background on the TLC plate indicate microbial inhibition activity.

Agar overlay is a combination of contact and direct bioautography. In this method, the
chromatogram is covered with a molten, seeded agar medium. After solidification, incubation
and staining (usually with tetrazolium dye), the inhibition or growth bands are visualised. For
Gram-negative bacteria, an agar solution containing the red-coloured bacterium Serracia
marcescens can be employed. The red-coloured gel is incubated overnight at room
temperature and inhibition zones appear as white or pale yellow areas on a red background.
With other, colourless, microorganisms, zones of inhibition are visualised with the aid of the
dehydrogenase activity-detecting reagent, tetrazolium salt. Metabolically active
microorganisms convert the tetrazolium salt into the corresponding intensely coloured

formazan [15].

3.4. Materials and methods

Solvents and reagents (n-hexane, dichloromethane, chloroform, methanol, acetone, ethyl

acetate, benzene, ethanol, ammonium hydroxide, sulphuric acid, vanillin and formic acid)
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used for column chromatography, aluminium-backed thin-layer chromatography (TLC) and
bioautography experiments were analytical grade purchased from MERCK (Sigma Aldrich,
South Africa) or Radchem (Pty) Ltd (South Africa). Solvents and reagents (methanol,
acetonitrile, formic acid and trifluoroacetic acid (TFA)) used for semi preparative HPLC were
HPLC/Ultra-PLC grade, purchased from MERCK (Sigma Aldrich, South Africa). Milli-Q®
water was used in all experimentations involving the use of water. All chemicals were used
without further purification.

Silica gel 60 (0.063-0.2 mm; Macherey-Nagel GmbH & Co. KG, Diiren, Germany) and Silica
gel-60 (0.040-0.063 mm; Merck KGaA, Darmstadt, Germany) were used for open column
chromatography. Aluminium-backed silica gel GF254 plates (Merck KGeA, Darmstadt,
Germany) were used for TLC detection, while preparative TLC was achieved using TLC

Silica gel 60 glass plates (Merck KGaA, Darmstadt, Germany).

3.4.1. Silica gel column chromatography and thin-layer chromatography for further

fractionation of the fraction pEtOAc

The dried pEtOAc extract (8 g) was dissolved in ethyl acetate (30 ml) for fractionation by
column chromatography with n-hexane as the starting solvent, followed by n-
hexane/dichloromethane and dichloromethane/methanol mixtures at the end of the
chromatography. The increasing polarity of the solvent system was as follows: 100% n-
hexane, n-hexane/dichloromethane 9:1, 4:1, 7:3, 3:2, 1:1, 2:3, 3:7, 1.4 1:9, 100%
dichloromethane, dichloromethane/methanol 9.5:0.5, 9:1, 8.5:1.5, 8:2 and 7:3. The eluents
were collected in test tubes while the separation was monitored using TLC. Developed TLC
plates were visualised under UV light at 254nm as well as by spraying with vanillin stain
(MeOH, 30 ml; vanillin, 0.1 g; H2SO4, 1 ml dropwise). After visualisation, similar fractions
were combined. The combined fractions were dried using a Blichi® Rotavapor® R-210

evaporator.
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3.4.2. Silica gel column chromatography and thin-layer chromatography for

fractionation of the ethanol extract

Silica gel 60 (0.063-0.2 mm; Macherey-Nagel GmbH & Co. KG,Diren, Germany) was used
for open column chromatography. A glass silica column of 105 cm length and 21 cm
circumference was used. The column was packed with a slurry suspension formed by mixing
approximately 1200 g of dried silica gel with n-hexane. The dried EtOH extract (7 g) was
dissolved in chloroform at saturation concentration and mixed with silica gel 60, and the
extract infused silica was dried at room temperature. The dry extract infused silica was
poured slowly onto the bed of the silica gel layer in glass column and allowed to settle.
Initially n-hexane was used as the eluent. The polarity was increased gradually by mixing the
n-hexane with dichloromethane, until 100% dichloromethane was reached, the polarity was
further increased by mixing dichloromethane and methanol, until 30% methanol was
reached, while the elution progress was monitored using TLC. Initially, a total of 135
fractions collected in test tubes were dried using a Blichi® Rotavapor® R-210 evaporator and
reconstituted in small amount of solvent (either chloroform, acetone or methanol, depending
on solubility) analysed by TLC using silica gel plates, and visualised under UV light at 254nm
and/or by spraying with vanillin stain (MeOH, 30 ml; vanillin, 0.1 g; H2SO4, 1 ml dropwise).

After visualisation, similar fractions were combined and allowed to dry under fume-hood.

3.4.3. Secondary fractionation of the most active antimicrobial fraction using semi-

preparative HPLC

Development of a method for semi-preparative HPLC fractionation of the most bioactive
EtOH primary fraction was performed using a Waters™ HPLC 660 Controller, Millipore,
equipped with a Waters™ 996 Photodiode Array detector. Measurement processing was
done using the Waters™ Millennium32 software. A Phenomenex, Luna, C1g5 um, 4.6 x 250

mm column was used. A gradient method was used for the selected most active fraction with
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solvent A water with 0.05 % TFA, solvent B was 100% methanol. The gradient method used
was 0%-3% B in 3 minutes, 3%-20% B in 8 minutes, 20%-60% B in 10 minutes, 60-60% 5
minutes, 60-75% B in 8, 75%-85% D in 5 minutes, 85%-97%D in 5 minutes, 97%-100% B in
5 minutes, 100%-50% B in 3 minutes, 50%-10% B in 3 minutes, 10%-3% B in 2 minutes.
Semi-preparative HPLC was carried out using the same instrument and column and the
sample concentration was increased from 1 to 10 mg/mL and the injection volume from 5 —
20 pL up to 40 uL. The sample was filtered using a 0.45 PTFE filter before injection on semi-
preparative HPLC. Several injections were necessary for accumulating sufficient quantities
of isolates for further studies, while the flow rate was kept the same.

For each injection the fractions were collected at eight intervals chosen based on observed
absorption in the UV-Vis range 200 — 800 nm, leading to 8 fractions. Each of the similar
fractions were combined and the 8 fractions were dried using the Genevoc SP Scientific

Genevac EZ-2 centrifugal evaporator.

3.4.4. a-glucosidase inhibition assay

The enzyme a-glucosidase (Saccharomyces cerevisiae), 3, 5, di-nitro salicylic acid (DNS), p-
nitro-phenyl-a-D-glucopyranoside (p-NPG), sodium dihydrogen phosphate and di-sodium
hydrogen phosphate were purchased from Sigma-Aldrich. For the 25 ug/mL and 2.5 yg/mL
test concentrations of the fractions in the a-glucosidase inhibition assay, the method was as
follows:

In a 96-well plate, reaction mixture containing 30 pL phosphate buffer (20 mM, pH = 6. 9), 10
WL a-glucosidase (100 pg/mL) were added to the control wells. The blank wells contained 40
UL phosphate buffer. Fraction controls contain 60 yL phosphate buffer and 20 pL of test
fraction. The positive control well contained, 20 yL dimethoxymethylamphetamine (DMMA)
(1 mg/mL), 10 uL phosphate buffer and 10 uL a-glucosidase. To the test fraction wells 20 uL

of fraction (0.1 mg/mL or 0.01 mg/mL) in DMSO was added with 10 pL phosphate buffer and
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10 pL a-glucosidase. The plates were pre-incubated at 37°C for 15 min. Then, 40 pL p-NPG
(5 mM) was added as a substrate and incubated further at 37°C for 20 minutes.

For dose dependant a-glucosidase inhibition of selected fractions at test concentrations 5,
20, 80, 320 pyg/mL, the same method was followed as above. The only difference was that to
the test fraction wells, 20 pL of varying concentrations of the fractions (0.02 mg/mL, 0.08
mg/mL, 0.32 mg/mL and 1.28 mg/mL) in DMSO was added with 10 yL phosphate buffer and
10 uL a-glucosidase and pre-incubated for 15 minutes. Then, 40 yL p-NPG (5 mM) was
added as a substrate and incubated further at 37°C for 20 min.

The absorbance of the released p-nitrophenol was measured at 405 nm using the Tecan
Infinite® F500 microplate reader. The results were expressed as percentage inhibition, which

was calculated using the formula,

Inhibition activity (%) = (1 - fTi) x 100 (1)

where, As is the absorbance in the presence of test substance and Ac is the absorbance of

control.

3.4.5. Bacterial culture: S. aureus and E. coli

S. aureus (ATCC 29213) and E. coli (ATCC 25922) were the strains used for antibacterial
assays. The strains were maintained in Mueller Hinton ager (MHA) (Fluka, Spain). The
organisms were sub-cultured every 2 weeks. Before testing, the bacterial inoculums were
prepared and cultivated in Mueller Hinton broth for 12 hr at incubation temperature 37 °C.
The bacterial cultures were serially diluted (10 fold increments) in sterile broth to obtain cell

suspension of 1.0 x 10° CFU/ml (colony forming units per ml).
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3.4.6. Analysis of the EtOH fractions by TLC for antimicrobial analysis

TLC profiles of the EtOH fractions obtained using column chromatography for antimicrobial
analysis were done on aluminium-backed silica gel plates. Either a combination of n-hexane
and acetone or the solvent systems, chloroform: ethyl acetate: formic acid (5:4:1,
intermediate polarity, acidic) and ethyl acetate: methanol: water (40:5.4:5, polar, neutral)
were used to analyse 100 pg (10 puL of 10 mg/mL) of the fractions loaded in a band of 1 cm
width on the TLC plates. Visible bands were marked under white light and ultraviolet light
(254 nm and 360 nm wavelengths, Camac universal UV light lamp TL-600) before being
sprayed with freshly prepared vanillin (0.1 g vanillin, 28 mL methanol, 1 mL,sulphuric acid)

spray reagent. The plates were then heated to 110 °C for the colour development.

3.4.7. Qualitative antibacterial assay of EtOH fractions by TLC bioautography

Thin-layer chromatograms of the fractions were prepared as described earlier except that
the plates were not sprayed with vanillin. The developed plates were allowed to dry
overnight in a stream of cold air to completely remove the solvent. Each of the plates were
wetted by spraying with an actively growing suspension of E. coli or S. aureus cultured for
18-24 hr at 37 °C. The plates were then incubated at 37 °C in a closed plastic humidified
sterile container for 24 hr to promote bacterial growth on the plates. After incubation, the
plates were sprayed with 2 mg/mL of freshly prepared p-iodonitrotetrazolium violet (INT)
(Sigma Aldrich, South Africa) in sterile hot distilled water and incubated for a further 1-2 hr
for the development of clear zones against a purple-red background which suggests

inhibition of bacterial growth by the compounds separated on the chromatograms.
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3.4.8. Quantitative antibacterial assay of the EtOH fractions by determination of

minimum inhibitory activity

The minimum inhibitory concentration (MIC) for the fractions against bacteria were evaluated
using the serial microdilution assays [16,17]. The sub-fractions obtained via preparative-
HPLC were made up to a concentration of 10 mg/mL with DMSO, and 100 pyL was added to
the first well of a sterile 96-well microtitre plate and a 1:1 serial dilution was performed,
initially, sterile distilled water was added. One-hundred microlitres of the prepared bacterial
cultures were added to each well. The bacteria were exposed to final fraction concentrations
of 0.02 to 2.5 mg/mL after the bacterial cultures were added to the diluents. Gentamicin
(Sigma Aldrich, South Africa) and DMSO served as positive and negative controls,
respectively, while broth alone served as sterility control. The microplates were then
incubated overnight at 37 °C under aerobic conditions. After 16 —18 hr incubation, the
presence of bacterial growth was detected by adding, to each well, 40 pL of 0.2 mg/mL INT
and the plates were then further incubated at 37 °C for 2 hr. Bacterial growth in the wells
appeared as red colour which is indicative of the reduction of INT to a red-coloured
formazan. The MIC was determined visually as the lowest concentration that led to growth

inhibition indicated by a reduction in the red colour [16-18].

3.4.9. UPLC-QTOF-MS conditions and method

The fractions and sub-fractions were reconstituted in methanol to a concentration of 1
mg/mL then centrifuged at 10000 rpm for 2 min. As in Chapter 2, UPLC was performed
using a Waters Acquity UPLC system (Waters Corp., MA USA), equipped with a binary
solvent delivery system and an autosampler. For the MS conditions, a Waters Synapt G2

high definition QTOF mass spectrometer equipped with an ESI source was used to acquire
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negative and positive ion data. Similar method as described in Chapter 2 was used to
maintain consistency and for any required comparisons.

Acquisition

A 2 ng/uL solution of leucine encephalin was used as the lockspray solution that was
constantly infused at a rate of 2 uL/min through a separate orthogonal ESI probe to
compensate for experimental drift in mass accuracy. Trap collision energies were 30 V (high)
and (10 V) for the low energy. Data were not centroided during data acquisition in order to
be used on UNIFI software. To ensure accurate MS analysis on MassLynx the data was
mass corrected during analysis via a lockspray interface, with reference ion of [M + H]* (m/z

556.2771) in positive ion mode and [M-H] (m/z 554.2615) in negative ion mode.

Chemical profiling

Compounds were tentatively identified by generating molecular formulas using MassLynx V
4.1 based on their iFit value, and by comparison of MS/MS fragmentation pattern with that of
matching compounds. Identification of known compounds was effected using online
databases such as Chemspider, PubChem, the Dictionary of Natural Products, MassBank,

Metlin and MefFusion.

3.4.10. Analysis of the most active EtOH fraction using UNIFI®platform

Waters® UNIFI® Scientific Information System (version 1.9.2) was used for some library
searching and report generation of the data acquired using MassLynx for the most active
antimicrobial fraction and its sub-factions. An analytical workflow for ESI negative mode was
created within UNIFI® and used to analyse the chromatographic and mass spectral
components of the most active antimicrobial fraction utilising the various in-built tools such
as the green tea library, and the Chinese traditional medicines library, and structure

elucidation tool to effectively confirm the ingredients in the fraction [19,20].
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The UNIFI® software also has a unique database function that allows users to quickly add
new compounds and create a customized library of compounds, such in-house libraries were
also used in the search. UNIFI® provides an elemental composition calculator that can
determine a number of possible formulas for an accurate mass peak, based on isotope
pattern matching and considering fragment ion peaks. A margin of error up to 5 ppm for
identified compounds was allowed and the matching compounds would be generated based

on predicted fragments from structure.

3.5. Results and discussion

3.5.1. Fractionation of the fraction pEtOAc

Column chromatography fractionation of pEtOAc initially led to more than 100 fractions
collected, which were analysed by TLC, and according to the similarity of patterns, a total of
63 fractions were obtained after combining and were labelled F1 - F63. After drying, using a
Blichi® Rotavapor® evaporator, the fractions were reconstituted in a small amount of
appropriate solvent and the concentrated reconstitutes (F1 - F63) were analysed with TLC
(n-hexane/acetone 7:3 and dichloromethane/methanol 8:2, depending on polarity), and
similar fractions were further combined as illustrated in Figure 3.4. This led to 28 fractions
numbered F1 - F5, F8, F9, F13, F14, F16 - F26, F40, F41, F43, F44, F47, F49, F50, F58.
The weights of the final combined fractions ranged between 3 - 630 mg. The fractions were
thereafter evaluated for their a-glucosidase inhibition towards identifying the bioactive

ingredients.
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Figure 3.4: An illustration of the combination of column chromatography eluted fractions and
their numbering.

3.5.2. The a-glucosidase inhibitory effect of the pEtOAc fractions

The percentage inhibition of twenty-eight fractions against a-glucosidase are shown Table
3.1. The factions which showed inhibition greater than 80 % at 25 pyg/mL were further tested
at 2.5 pg/mL. However, none of these fractions exhibited any appreciable inhibition at 2.5
Mg/mL concentration. The standard reference compound, DMMA, showed a-glucosidase
inhibitory activity of 96.83 % at 25 ug/mL and 99.81 % inhibition at 2.5 pg/mL. Fractions F41
and F47 displayed 98.36 and 98.41 %inhibition, greater than that exhibited by DMMA at 25
Mg/mL.

Table 3.1: a-glucosidase inhibition of fractions of pEtOAc at 25 ug/mL and 2.5 ug/mL,

arranged from least to most polar as eluted from the column. The most active
fractions are highlighted.

Fractions % Inhibition * SD (25 ug/mL) % Inhibition * SD (2.5 ug/mL)

F1 5.03

F2 0

F3 52.30

F4 62.26 9.92
F5 83.43 10.69
F8 50.81

F9 0

F13 43.72

F14 34.51

F16 76.26 10.03
F17 29.86

F18 49.05

F19 34.32

F20 40.91

F21 67.87 9.83
F22 87.09 16.09
F23 59.08 14.36

F24 26.16
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F25 89.85 16.39
F26 17.47

F40 93.15 10.61
F41 98.36 14.24
F43 85.49 28.06
F44 82.00 13.66
F47 98.41 -41.21
F49 78.33 -39.21
F50 56.98

F58 0.04

DMMA (positive control) 96.83 £ 0.27 99.81 £ 0.04

The selected active fractions, F22, F25, F40, F41, F43, F44 and F47 eluted in the medium to
polar regions during chromatography. A challenge on the components from C. gynandra was
that a great majority of the compounds do not absorb UV-visible light, which presented
difficulties in attempting to isolate the compounds that were responsible for the activity, as a

result HPLC UV could not be used for further chromatographic separation.

For dose dependant a-glucosidase inhibition evaluation assay of selected fractions, priority
was given to the most abundant fractions (30 — 630 mg) and the selected fractions were F5,
F22, F40, F44, F49 and F50, assayed at test concentrations 5, 20, 80 and 320 ug/mL. The
inhibition curves showing percentage inhibition vs concentration of the fractions are shown in
in Figure 3.5. The fractions exhibited dose-dependent inhibition of a-glucosidase. These
fractions were further subjected to chemical fingerprinting using UPLC-QTOF-MS, towards

identifying known compounds that may be responsible for activity.
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Figure 3.5: Concentration dependency alpha glucosidase inhibition curves of the active
fractions, F5, F22, F40, F44, F49 and F50, the 320 ug/mL point was excluded
for clarity.

3.5.3. Chemical profiling of the selected pEtOAc fractions using UPLC-QTOF-MS

Analysis of the UPLC-QTOF-MS data was used to tentatively identify the structures of the
most prominent peaks which could be used as possible bioactivity markers in the selected
fractions. The chromatographic profiles for the fractions F5, F22, F40, F44, F49 and F50
indicated that these possess different types compounds (Figure 3.6). Each fraction
possessed different profiles with some peaks which overlapped especially between fraction
F49 and F50. The tentatively identified major compounds are shown in Table 3.2. F22
displayed a prominent peak (peak 3) at 10.66 min with m/z 541.3951, analysis of the MS
spectra revealed the parent ion with regards to this peak as 599.3922, [M + Na]* (calculated
for 576.4026) and the compoundwas assigned the molecular formula CssHs607. The
compound was identified as that newly isolated in this study, cleogynone A, for which the
structure elucidation is detailed in Chapter 4. No known compounds could be identified
owing to the lack of systematic research on C. gynandra. The parent ions of the major
compounds that could not be attributed to any known compounds indicated that these

compounds contain a large number of carbons and may indicate that these are novel
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triterpenoids (Table 3.2). Attempts were made to purify the compounds using column
chromatography and prep TLC and were unfortunately unsuccessful. For the polar
components which make up the majority of the active region, HPLC UV could not be used

due to lack of UV-invisibility of the compounds, as stated earlier. Further studies could

involve using mass directed fractionation, which is not the scope of this work.
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Figure 3.6: ESI positive mode BPI chromatogram of the fractions F5, F22, F40, F44, F49
and F50 obtained from the pEtOAc active extract which a-glucosidase inhibition.
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Table 3.2: Chemical profile of fractions of the partition pEtOAc.

Peak Retention Acquired[ | Formula Theoretic | Calculated | Possible Mass Observed ions/ (fragments)
# time (min) M + Na]* of al [M + H]* | accurate compound error
1M + possible /[M + Na]* | mass (Da) (ppm)
HJI*/[M + structure /[M + K]*
K]*m/z m/z
1 13.87 539.3716 C34Hs5005 539.3736 538.3658 Unidentified -3.7 499.3794
M+ HJ 479.3497
439.3594
421.3481
2 14.94 593.2764 C34H4009 593.2751 592.2672 Unidentified 2.2 533.2540
M+ H[ 505.2237
461.2320
447.2166
3 10.66 599.3934 C34Hs607 599.3924 576.4026 Cleogynone A | 1.7 599.3934 [M + NaJ*
M + Na]" 542.3945 | [M - H,O - OHJ*
541.3909 [M - 2H,01*
499.3800 [M - CH;COH - H,01"
421.3468 [M - 2CH;CO.H -
2H,01"
4 16.40 817.7045 CsoHosOs 817.7051 778.7414 Unidentified -0.7 398.3636
[M +KJ* 399.3665
5 15.22 739.6564 C44Hg205 739.6582 700.6945 Unidentified 2.4 761.6400
M+ K[ 393.3231
392.3188
371.3405
370.3395
132.1024
86.0990
6 16.42 795.7189 CasH10005 795.7208 756.7571 Unidentified -2.4 421.3539
M +KJ" 420.3503
399.3757
398.3724
132.1024
86.0990
7 12.61 861.6243 Cs5Hg0013 861.6279 838.6381 Unidentified -4.2 450.2938
[M + NaJ* 434.3280
412.3465
321.2364
132.1024
86.0990
8 14.61 609.2711 C34H40010 609.2700 608.2622 Unidentified 1.8 591.2613
M +H]" 559.2346
531.2402
515.2449
485.2342
9 12.23 827.7086 CagH10007 827.7106 788.7469 Unidentified 2.4 436.3377
M+ K] 414.3568
396.3461
132.1020
86.0969
10 9.92 897.6476 Cs4HgsO10 897.6456 896.6378 Unidentified 22 469.3029
M +H]" 468.2999
452.3292
431.3557
430.3526
412.3419
405.2962
86.0970
11 12.09 865.6556 Cs2HgoOg 865.6533 842.6636 Unidentified 27 458.3248
[M + Nal* 436.3408
414.3587
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396.3478

320.2279

132.1018

86.0972

3.5.4. EtOH extract fractions for antimicrobial activity against E. coli and S. aureus

The 135 fractions collected were concentrated and analysed using TLC (n-hexane/acetone
7:3 or dichloromethane/methanol 8:2, based on their polarity). The fractions showing similar
profiles were combined resulting in a total of 22 fractions which were numbered F1 - F22 in
the order of elution from the column. The fractions were dried using the Biichi® Rotavapor®
evaporator, and their masses ranged between 5 — 220 mg. The fractions were evaluated for

their antimicrobial activity against E. coli and S. aureusvia the TLC bioautography method.

3.5.5. Qualitative antibacterial activity of the EtOH extract fractions by TLC

bioautography
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The fractions F1 — F22 obtained using column chromatography were separated on
aluminium-backed TLC (n-hexane: acetone (60:40)) for bioautographic antibacterial analysis
against both E. coli and S. aureus. Figure 3.7 displays the TLC bioautograms, labelled a, b,
¢ and d. The areas of the TLC bioautograms showing white clear zones in the pink
background revealed the positions of the active compounds, and their retention factors (R¢)
values were calculated.The greatest activity is depicted by F17 against E. coli, where the

brightest spot was evident with Rs value = 0.08.

a _— L i —V ‘b' -
Ses -4 = —
e s T |
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F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F11 Crude F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 Crude
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F1 F2 F3

F4 F5 F6 F7 F8 F9 F10 F11 Crude F12 F13 F14 F15 F16 F17 F18 F19 F20 F21 F22 Crude

Figure 3.7: Bioautograms of (a & b) Escherichia coli inhibition and (c and d) Staphylococcus
aureus inhibition of the fractions (F1 — F22). The plates were developed with
60:40 n-hexane: acetone solvent system; white bands indicate compounds that
inhibit the growth of the bacteria.

The large diameter of the spot suggests that more than one compound is responsible for the
activity. A bright spot was also evident for fraction F2 (Rf = 0.85) against S. aureus. F11
against S. aureus also revealed reasonable activity as a bright narrow spot is depicted (Rr =
0.79). The bioautograms demonstrated that the most active compounds against E. coli are
polar compounds, whereas against S. aureus the most active compounds are non-polar.
These results led to further fractionation of F17 using preparative HPLC towards purifying

the possibly bioactive compound(s).
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3.5.6. Semi-preparative HPLC fractionation of F17 and antibacterial minimum

inhibitory activities of the sub-fractions

Eight fractions labelled F17A — F17H (2 — 20 mg) were collected at intervals chosen based
on visible chromatographic peaks in the UV-Vis range. The fractions were further subjected
to minimum inhibitory activity assays against both E. coli and S. aureus. The fractions all
displayed activity comparable to gentamicin with MIC values in the range 0.012 — 0.094
mg/mL (Table 3.3). The diameter of the white spot, for F17, observed for bioautography was
in support of this result, suggesting that there are several compounds responsible for the
growth inhibition. Furthermore, prep-HPLC fractionation effectively removed any non-polar
residue or remnants in the fraction that might reduce the activity.

Table 3.3: Minimum inhibitory concentration (MIC) of eight sub-fractions from F17 (F17A-
F17H), all fractions displayed inhibitory activity comparable to gentamicin.

Mean MIC (mg/mL) and standard deviations

Fraction Escherichia coli ATCC 25922  Staphylococcus aureus ATCC 29213
F17-A 0.016020.00 0.063020.00

F17-B 0.0310£0.00 0.0235+0.011

F17-C 0.016020.00 0.0235£0.011

F17-D 0.0235£0.010 0.016020.00

F17-E 0.0120+0.006 0.0940+0.044

F17-F 0.0160£0.00 0.0235£0.011

F17-G 0.0120£0.006 0.063020.00

F17-H 0.0120£0.006 0.016020.00

Gentamicin 0.0235+0.011 0.0310+0.00

3.5.7. Chemical profiling of the most active fraction, F17 using UPLC-QTOF-MS and

MassLynx data processing towards identifying the bioactive compounds

Fraction F17 was selected as the most active fraction against E. coli and its chemical profile
was generated using UPLC-QTOF-MS operating in the ESI negative mode (Figure 3.8). The
full chromatographic profile of F17 displays major peaks in the region 12 - 16 minutes which
are attributed to non-polar compounds. As discussed earlier (section 3.5.5) the zone of

inhibition in the bioautography method was located at R; = 0.08. The chromatographic
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chemical analysis is focused in the region of 0 — 11 minutes. A total of six peaks were
selected for identification based on their mass data and their purity (no interfering peaks).
Using the ESI negative mode three compounds, at m/z 609.1546 retention time 6.34
minutes, at m/z 593.1492 retention time 7.01 minutes, and at m/z 623.1573 retention time
7.16 minutes were tentatively identified as rutin (peak 2), kaempferol-3-glucoside-3"-
rhamnoside (peak 3) and isorhamnetin 3-O-robinoside (peak 4), respectively (Table 3.4).
The chemical structures of the compounds identified are displayed in Figure 3.9. Rutin was

already identified in the crude extract EtOH as described in Chapter 2.

Contradictions are found in the literature in terms of antimicrobial activity of rutin against S.
aureus and E. coli. Gutierrez-Venegas et al. (2019) conducted a study that showed that rutin
exhibited antimicrobial activity against microorganism present in tooth plaque which included
S. aureus and E. coli (ATCC 25923)[21]. Nizer et al. (2020) conducted a study that showed
lack of antimicrobial activity of rutin isolated from Tontelea micrantha, exhibiting greater than
500 pg/mL against both S. aureus (ATCC 29213) and E. coli (ATCC 25922) and also against
several other microbes [22]. In their study Singh et al. (2008) showed that rutin exhibited an
MIC of 0.07 mg/mL against E. coli (MTCC, 443) and S. aureus (MTCC, 96) [23]. The

variation of the results may be attributed to different bacterial strains used.

No antibacterial studies were previously reported for kaempferol-3-glucoside-3"-rhamnoside

and isorhamnetin 3-O-robinoside.
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Figure 3.8: ESI negative mode BPI chromatogram of the column chromatography obtained
fraction F17 most active for E.coli inhibition in bioautography. Six peaks were
selected for identification. Peaks 2, 3 and 4 were tentatively identified as rutin,
kaempferol-3-glucoside-3"-rhamnoside  and isorhamnetin ~ 3-O-robinoside,
respectively. The remaining of the peaks could not be identified.
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Table 3.4: Chemical profile of fraction F17 from the EtOH extract.

Peak | Rete | Acquire Formula of | Theoretic | Calculate | Possible Mass Observed ions/ (fragments)
# ntion | d [M-H] | possible al[M-H] | d structures error
time m/z structure m/z accurate (ppm)
(min) mass (Da)
1 6.20 439.1103 | C16H24014 439.1088 440.1166 Unidentified 34 439.1103
440.1115
441.1087
329.1395
2 6.34 609.1456 | Cy7H30016 609.1456 610.1534 Rutin 0.0 609.1456 [M—HJ

302.0427 [M - H]— - C12H1909

301.0407 [M — HJ - C12H2009

300.0340 [M — HJ - C12H2100

271.0311 [M - H] - C13H2,010

3 7.01 593.1492 | Cy7H30045 593.1506 594.1585 Kaempferol-3- 2.4 593.1492 [M-H]-C12H
GIucosidg-S"- 286.0484 [M - HJ - C1,H1909
Rhamnoside 285.0457 | [M - HJ - C12H200s

284.0380 [M - HJ - C12H2100

255.0360 [M - HJ - C42H2,010

227.0412 [M - H] - C14H22011

4 7.16 623.1573 | CusH32016 623.1612 624.1690 Isorhamnetin 3- -6.3 623.1573 [M-HJ

O-robinoside 316.0591 [M - HI - C1,H1509

315.0545 [M - HJ - C12H2009

314.0471 [M - HJ - C12H2109

300.0293 [M - HJ - C13H2300

299.0231 [M - HJ - C43H2409

5 9.16 359.0827 | Cy1H20013 359.0826 360.0904 Unidentified 0.3 359.0827

344.0608

330.0428

329.0363

314.0142

301.0422

287.0205

286.0167

258.0242

6 11.02 | 563.3224 | C31H47O¢ 563.3220 unidentified 0.7 563.3224

503.3042

322.1449

321.1433

130.0937

116.9340

96.9667

59.0199
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OH

Peak 3: Kaempferol-3-glucoside-3"-rhamnoside (9)

Figure 3.9: Chemical structures of rutin (peak 2),kaempferol-3-glucoside-3”-rhamnoside
(peak 4) and isorhamnetin 3-O-robinoside (peak 4), the three compounds
identified from fraction F17 of the EtOH extract.

3.5.8. UNIFI® identification of compounds from the sub-fractions of F17

The major sub-fractions collected using the HPLC UV-vis technique were F17-E and F17-F,
and using UNIFI® the major compounds from these fractions were identified as rutin
(quercetin-3-O-rutinoside) and nictoflorin (kaempferol 3-O-rutinoside), at retention times 3.45
and 3.83 minutes, respectively, see Figure 3.10. Pure standards of these major compounds,
rutin and nictoflorin, were purchased (Sigma Aldrich, South Africa) and further subjected to

qualitative TLC bioautography (section 3.5.9). Furthermore, the compounds, kaempferol,
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quercetin and nepitrin were identified as represented by minor peaks from the LCMS profiles

of F17-E and F17-F using UNIFI® (Figure 3.10).

Nitiema et al. (2012), in their study showed that quercetin lacked inhibitory activity against
Enterobacter aerogenes CIP 104 725, E. coli 81nr.149 SKN541, Salmonella typhimurium
SKN533 and Salmonella infantis SKN 557, where the antibacterial test was performed by
following agar disc diffusion method [24]. Kaempferol showed antimicrobial activity against
Bacillus cereus, B. subtills, S. aureus, Fusarium oxysporum, Macrophomina phaseoli,
Diplodia oryzae, Rhizoctania solani, Helminthosporium turcicum, Aspergillus carneus, except
B. mycoides, Sarcina lutea, E. coli and Candida albicans by paper disc method [25].
Furthermore, Yamada et al. (1999), revealed that the MIC value of the kaempferol they
isolated from the leaves of Diospyros kaki was 25.0, 100.0 and 50 ug/mL against
Staphilococcus mutans K1, HS-6 and IFO 13955, respectively, and 25.0 uyg/mL against E.
coli B (IFO 13168), E. coli K-12 (IFO 3301), Bacillus subtilis (IFO 12210), and S. aureus (IFO
3060) [26]. This indicates that one of the minor compound identified, kaempferol is
contributing to the antibacterial activity in this study. There are no antimicrobial studies

reported for nepitrin.
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Figure 3.10: UNIFI® identification of compounds from F17-E and F17-F. The compounds
Quercetin-3-O-rutinoside and Kaempferol-3-O-rutinoside were identified as
represented by the main peaks in these two fractions.
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3.5.9. Bioautography of purchased standards in comparison with the original fraction

and extract

Qualitative bioautography assay was performed to evaluate the pure standards (rutin and
nictoflorin) for their antimicrobial activity together with F17 and the crude extract all analysed
on the same plates (Figure 3.11), Both the intermediate-acidic solvent system CEF
(chloroform:ethylacetate:formic acid (5:4:1)) as well as the polar-neutral EMW (ethyl
acetate:methanol:water (40:5.4:5)) were used for development of the plates. Figure 3.11
shows that both the pure standards are inactive as there are no bright spot to indicate

activity on the plates even though they are the main ingredients.

Determination of the minimum inhibitory activity of nictoflorin and rutin against E. coli and S.
aureus further revealed that these compounds exhibited no inhibition activity. This result is in
line with Nizer et al. (2020) [21] who showed that rutin exhibits no inhibition activity against
E. coli (ATCC 25922)and S. aureus (ATCC 29213). This is, however, contradicting Orhan et
al. (2010) who reported nictoflorin and rutin as active against E. coli (ATCC 25922) [23].
Nictoflorin and rutin are therefore not responsible for the activity seen in this work regardless
that some research proved them as active against the bacteria studied here, and this work

agrees with the reports that indicate their lack of activity.
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Figure 3.11: Duplicated bioautograms of Escherichia coli inhibition of the pure standards.
The plates were developed with solvent systems EMW and CEF. No activity
evident proving that nicotiflorin and rutin are not responsible for the bioactivity.

3.6. Conclusion

In this chapter the studies involving the fractionation of highly bioactive extracts were
undertaken. The fractionation of two extracts is discussed. The EtOAc and EtOH extracts
were fractionated towards identifying compounds responsible for a-glucosidase inhibition

and antimicrobial (E. coli and S. aureus) inhibition, respectively.

Fractionation of the EtOH extract led to 22 fractions assessed for their inhibition of E. coli
and S. aureus via the qualitative method of TLC bioautography. The most active fraction was
F17 of the EtOH extract and this result led to its chemical analysis towards identifying the
bioactive compounds. UPLC-QTOF-MS data analysis using molecular formulas generated
using MassLynx, and by comparison of MS/MS fragmentation pattern using selected online
libraries revealed three major compounds which were identified as rutin, kaempferol-3-
glucoside-3”-rhamnoside and isorhamnetin 3-O-robinoside. Preparative HPLC-UV-vis
fractionation of F17 led to semi-pure major compounds, that could not be separated, in two
consecutive sub-fractions and all the 8 fractions obtained tested active in MIC. All the
fractions were impure and, therefore, no compound structures could be elucidated. Analysis
of the UPLC-QTOF-MS data, using the program UNIFI®, of the two major sub-fractions

obtained via HPLC-UV-vis revealed the two major compounds as rutin, and nictoflorin.
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Reference standards for rutin and nictoflorin were purchased, however, bioautography
assessment of these compounds revealed that they were not responsible for the
antimicrobial active. Furthermore, MIC evaluation of the pure standards against E. coli
(ATCC 25922) and S. aureus (ATCC 29213), revealed no inhibitory activity. Moreover, three
minor compounds from the two major sub-fractions obtained via HPLC-UV-vis were
identified as quercetin, kaempferol and nepitrin. While there are no literature reports about
antimicrobial activity studies on nepitrin, reports about quercetin indicated lack of activity,
while kaempferol was indicated active against several strains of E. coli and S. aureus
amongst other microbes. Kaempferol is, therefore, one of the compounds responsible of the
biological activity. The major compounds identified exhibit no activity. Standards for two of
the compounds identified using UPLC-QTOF-MS online libraries (viz. kaempferol-3-
glucoside-3”-rhamnoside and isorhamnetin 3-O-robinoside) could not be obtained and no
reports on the antimicrobial activity (S. aureus and E. coli) were found, indicating that these
compounds are less researched, they could also be responsible for the antimicrobial activity.
Based on the results in this chapter and the previous chapter, the potential for the
components of the ethanol extract of C. gynandra leaves to be developed as antimicrobial

agents against E coli and S. aureus is unquestionable.

Fractionation of the EtOAc extract led to 28 fractions assessed for their inhibition of o-
glucosidase, revealing six most active fractions at 25 yg/mL. Some active fractions were
selected based on their abundance and were assessed for their dose-dependent activity,
and the fractions F5, F22, F40, F44, F49 and F50 showed concentration dependant activity.
UPLC-QTOF-MS analysis revealed that most of the components responsible for a-
glucosidase inhibition in C. gynandra leaves EtOAc extract are in the polar region. Isolation
of the bioactive components via preparative HPLC-UV-vis could not be effected as the
compounds do not absorb UV-vis light. A large majority of the compounds from the EtOAc
extract of C. gynandra are unknown as searching the online libraries using MassLynx

generated molecular masses and calculated exact masses, chemical formula as well as
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fragmentation pattern comparison led to no positive identification of any known compounds.
The only compound that could be identified was also a novel compound cleogynone A,

whose structure is elucidated in Chapter 4.

While lack of reported research on isolation of compounds from C. gynandra makes this the
first of its kind, it has posed a challenge in tackling this study. Future work, therefore, should
attempt different methods towards identifying the most appropriate techniques and
procedures to isolating the compounds from this plant, such as mass direct HPLC technique
which were not the scope of this work. Based on the results in this chapter and the previous
chapter, the potential for the components of ethyl acetate extract of C. gynandra leaves to be
developed for the management of hyperglycaemia is undeniable. The major challenge which
should be the bases of future work is fine tuning and identifying methodologies for isolating
the polar components that are found to possess a-glucosidase inhibition activity that do not
absorb UV-vis light, these have novel spectroscopic properties and are likely to be novel

compounds.
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Chapter 4:

Isolation, purification and structure elucidation of anticancer

compounds from Cleome gynandra leaf extract

4.1. Background

Surgery, chemotherapy and radiotherapy are the conventional cancer treatments often
supplemented by other complementary and alternative therapies [1]. Chemotherapy might
be one of the most extensively studied methods in anticancer therapy, however, it is
associated with toxicity and severe side effects [1]. Furthermore, multi-drug resistance is a
greater challenge and thus further necessitating the search for new cancer drugs. With
analysis of a number of chemotherapeutic agents and their sources indicating that over 60%
of approved drugs are derived from natural compounds warranted the search for new
ingredients as anticancer agents. Published research has indicated that C. gynandra
extracts are active against cancer and some phytochemical studies have been conducted,
however no studies have been reported on the systematic chemical analysis towards
isolating and identifying the compounds responsible for the cancer activity. In this study lung
cancer cytotoxicity of the crude extracts from C. gynandra leaves obtained via sequential
extraction were screened and the n-hexane extract displayed the best activity (chapter 2).
The technique UPLC-QTOF-MS was used to obtain the chemical fingerprint of the extract
and the MS data for the resulting peaks were further studied towards identifying the
components of the extract which was discussed in chapter 2. A large majority of the
components of the n-hexane extract could not be identified using online libraries which
warranted fractionation and isolation studies towards purifying and structure elucidation of
the compounds responsible for the anticancer activity. In this chapter the n-hexane extract is
subjected to bioassay-guided fractionation towards isolating and purifying the anticancer

compounds.
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4.2. Cancer

Cancer is a disease in which some of the cells grow uncontrollably, invading and destroying
adjacent cells, where they may also spread to other parts of the body, and can start almost
anywhere in the trillions of cells that make up a human body [2]. Migration of cancer to other
parts of the body is called metastasis. Cancer has become a second leading life-threatening
disease accounting for high mortality rates worldwide [3]. According to Gibbs (2000) cancer
has become or shortly will become the leading disease-related cause of death in some areas
of the world [4]. It is becoming a larger health problem and the medicines used as treatments
have clear limitations [4]. Cancer accounted for 9.6 million deaths in 2018 [5]. Lung-, breast-,
and colorectal cancers were the most prevalent, accounting for 2.09, 2.09 and 1.80 million

cases, respectively, and hence these type of cancers selected for this study [5].

4.2.1. Lung cancer

Lung cancer, as the name suggests, begins in the lungs. The four major histologic types of
lung cancer include squamous cell carcinoma, adenocarcinoma, large cell carcinoma, and
small cell undifferentiated carcinoma, the combination accounting for greater than 90% of
lung cancer cases [6,7]. Routine mortality statistics have confirmed that lung cancer became
more frequent during the first half of the 20th century [7]. Increased death rates due to lung

cancer have necessitated the search for potential novel anticancer compounds.

4.2.1.1. Potential causes and risk factors

Tobacco smoking is the major cause of lung cancers, 80%—-90% of cases were shown to

arise in cigarette smokers [6,7]. Tobacco smoke is known to contain over 20 known lung
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cancer specific carcinogens and some reports indicate that, from such exposure, women
may be at a higher risk of lung cancer [6]. Furthermore, studies indicate a 2.5-fold risk of
lung cancer from family history, the familial association is most readily detected in lung
cancer occurring in non-smokers [6]. While tobacco had been used for centuries worldwide
the introduction of manufactured cigarettes with addictive properties, introducing inhalation
of carcinogens, is what resulted in the surge in lung cancer cases [7]. In addition to smoking,
an increase in lung cancer cases in South Africa is also attributed to factors such as
environmental pollutants, occupational exposure and changing lifestyles [3]. The
occupational and environmental factors include exposure to radon, arsenic, chromium,
nickel, vinyl chloride, and ionizing radiation [8]. The risk of the disease is a joint
consequences of the interrelationship between exposure to agents playing the aerologic (or

protective) role and the individual susceptibility to such agents [7].

4.2.1.2. Effective treatment

Treatment differs according to the histologic type of cancer, the stage at presentation, and
the functional evaluation of the patient [8]. Surgery is the treatment of choice for patients with
stage | through IlIA non—small cell carcinoma.For patients undergoing complete resection
and no preoperative chemotherapy, adjuvant chemotherapy is standard.Treatment for
unresectable non—small cell carcinoma may involve radiotherapy and chemotherapy.The
role of targeted therapies, specifically the antivascular endothelial growth factor agent
bevacizumab (Avastin), has been examined in patients with advanced stage (IlIB and V)
non-squamous carcinoma. The combination of the vascular endothelial growth factor
inhibitor bevacizumab and chemotherapy increases survival compared with chemotherapy
alone [8,9]. Chemotherapy (combined with radiotherapy in limited stage disease) is the
mainstay of treatment for small cell carcinoma [8]. Palliative and hospice care are important

end-of-life treatment modalities. The primary care physician can help patients determine
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what options may be most appropriate. Platinum-based chemotherapy remains the
standard-of-care for most patients affected by advanced non-small cell lung cancer (NSCLC)
and the platinum compounds currently used in NSCLC are cisplatin and carboplatin [10]
while non-platinum-based combination therapies are reasonable alternatives in certain
populations [9]. The structures of cisplatin, carboplatin andbevacizumab are shown in Figure
4.1. The National Cancer Institute of the United States of America listed cancer drugs
approved by the Food and Drug Administration (FDA) for lung cancer, in August 2021 [11].
They stated that the individual drugs in the combinations were FDA-approved while the drug
combinations themselves usually are not approved, although they are widely used. These

are listed in Table 4.1.

0
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Bevacizumab Cisplatin Carboplatin

Figure 4.1: Some examples of drugs used for lung cancer treatment.

4.2.2. Breast cancer

Breast cancer incidence has increased dramatically elevating concern among physicians
and women in general [12]. Breast cancer is a major affliction of women in affluent countries.
Breast cancer is the commonest cause of cancer death in women worldwide [13]. The
impact of breast cancer is magnified because women are at risk from their middle to later
years. The incidence rates increase rapidly during the fourth decade and become substantial
before the age of 50 thus creating a long-lasting source of concern for women and a need

for vigilance [12]. Long-term increases in the incidence of breast cancer are being observed
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worldwide in both industrialized and developing countries. Breast cancer is categorized into
3 maijor subtypes based on the presence or absence of molecular markers for oestrogen or
progesterone receptors and human epidermal growth factor 2 (ERBB2; formerly HER2):
hormone receptor positive/ERBB2 negative (70% of patients), ERBB2 positive (15%-20%),

and triple-negative (tumours lacking all 3 standard molecular markers; 15%) [14].
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Table 4.1: Cancer drugs approved by the Food and Drug Administration (FDA) for lung
cancer treatment therapy, published byThe National Cancer Institute of the

United States government [11].

Drugs Approved for Non-Small Cell Lung Cancer

Drugs Approved for Small
Cell Lung Cancer

Drug Combinations
Used to Treat Non-
Small Cell Lung
Cancer

e Abraxane

e Afatinib Dimaleate

o Afinitor (Everolimus)

o Afinitor Disperz
(Everolimus)

e Alecensa (Alectinib)

¢ Alectinib

o Alimta

e Amivantamab-vmjw

¢ Atezolizumab

» Avastin (Bevacizumab)

e Bevacizumab

 Brigatinib

e Capmatinib Hydrochloride

o Cemiplimab-rwic

o Ceritinib

¢ Crizotinib

e Cyramza (Ramucirumab)

o Dabrafenib Mesylate

o Dacomitinib

o Docetaxel

o Doxorubicin Hydrochloride

e Durvalumab

¢ Entrectinib

o Erlotinib Hydrochloride

* Gemcitabine
Hydrochloride

o Gemzar (Gemcitabine
Hydrochloride)

o Imfinzi (Durvalumab)

e Everolimus Gavreto
(Pralsetinib)

» Gefitinib

o Gilotrif (Afatinib
Dimaleate)

¢ Infugem (Gemcitabine
Hydrochloride)

o Ipilimumab

o Iressa (Gefitinib)

o Keytruda
(Pembrolizumab)

o Libtayo (Cemiplimab-rwic)
Lorbrena (Lorlatinib)

o Lorlatinib

o Lumakras (Sotorasib)

o Mekinist (Trametinib Dimethyl
Sulfoxide)

o Methotrexate Sodium

* Mvasi (Bevacizumab)

o Necitumumab

¢ Nivolumab

e Opdivo (Nivolumab)

e Osimertinib Mesylate

» Paclitaxel

o Paclitaxel Albumin-stabilized
Nanoparticle Formulation

o Pembrolizumab

* Pemetrexed Disodium

o Portrazza (Necitumumab)

e Pralsetinib

e Ramucirumab

o Retevmo (Selpercatinib)

* Rozlytrek (Entrectinib)

o Rybrevant (Amivantamab-
vmjw)

o Selpercatinib

» Sotorasib

o Tabrecta (Capmatinib
Hydrochloride)

o Tafinlar (Dabrafenib
Mesylate)

e Tagrisso (Osimertinib
Mesylate)

e Tarceva (Erlotinib
Hydrochloride)

o Taxotere (Docetaxel)

o Tecentriq (Atezolizumab)

o Tepmetko (Tepotinib
Hydrochloride)

* Tepotinib Hydrochloride

e Trametinib Dimethyl
Sulfoxide

o Trexall (Methotrexate
Sodium)

o Vizimpro (Dacomitinib)

e Vinorelbine Tartrate

o Xalkori (Crizotinib)

e Yervoy (Ipilimumab)

® Zirabev (Bevacizumab)

o Zykadia (Ceritinib)

o Afinitor (Everolimus)

* Atezolizumab

* Doxorubicin Hydrochloride

e Durvalumab

* Etopophos (Etoposide
Phosphate)

» Etoposide

o Etoposide Phosphate

o Everolimus

o Hycamtin (Topotecan
Hydrochloride)

o Imfinzi (Durvalumab)

o Lurbinectedin

o Methotrexate Sodium

¢ Nivolumab

e Opdivo (Nivolumab)

» Tecentriq (Atezolizumab)

* Topotecan Hydrochloride

o Trexall (Methotrexate
Sodium)

e Zepzelca (Lurbinectedin)

Carboplatin-Taxol
Gemcitabine-Cisplatin

4.2.2.1. Potential causes and risk factors

Many of the established risk factors are linked to oestrogens [12,13]. Early menarche, late
menopause, and obesity in postmenopausal women impose a risk [12,13]. The incidence is

doubled among women with natural menopause after the age of 55 as compared with those
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in whom it occurs before the age of 45 [12]. Breastfeeding probably has a protective effect
as childbearing reduces risk while research further shows that early first birth and a larger
number of births has greater protective effect [12,13]. Both oral contraceptives and hormonal
therapy for menopause cause a small increase in breast-cancer risk which appears to
diminish once use stops [12,13]. Physical activity is probably protective. Alcohol
consumption has also increased the risk. Mutations in certain genes greatly increase breast-

cancer risk but these account for a minority of cases [13].

A family history of breast cancer particularly when the diagnosis was made in the mother or
a sister at a young age can be an important risk factor for breast cancer [12]. Exposure to
ionizing radiation particularly between puberty and the age of 30 can substantially increase
the risk of breast cancer [13]. Additional risk factors include tallness the use of oral

contraceptives and user of oestrogen supplements [13].

4.2.2.2. Treatment

Local therapy for non-metastatic breast cancer consists of surgical resection and sampling
or removal of axillary lymphnodes with consideration of postoperative radiation [14].
Currently, metastatic breast cancer remains incurable in virtually all affected patients.
Surgery and radiation are typically used for palliation only in metastatic disease [14]. Medical
therapy of breast cancer with anti-estrogens such as raloxifene or tamoxifen might avoid
breast cancer in individuals who are at increased possibility of developing it [15].

Structures of some drugs used for treatment of breast cancer are shown in Figure 4.2.
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Figure 4.2: Some examples of structures of drugs used in breast cancer medical therapy.

The cancer drugs approved by the FDA for breast cancer were published by the National

Cancer Institute of the United States government [16]. Some drug combinations themselves

usually are not approved, although they are widely used. These are listed in Table 4.2.
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Table 4.2: Cancer drugs approved by the Food and Drug Administration (FDA) for breast
cancer treatment therapy, published by The National Cancer Institute of the

United States government [16].

Drugs Approved to Treat Breast Cancer

Drugs Approved to

Prevent Breast Cancer

Drug Combinations
Used in Breast Cancer

* Abemaciclib

e Abraxane (Paclitaxel
Albumin-stabilized
Nanoparticle Formulation)

¢ Ado-Trastuzumab
Emtansine

o Afinitor (Everolimus)

o Afinitor Disperz
(Everolimus)

e Alpelisib

¢ Anastrozole

e Aredia (Pamidronate
Disodium)

o Arimidex (Anastrozole)

e Aromasin (Exemestane)

o Capecitabine

e Cyclophosphamide

¢ Docetaxel

¢ Doxorubicin Hydrochloride

e Ellence (Epirubicin
Hydrochloride)

e Enhertu (Fam-
Trastuzumab Deruxtecan-
nxki)

e Epirubicin Hydrochloride

o Eribulin Mesylate

e Everolimus

e Exemestane

o 5-FU (Fluorouracil
Injection)

e Fam-Trastuzumab
Deruxtecan-nxki

o Fareston (Toremifene)

o Faslodex (Fulvestrant)

e Femara (Letrozole)

o Fluorouracil Injection

o Fulvestrant

e Gemcitabine Hydrochloride

e Gemzar (Gemcitabine
Hydrochloride)

» Goserelin Acetate

o Halaven (Eribulin
Mesylate)

o Herceptin Hylecta
(Trastuzumab and
Hyaluronidase-oysk)

o Herceptin (Trastuzumab)

e Ibrance (Palbociclib)

¢ Infugem (Gemcitabine
Hydrochloride)

o Ixabepilone

o [xempra (Ixabepilone)

* Kadcyla (Ado-
Trastuzumab Emtansine)

o Keytruda (Pembrolizumab)

« Kisqgali (Ribociclib)

» Lapatinib Ditosylate

o Letrozole

e Lynparza (Olaparib)

o Margenza (Margetuximab-
cmkb)

o Margetuximab-cmkb

* Megestrol Acetate

o Methotrexate Sodium

o Neratinib Maleate

o Nerlynx (Neratinib Maleate)

e Olaparib

* Paclitaxel

* Paclitaxel Albumin-stabilized
Nanoparticle Formulation

» Palbociclib

e Pamidronate Disodium

e Pembrolizumab

o Perjeta (Pertuzumab)

e Pertuzumab

e Pertuzumab, Trastuzumab,
and Hyaluronidase-zzxf

e Phesgo (Pertuzumab,
Trastuzumab, and
Hyaluronidase-zzxf)

« Pigray (Alpelisib)

* Ribociclib

e Sacituzumab Govitecan-hziy

o Soltamox (Tamoxifen Citrate)

o Talazoparib Tosylate

e Talzenna (Talazoparib
Tosylate)

* Tamoxifen Citrate

» Taxotere (Docetaxel)

e Tecentriq (Atezolizumab)

e Tepadina (Thiotepa)

e Thiotepa

o Toremifene

e Trastuzumab

e Trastuzumab and
Hyaluronidase-oysk

o Trexall (Methotrexate Sodium)

¢ Trodelvy (Sacituzumab
Govitecan-hziy)

e Tucatinib

e Tukysa (Tucatinib)

e Tykerb (Lapatinib Ditosylate)

¢ Verzenio (Abemaciclib)

e Vinblastine Sulfate

¢ Xeloda (Capecitabine)

e Zoladex (Goserelin Acetate)

» Evista (Raloxifene
Hydrochloride)

» Raloxifene Hydrochloride

e Soltamox (Tamoxifen
Citrate)
e Tamoxifen Citrate

AC

* Doxorubicin
(Adriamycin)

¢ Cyclophosphamide

AC-T

* Doxorubicin
(Adriamycin)

¢ Cyclophosphamide

¢ Paclitaxel (Taxol)

CAF

e Cyclophosphamide
e Doxorubicin

o Fluorouracil

CMF

e Cyclophosphamide
o Methotrexate

e Fluorouracil

FEC

o Fluorouracil

o Epirubicin
Hydrochloride

o Cyclophosphamide

TAC\

e Docetaxel (Taxotere)
o Adriamycin

¢ Cyclophosphamide
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4.2.3. Colorectal cancer

Colorectal cancer is the fourth most common cancer in men and the third most common
cancer in women worldwide [17]. The clinical behaviour results from interactions at many
levels and it is challenging to understand the molecular basis of individual susceptibility to
colorectal cancer [18]. About fifty percent of patients are cured by surgery alone while the
other half however will eventually die due to metastatic disease, which includes
approximately 25% of patients who have evidence of metastases at the time of diagnosis

[19].

4.2.3.1. Potential causes and risk factors

With incidence rates varying approximately 20-fold worldwide, the highest rates are seen in
the developing world [20]. The 20-fold international differences may be explained by dietary
and other environmental differences. Colon and rectal cancers share many environmental
risk factors and are both found in individuals with specific genetic syndromes. Colorectal
cancer is known to occur more frequently in certain families and there are several rare
genetic syndromes that are markers of high risk [20]. Colon cancer occurs with
approximately equal frequency in men and women while rectal cancer is up to twice as
common in men as in women [20]. Consumption of vegetables, fruits, fibre, and
micronutrients is associated with lower risk while evidence is consistent with a stronger risk
with saturated/animal fat than with total fat. A majority of studies indicate an increased risk or
null with higher intake of meat [20]. Egg consumption, sugar intake, and frequency of eating
are to some degree associated with increased risk, while complex carbohydrate, vitamin D,
and vitamin E consumption are associated with possibly decreased risk of colorectal
neoplasia [20]. The relationship between physical activity and reduced risk is the most

consistent finding while obese individuals are at an increased risk of contracting colorectal
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cancer. While alcohol consumption shows inconsistent relation to elevated risk, smoking
shows no association. Nonsteroidal anti-inflammatory drugs, including aspirin have been

consistently associated with a reduced risk of colorectal cancer [20].

4.2.3.2. Treatment

Depressed lesion confined to the mucosa or that only slightly invade the submucosa can be
completely removed with an endoscopic mucosal resection (EMR) technique [21]. If the
histologic analysis of the resected specimen shows that the cancer has massively invaded
the submucosa or permeates the vessels, additional surgical resection is required to avoid
risk of reoccurrence. Laterally spreading tumors are good indications for EMR or endoscopic
piecemeal mucosal resection (EPMR). Lesions up to 25 mm in diameter can be removed by
the EMR technique. Those larger than 25 mm would be treated with EPMR. Small flat
adenomas up to 5 mm can be easily treated with the hot biopsy technique [21]. That 5 to 10
mm in diameter can be treated with the EMR technique. It may not be necessary, however,

to treat all flat lesions because they are almost always non-invasive.

Treatment of colorectal cancer primarily uses fluorouracil, a fluorinated pyrimidine, which is
thought to act primarily by inhibiting thymidylate synthase, the rate-limiting enzyme in
pyrimidine nucleotide synthesis [22]. Advances in the systemic therapy of colorectal cancer
are reported with significant progress in the treatment of colorectal cancer having been
achieved with the approval of several new therapeutic agents that have greatly improved the
outlook for patients diagnosed with resectable and metastatic disease [22].
Fluoropyrimidines such capecitabine and tegafur uracil are some of the effective treatment
methods. Irinotecan is a semisynthetic derivative of the natural alkaloid camptothecin that is
converted by carboxylesterases to SN-38. SN-38 causes DNA fragmentation and

programmed cell death [22]. Oxaliplatin is a diaminocyclohexane platinum compound that
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forms DNA adducts, leading to impaired DNA replication and cellular apoptosis. In patients
with metastatic colon cancer, single-agent oxaliplatin has limited efficacy, but clinical benefit
has been observed when it is administered with fluorouracil and leucovorin. Angiogenesis
inhibitors are a recently recognized strategy to control malignant proliferation and spread
[22]. Currently the most successful anti-angiogenic strategy has focused on inhibiting the
vascular endothelial growth factor, a soluble protein that stimulates blood vessel
proliferation. Bevacizumab is a humanised monoclonal antibody directed against vascular
endothelial growth factor that has been examined in combination with chemotherapy in
patients with advanced colorectal cancer [22]. Several ongoing studies are assessing the
efficacy of combined treatment with monoclonal antibodies to vascular endothelial growth

factor and EGFR in patients with metastatic colorectal cancer [22].

The use of a fluoropyrimidine, irinotecan, oxaliplatin, bevacizumab, and either cetuximab or
panitumumab, in the treatment of patients with metastatic colorectal cancer is supported.
The goal of ongoing adjuvant trials evaluating bevacizumab and cetuximab is to increase
even further the improved rates of survival provided by fluorouracil, leucovorin and

oxaliplatin [[22]].

Some drugs commonly used for colorectal cancer include: 5-fluorouracil (5-FU),
capecitabine (xeloda), irinotecan (camptosar), oxaliplatin (eloxatin), trifluridine and tipiracil
(lonsurf) [23]. Figure 4.3 illustrates some chemical structures of some common colorectal
cancer therapeutic drugs.Drugs approved and used in the treatment of colorectal cancer are

listed in Table 4.3.
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Irinotecan

Tipiracil Capecitabine

Figure 4.3: Chemical structures of some drugs used for colorectal cancer treatment.
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Table 4.3: Cancer drugs approved by the FDA for colorectal cancer treatment therapy,
published by The National Cancer Institute of the United States government

[23].

Drugs Approved for Colon and Rectal
Cancer

Drug combinations used

Drugs Approved for
Gastroenteropancreatic
Neuroendocrine Tumours

e Avastin (Bevacizumab)

e Bevacizumab

e Camptosar (Irinotecan Hydrochloride)

o Capecitabine

e Cetuximab

e Cyramza (Ramucirumab)

e Eloxatin (Oxaliplatin)

e Erbitux (Cetuximab)

e 5-FU (Fluorouracil Injection)

o Fluorouracil Injection

o |pilimumab

e Irinotecan Hydrochloride

o Keytruda (Pembrolizumab)

e Leucovorin Calcium

o Lonsurf (Trifluridine and Tipiracil
Hydrochloride)

¢ Mvasi (Bevacizumab)

¢ Nivolumab

e Opdivo (Nivolumab)

o Oxaliplatin

¢ Panitumumab

¢ Pembrolizumab

e Ramucirumab

o Regorafenib

e Stivarga (Regorafenib)

o Trifluridine and Tipiracil Hydrochloride

e Vectibix (Panitumumab)

» Xeloda (Capecitabine)

e Yervoy (Ipilimumab)

e Zaltrap (Ziv-Aflibercept)

e Zirabev (Bevacizumab)

o Ziv-Aflibercept

CAPOX
o Capecitabine
o Oxaliplatin

FOLFIRI

e Leucovorin Calcium (Folinic Acid)
o Fluorouracil

e Irinotecan Hydrochloride

FOLFIRI-BEVACIZUMAB

e Leucovorin Calcium (Folinic Acid)
o Fluorouracil

e Irinotecan Hydrochloride

e + Bevacizumab

FOLFIRI-CETUXIMAB

e Leucovorin Calcium (Folinic Acid)
o Fluorouracil

e Irinotecan Hydrochloride

o + Cetuximab

FOLFOX

e Leucovorin Calcium (Folinic Acid)
e Fluorouracil

o Oxaliplatin

FU-LV
o Fluorouracil
e Leucovorin Calcium

XELIRI
o Capecitabine (Xeloda)
e Irinotecan Hydrochloride

XELOX
e Capecitabine (Xeloda)
o Oxaliplatin

e Afinitor (Everolimus)

e Everolimus

o Lanreotide Acetate

e Somatuline Depot (Lanreotide
Acetate)

4.2.4. Anticancer compounds from natural resources

Phytochemical compounds have in several cases been directly employed or chemically
modified to develop chemicals used in modern medicine including anticancer drugs [24].
According with the FDA, more than the 60% of the drugs employed in cancer treatment are
obtained from natural resources [24]. Garcia-Oliveira et al. (2021) summarized available
information regarding the clinical status of the main plant compounds proposed for cancer

treatment [24]. Vinka alkaloids, taxanes, camptothecin derivatives, podophyllotoxin and
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derivatives and roscovitine were the most used in clinical studies. Major plant-based
compounds widely used in treating cancers include vincristine, vinblastine, camptothecin,
paclitaxel, irinotecan, topotecan, and etoposide [25]. Figure 4.4 displays some of these

major plant-based compounds.

% -

H

Etoposide Paclitaxel Camptothecin

Figure 4.4: Some examples of major plant-based compounds widely used in cancer
therapy. Etoposide a semisynthetic derivative of podophyllotoxin from rhizomes
(Podophyllum peltatum). Paclitaxel derived from the bark of the Pacific yew tree
(Taxus brevifolia). Camptothecin is a naturally occurring alkaloid derived from
the plant Camptotheca acuminate.

A summary of current available information regarding the clinical status of the main plant
based compounds proposed for cancer treatment is compiled [24]. An overview of the
collected data supporting the development of plant compounds as anticancer agents

including clinical trials and clinical uses are listed in Table 4.4 [24,25].
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Table 4.4: Plant-based anticancer compounds employed in clinical treatment of cancer [24].

Compounds Source-Extraction Clinical Development Commercial Name
Vinca alkaloids Catharanthus roseu (Leaves) In clinical use; combination Vinorelbine, Vincristine,
Isolated by semi-synthetic routes trials Vinblastine, Vindesine,
Vinflunine, Vincamine,
Vintafolide
Paclitaxel, Taxus spp. (Bark) In clinical use; Phase Il Taxol®, Taxotere®,
docetaxel Synthesis, semi-synthesis, and plant  clinical trials; early treatment  Abraxane®, Jevtana®,
cell culture settings; non-small lung Taxoprexin®, Xytotax®

cancer,
breast cancer, ovarian
cancer, Kaposi sarcoma.
Research and development
in alternative drug
administration using
nanoparticles,
naocochealtes and
nanoliposomes.

Camptotecin, Camptotheca acuminate (leaves) Ovarian, lung, colorectal and  Topotecan, irinotecan,

irinotecan Water extraction pediatric cancer belotecan

Podophyllotoxin Podophyllum spp. (rhizome, roots) Lymphomas and testicular No rentable

and analogues Alcohol extraction cancer trials

Roscovitine Raphanus sativus (Radish) Phase Il clinical trials Roscovitine, seliciclib
Chloroform extraction inEurope

Many other potential plant secondary metabolites have been proven experimentally with
anticancer properties and are under clinical or preclinical trial phase studies [24,25]. These
positive results led to their evaluation in further clinical trials to estimate the suitability
(preliminary efficacy, toxicity, pharmacokinetics, safety data, etc.) of the compounds as
possible agents in new strategies for cancer therapy. Garcia-Oliveira et al. (2021) [24] have
compiled a list of some examples of these compounds (Table 4.5).Some terpenoids isolated
from African plants have shown good activities against various cancer cells. This includes
oleanane-type triterpenoid saponins, gummiferaosides A, B and C (Albizia gummifera);
caseanigrescen A, B, C and D (Casearia nigrescens); cardenolide glycosides,
elaeodendroside V and W (Elaeodendron alluaudianum); crotobarin (human oral epidermoid
carcinoma), HT29 (human colon adenocarcinoma), A549 (human lung adenocarcinoma) and
HL60 (human promyelocytic leukemia) cell lines and crotogoudin (Croton barorum and

Croton goudotii) [26].



131 |Page

Table 4.5: Examples of clinical trials carried out with the selected phytochemical compounds

[24].
Compound Type of Cancer Main Results
Prostate Reduction of prostate-specific antigen after
prostatectomy/Lengthening of the on-treatment
Sulforaphane prostate-specific antigen doubling time
Improved efficacy of doxorubicin, without any cytotoxic
Breast
effect.
Colorectal Inductlon.of apoptosis in malignant cells in hepatic
metastasis.
Resveratrol Reduction of DNA methylation of RASSF-1
Breast ) )
and prostaglandin E2 expression.
Prostate Reduction of cancer recurrence.
Pancreas Lr?rg(r:ct)ved efficacy of gemcitabine, without any cytotoxic
Curcumin Improved efficacy of paclitaxel, without any cytotoxic
Breast
effect.
Quercetin Gastric High dietary intake is inversely related to the risk of
cancer development.
Colorectal Reduction of the risk of cancer development.
Gingerol Enhanced antioxidant status of patients receiving
Solid tumour chemotherapy/Improvement of general quality of cancer
patients receiving chemotherapy.
Ovarian . .
Kaempferol . Reduction of the risk of cancer development.
Pancreatic

Different classes of phenolic compounds have been reported with high anti-proliferative
effects against cancer cell lines. Flavonoids from the genus Dorstenia, gancaonin Q, 6-
prenylapigenin, 6,8-diprenyleriodictyol, and 4-hydroxylonchocarpin, inhibited the proliferation
of a panel of 14 cancer cell lines including human CCRFCEM leukaemia cells and their
multidrug-resistant subline, CEM/ADR5000, PF-382 leukaemia T-cells, and HL-60
promyelocytic leukaemia (moderately differentiated), MiaPaCa-2 and Capan-1pancreatic
adenocarcinoma, MCF-7 breast adenocarcinoma, SW-680 colon carcinoma cells, 786-0
renal carcinoma cells, U87MG glioblastoma-astrocytoma cells, A549 lung adenocarcinoma,

Caski and HelLa cervical carcinoma cells, Colo-38 skin melanoma cells [26].

Data available from the screening of some alkaloids are rather moderate. Acridone alkaloids
isolated from the fruits of Zanthoxylum leprieurii helebelicine A, 3-hydroxy-1-methoxy-10-
methyl-9-acridone, 1-hydroxy-3-methoxy-10-methyl-9-acridone  and 1-hydroxy-2,3-
dimethoxy-10-methyl-9-acridone showed moderate activity against human lung carcinoma
cells A549 (ICso values of 31 to 52uM) and colorectal adenocarcinoma cells DLD-1 (ICso of

27 to 74pM). Cytotoxic compounds such as vinblastine and vincristine are present in the
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Madagascar periwinkle (Catharanthus roseus) are highly active alkaloids. Some further well

known anticancer alkaloids are veprisine and jatrorrhizine [26].

According to the National Cancer Institute plant screening program, a pure compound is
generally considered to have in vitro cytotoxic activity if the 1Cso value following incubation
between 48 and 72 hr is less than 4 yg/mL. Furthermore, the cut-off point for good cytotoxic

compound has also been established to be 10 uM [26].

4.3. Materials and methods

Solvents and reagents (n-hexane and acetone) used for column chromatography and
aluminium backed thin-layer chromatography (TLC) were analytical grade purchased from
MERCK (Sigma Aldrich, South Africa) or Radchem (Pty) Ltd (South Africa). Solvents and
reagents (n-hexane, acetone, methanol and chloroform) used for preparative TLC were
HPLC/Ultra-PLC grade, purchased from MERCK (Sigma Aldrich, South Africa). Milli-Q®
water was used in preparative experimentations involving the use of water. All chemicals
were used without further purification.

Silica gel 60 (0.063-0.2 mm; Macherey-Nagel GmbH & Co. KG, Diren, Germany) and Silica
gel-60 (0.040-0.063 mm; Merck KGaA, Darmstadt, Germany) were used for open column
chromatography. Silica gel GF2s4 plates (Merck KGeA, Darmstadt, Germany) were used for
TLC detection while preparative TLC was achieved using TLC Silica gel 60 glass plates

(Merck KGaA, Darmstadt, Germany).

4.3.1. Primary fractionation using column chromatography

Primary fractionation was achieved using column chromatography. A glass column of 105

cm length and 7 cm internal diameter with a reservoir of 2 L capacity was used. The column
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was packed with a slurry suspension by mixing approximately 1380 g of dried silica gel with
n-hexane. Dried n-hexane extract (2 g) was dissolved in n-hexane (15 ml) and the dissolved
extract was poured slowly onto the bed of the silica gel layer in glass column and allowed to
settle. Initially, 100 % n-hexane was used as the eluent after which the polarity was
increased by mixing the hexane with acetone, while the elution progress was monitored
using thin layer chromatography (TLC). The mobile phase was increased from 100 % n-
hexane up to n-hexane:acetone (40:60). Sixty-three fractions were collected which were
further analysed by TLC using silica gel plates and visualised under UV light at 254 nm as
well as by staining with a vanillin stain (MeOH, 30 ml; vanillin, 0.1 g; H2SO4, 1 ml dropwise).
TLC profiles of the fractions for anticancer analysis were obtained on aluminum-backed
silica gel plates. A combination of n-hexane and acetone (n-hexane:acetone 80:20; 70:30;
60:40; 50:50 and 40:60) were used for TLC development for analysis of a solution of a 10
mg/mL of each of the fractions loaded on the TLC plates. Visible bands were marked under
white light and ultraviolet light (254 nm and 360 nm wavelengths, Camac universal UV light
lamp TL-600) before staining. The plates were then heated to 110 °C for colour
development.

After visualisation, similar fractions were combined and dried using a Buchi rotary evaporator

and/or a Genevac SP Scientific EZ-2 centrifugal evaporator.

4.3.2. Secondary fractionation via column chromatography and preparative TLC

The isolation and purification of the major and active compounds from active fractions
obtained from the primary fractionation was achieved by column chromatography and
preparative TLC. A glass silica column of 92 cm length and 9 cm circumference. 55 g dry
silica was made into a slurry with n-hexane and selected active fraction(s) obtained
fromprimary fractionation (200 mg) were dissolved in n-hexane (20 ml) and the dissolved

fraction was poured slowly onto the bed of the silica gel layer in glass column and allowed to
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settle, initially, 100 % n-hexane was used as the eluent. The polarity was increased
gradually by mixing n-hexane with acetone, while the elution progress was monitored using
TLC, fifteen fractions were collected. Semi-pure most abundant subfractions were purified
via preparative TLC. Fourty and eighty milligrams of selected two subfractions was dissolved
in chloroform and loaded as a band on the glass preparative TLC and developed with
solvent system n-hexane-acetone (80:20). The Rf value of the band relating to the
compound of interest to be purified was located on the preparative TLC glass by separating
a 1.5 cm width strip at the edge of the glass silica plate by scrapping off a vertical line using
a pencil tip. About 1 mg of the fraction was spotted on this separate strip on the glass silica
plate to start on the same line as the purification sample in a parallel run. After development
of the TLC, the edge of the strip was then stained with a vanillin stain (MeOH, 30 ml; vanillin,
0.1 g; H2SO4, 1 ml) and heated using a hair-dryer for colour development and different
colour spots were visible. The respective band parallel of the visualised spot(s) of interest
was scrapped off separately and extracted from silica using a mixture chloroform :methanol
(7:3) while the silica was filter using a sintered glass funnel. The pure compounds were dried

using a Genevac SP Scientific EZ-2 centrifugal evaporator.

4.3.3. Cancer cell culture

All cell lines were cultured at 37°C, 5% CO.,, in Dulbecco’s Modified Eagle Medium (DMEM)
containing high glucose (containing 4.5 g/L glucose, sodium bicarbonate and phenol red),
supplemented with 10 % fetal bovine serum (FBS), Glutamax (2 mM) and PenStrep (0.5
mg/mL). Cell culture and cancer cytotoxicity studies were performed as part of training of
myself at the cancer research laboratory (B. G. Vidya, K. G. Mahadeva Swamy and
Venugopal R. Bovilla) led by professor SubbaRao V. Madhunapantula. The research
laboratory is located at the Cellular and Molecular Biology centre, Department of

Biochemistry, JSS Medical College, JSS University, Mysuru, Karnataka, in India.
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4.3.4. Anticancer assays

Lung cancer (A549), breast cancer (MDA-MB-468) and colorectal cancer (HCT-15 and HCT-
116) cells were trypsinized at 10,000 cells per well in a 100 yL volume plated in 96 well
plate. The cells were incubated in CO; to reach 60 - 70% confluence, at which point were
treated with increasing concentration of test sample along with positive control (Cisplatin-
30.11 ug/mL and/or diallyl disulfide (DADS) 146.2 pg/mL), incubated over 24 hours and 48
hours and cell viability determined using sulforhodamine B (SRB) assay. After 24- and 48-
hour incubation cells were fixed using 50 ul of 50% trichloroacetic acid (TCA) was added to
each well, and the plates were kept at 4°C for 60 minutes. After fixation of cells, the wells
were carefully washed with slow running tap water, and subsequently the plates were
allowed to dry. One hundred microliters of SRB was added to each well and the plates
incubated for 30 min. Excess unbound SRB was removed and the plates washed with 1%
acetic acid. The washed wells were allowed to dry at room temperature. The protein bound
SRB was dissolved in 100 yL of 10 mM tris base solution and the absorbance read at 510

nm on a multimode plate reader (PerkinElmer, Massachusetts, USA).

4.3.5. Structure elucidation and characterisation

NMR spectra were recorded on a Bruker Avance 111-400 instrument (Bruker, Karlsruhe,
Germany). ESI-MS data were obtained via ultra-performance liquid chromatography with an
Acquity UPLC system coupled to a Waters Synapt G2 quadrupole time-of-flight (QTOF)
mass spectrometer using an electrospray ionization technique operating in positive mode
(Milford, Massachusetts, USA). IR spectra were recorded on a Perkin Elmer spectrum 100
FT-IR spectrophotometer (Waltham, Massachusetts, USA). Optical rotations were recorded
on a Perkin Elmer Model 341 polarimeter. Single crystal X-ray data were collected using a
Bruker D8 Venture diffractometer using monochromated CuKa (k = 1.54178 A), a Photon

100 detector (Billerica, Massachusetts, USA) and APEX Il control software (Bruker AXS
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Inc.). Data reduction was performed using SAINT+ (Bruker AXS Inc.), and the intensities
were corrected for absorption using SADABS (Bruker AXS Inc.). All structures were solved
by direct methods using a SHELXS algorithm (Sheldrick, 2015a) and refined using the
SHELXL program (Sheldrick, 2015b). All H atoms were placed in geometrically idealised

positions and constrained to ride on their parent atoms.

4.4. Results and discussion

4.4.1. Primary fractionation using column chromatography

The fractions were initially collected in more than hundred test tubes which were analysed by
TLC and according to the similarity of the patterns, a total of thirty-six final combined
fractions were obtained. The solvent systems used for TLC analysis were n-hexane :
acetone (7:3) and dichloromethane : methanol (8:2). The combined fractions were dried and
labelled F1 — F36 and their weights were as follows: F1 (340 mg); F2 (432 mq); F3 (163 mg);
F4 (594 mg) ; F5 (232 mg); F6 (75 mg); F7 (210 mg); F8 (9 mg); F9 (5 mg); F10 (48 mg);
F11 (3 mg); F12 (42 mg); F13 (36 mg); F14 (49 mg); F15 (44 mg); F16 (59 mg); F17 (21
mg); F18 (16 mg); F19 (6 mg); F20 (8 mg); F21 (25 mg); F22 (22 mg); F23 (22 mg); F24 (23
mg); F25 (9 mg); F26 (2 mg); F27 (12 mg); F28 (2 mg); F29 (6 mg); F30 (4 mg); F31 (15
mg); F32 (19 mg); F33 (4 mg); F34 (12 mg); F35 (19 mg) and F36 (21 mg). Sixteen
fractions (F1 — F7, F11, F13, F16, F19, F20, F22, F24, F32 and F35) were selected based
on their purity on TLC (no overlapping spots) for invitro evaluation for their lung cancer

cytotoxicity against lung cancer A549 cell line.

4.4.2. Lung cancer cytotoxicity of the primary fractions

The A549 lung cancer cell line was treated for 24 hr with each of the selected fractions (F1 —

F7, F11, F13, F16, F19, F20, F22, F24, F32 and F35) at different concentrations (0.0625,
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0.125, 0.25, 0.5 and 1 mg/mL). The concentration-based bioactivities of the tested fractions
are displayed in Figure 4.5. F24, F32 and F35 were the the most active fractions displaying
activities of 72.76, 78.83 and 86.46 % inhibition at 0.5 mg/mL. At the lowest test
concentration (0.0625 mg/mL), the fractions F24, F32 and F35 displayed 53.08, 49.14 and
46.47 % inhibition, respectively. At the highest test concentration (1 mg/mL) the fractions
F24, F32 and F35 displayed 32.71, 53.83 and 79.58 % inhibition, respectively. This was
lower than the percentage inhibition at 0.5 mg/mL displayed by each of these fractions
indicating that saturation was reached at this concentration. The fractions F6, F7 and F11
were identified as reasonably active, exhibiting 69.13, 66.57 and 62.68 % inhibition at 0.5
mg/mL, respectively. The percentage inhibition displayed at the highest concentration for
each of these fractions was lower than that at 0.5 mg/mL once again indicating that the
samples were saturated at this test concentration. Fraction F1 displayed the only
concentration dependant activity over the entire range (0.0625 — 1 mg/mL) but the weakest
activity overall of 4.94 % inhibition at the lowest concentration and 55.32 % inhibition at the
highest concentration (1 mg/mL). Fractions F3, F4 and F5 also displayed good activity at 0.5
mg/mL, the highest activity of 71.26, 73.18 and 68.01 % inhibition, respectively. Fractions
F6, F7 and F11 contained fewer compounds based on the TLC analysis relative to other
fractions and were therefore given first preference towards further purification. Even though
F24, F32 and F35 were the most active overall, these are polar fraction and would have
required HPLC separation and since the major compounds from C. gynandra leaves were
not UV active, these could not be purified by HPLC. Fractions F6, F7 and F11, however are
mid-polar and therefore column chromatography and preparative TLC was used towards
purifying their inherent compounds. These fractions were therefore selected for further work

towards isolation of the possible bioactive compounds.
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Figure 4.5: Lung cancer (A549) cytotoxicity of fractions F1 — F7, F11, F13, F16, F19, F22,
F24, F32 and F35. The cancer cell lines were treated with fractions for 24 hr.

4.4.3. Secondary fraction of selected fractions using column chromatography and

TLC towards purifying potential bioactive compounds

The fraction F7 was the most abundant of the three selected fractions, F6 (75 mg); F7 (210
mg) and F11 (3 mg). This necessitated its selection towards isolating and purifying its most
abundant components, based on TLC analysis. Fraction F7 (200 mg) was therefore
subjected to silica gel flash column chromatography (n-hexane : acetone 1:0 to 7:3, v/v) to
yield fifteen subfractions (F7A—F70) which were dried using the Genevac SP Scientific EZ-2
centrifugal evaporator. Subfraction F7G (80 mg) was subjected to preparative TLC (n-

hexane-acetone 8:2, v/v) to yield compound 1 (29 mg) and compound 2 (24 mg). Subfraction
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F7J (40 mg) was purified on preparative TLC (n-hexane-acetone 7:3, v/v) to yield compound
3 (11 mg).Compounds 1-3 were initially confirmed pure by UPLC-QTOF-MS and proton

NMR.

4.4.4. Structure elucidation

4.4.41. Cleogynone A (1)

White crystalline, mp 180 — 181 °C; [a]20 D +184.5 (c 0.14, MeOH); UV (MeOH) Amax (log €):
202 (2.72), 219 (2.50), 282 (1.81) nm; IR vmax: 3466, 2960, 2929, 2860, 1723, 1462, 1376,
1267, 1250, 1122, 1072, 1039, 947, 742 cm™'; HRESIMS m/z: 559.3999 [M + H - OH]*

(calculated for Cs4 Hsg O7).

Compound 1 (Figure 4.6), crystallised on drying in a centrifugal evaporator to vyield
colourless single crystalline material. The IR spectrum of compound 1 named cleogynone A
revealed absorption at 3450, 1710, and 1270 cm-', which were attributed to hydroxyl, ketone

and ester groups, respectively.

Figure 4.6: Structure of compound 1 (cleogynone A) a novel dammerane-type triterpenoid
with anticancer activity.
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Cleogynone A (1) was assigned the molecular formula Cs4 Hsg O7 from its HRESIMS (m/z
559.3999,[M + H - OHJ*), '"H and *C NMR (including DEPT) and single crystal X-ray
crystallographic data (SCXRD) with seven degrees of unsaturation. The 'H NMR of
cleogynone A (1) (Table 4.6) revealed nine singlet methyl groups at éu 2.05 (3H, s), 1.90
(3H, s), 1.14 (6H, s), 1.06 (3H, s), 1.02 (3H, s), 0.90 (3H, s), 0.88 (3H, s) and 0.84 (3H, s),
the presence of one oxygenated methine at én 4.74 (1H, dd, J = 10.3, 2.4 Hz) and one
oxygenated methylene with protons at 64 4.18 (1H, d, J = 11.7 Hz) and 4.00 (1H, d, J = 11.7
Hz). In addition, two proton resonances at én 2.50 (1H, m) and 2.28 (1H, m) from one
methylene were seen. Several protons for methylenes and methines overlap in the range
between o4 1.18 and 1.78, one of the methylenes had one proton at 642.08 (1H, m) and the
other embedded within the overlapping range. Two protons, at én 2.01 (2H, s) further

revealed the presence of two hydroxyl groups.

Inspection of the *C NMR spectrum together with the DEPT spectrum suggested that
cleogynone A (1) was a triterpenoid derivative with 34 carbons (Table 4.6), consisting of nine
methyl carbons, eleven sp® methylenes (including one oxy-methylene at d¢ 64.5), five sp?
methines (including one oxy-methine at d¢ 80.5), six sp® quaternary carbons (including two
oxygen carrying at &¢c 75.1 and 72.5), and three sp? quaternary carbons (carbonyls at dc
171.2, 171.3 and 216.9). Apart from three carbonyl groups,the remaining elements of
unsaturation were attributed to four rings, indicating that cleogynone A (1)is a tetracyclic

triterpenoid.

The 'H-'H COSY correlation (Figure 4.7) between &y 1.56, 2.08 (H-1)/04 2.28, 2.50 (H-2)
and the HMBC correlations (Figure 4.7) from H-1 (&4 2.08, 1.56), H-2 (64 2.50, 2.28), H-26
(®n 1.02) and H-27 (&4 0.90) to C-3 (d¢ 216.9) of cleogynone A (1) confirmed the existence
of a ketone at C-3 and that C-4 is substituted by two methyls. Furthermore, the correlations
from H-30 (&n 4.00, 4.18) to C-1 (&¢ 34.5), C-5 (8¢ 52.6), C-9 (8¢ 51.6) and C-31 (d¢c 171.3),

and from H-32 (&u 1.90) to C-31 (&¢ 171.3) demonstrated the substitution of C-10 with a
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methylene further linked to an acetyl group. A second acetyl group is located at C-22 as
demonstrated by the HMBC correlations between H-22 (&4 4.74) and C-33 (&¢ 171.2), H-34
(®n 2.05) and C-33 (6¢171.2). The aforementioned information helped establish the vicinity

of the three carbonyl groups contained in the structure.

Table 4.6:"H (400 MHz) and *C NMR spectroscopic data for cleogynone A (1) in CDCls.

Position Ox (ppm), (mult., Jin Hz) Oc (ppm)
1 2.08 (m) 34.5
1.56 (m)

2 2.50 (m) 34.4
2.28 (m)

3 - 216.9
4 - 45.9
5 1.58 (m) 52.6
6 1.47 (m) 19.7
7 1.51 (m) 34.1
1.29 (m)

8 - 40.1
9 1.57 (m) 51.6
10 - 38.7
11 1.53 (m) 22.9
1.29 (m)

12 1.66 (m) 24.7
1.45 (m)

13 1.54 (m) 42.7
14 - 50.3
15 1.37 (m) 31.5
1.05 (m)

16 1.72 (m) 23.7
17 1.66 (m) 49.8
18 - 75.1
19 1.06 (s) 25.0
20 1.37 (m) 37.1
21 1.47 (m) 19.7
22 4.74 (dd, 10.3, 2.4) 80.5
23 - 72.5
24 1.14 (s) 26.7
25 1.14 (s) 25.2
26 1.02 (s) 29.4
27 0.90 (s) 19.5
28 0.88 (s) 15.3
29 0.84 (s) 16.7
30 4.18 (d, 11.7) 64.5
4.00 (d, 11.7)

31 - 171.3
32 1.90 (s) 21.0
33 - 171.2
34 2.05(s) 21.1
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/"N HMBC == COSY

Figure 4.7:Key HMBC and '"H-'H COSY correlations of compounds 1 (cleogynone A).

Two hydroxyl groups as part of the structure were further located. The HMBC correlations
from H-24 (dn 1.14), H-25 (&1 1.14) to C-22 (&¢ 80.5) and to C-23 (8¢ 72.5) illustrated that C-
23 carries two methyl groups and a possible hydroxyl group which was later confirmed by
single crystal X-ray diffraction (SCXRD) analysis. The HMBC correlations from H-19 (&u
1.06) to C-17 (6¢ 49.8), C-18 (d¢ 75.1), C-20 (¢ 37.1) demonstrated that C-18 neighbours a
methylene (C-20) on one end, and attaches a hydroxyl group and a methyl group. While the
HMBC correlation from H-17 (o4 1.66) to C-18 (d¢ 75.1) demonstrated that on the other end
C-18 is connected to the D ring at C-17. C-20 shares an HMBC correlation with H-22 while
H-22 shares a 'H-'H COSY correlation with H-21, completing the linkage of the structural

moieties.

The location of the further two methyl groups is described by the HMBC correlations from H-
28 (6H 0.88) to C-7 (6¢ 34.1), C-14 (d¢ 50.3), C-8 (8¢ 40.1) and from H-29 (&y 0.84) to C-14

(8¢ 50.3), C-15 (&¢ 31.5) while and the methyl groups are connected at C8 and C14.

The NOESY spectrum of clyogynone A (1) showed correlation between H-22, H-24 and H-
25 as shown in Figure 4.8 indicating that these are on the same plane demonstrating that
the hydroxyl group on C-23 is at the same side as the acetate group that attaches at position
C-22. Furthermore, the correlation between H-30 (64 11.7) and H-28 proved that the methyl

groupC-28 is in the same face as the oxymethylene at C-30.
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Figure 4.8:Key NOESY ( ¥ ) correlations of compound 1 (cleogynone A).

Compound 1 crystallised in the chiral space group P24, revealing nine chiral centres present
(seven as part of the triterpenoid skeletal structure, and two as part of the heptyl-acetate
based-moiety). The final refinement of the CuKa data in SCXRD analysis, based on the
seven oxygen atoms in the molecule, resulted in a Flack parameter [27,28] of 0.04(10),
which not only indicated the relative configuration of two methyl groups (Figure 4.9), but also
unambiguously determined the absolute stereochemistry of compound 1 to be 5R, 8R, 9S,
10S, 13R, 14R, 17S, 18S, and 22R. All other bond lengths and angles fall within the

expected ranges for the respective functional groups.

Figure 4.9: Pictogram of compound 1 structure (CuKa) (ellipsoids shown at the 50 %
probability level). Green represents C-atoms, red represents O-atoms while
white represents H-atoms.
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The crystal data and refinement parameters are reported in Table 4.7. The monoclinic
crystal system and the space group P2, were confirmed using X-PREP [29]. This chiral
space group is consistent with the chiral molecule, cleogynone A (1). The structure was
solved by direct methods using a SHELXS algorithm [30] and refined using the SHELXL
program [31]. All atoms were revealed in the difference Fourier syntheses and were added
to the structural model. All non-hydrogen atoms were refined anisotropically. All hydrogen
atoms of the molecule were found in difference Fourier maps, attesting to the exceptionally
high quality of the crystal. The H atoms were placed in idealised positions and were refined

with temperature factors 1.2-1.5 times those of their parent atoms.
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Table 4.7:Data collection and refinement parameters for cleogynone A (1).

Crystal Data

Formula C34 Hs6 O7
Formula Weight 576.79
Crystal System Monoclinic
Space group P2,
a, b, c(A) 7.8377(5), 16.5237(10),

12.3065(8)
a, B,y (%) 90, 99.120(2), 90
V (A3) 1573.64(17)
z 2
Dcaic (g/cm?) 1.217
H(CuKa) (mm) 0.664
F(000) 632

Crystal Size (mm)

Data Collection

0.41x 0.56 x 0.63

Temperature (K) 150
Radiation (MA) CuKa 1.54178
B-range for data-collection (°) 3.6, 701

Dataset
Tot., Unig. Data, Rint

-10: 10 ; -22: 22 ; -16: 16
21101, 5925, 0.023

Observed data [I > 2.0 sigma(l)] 5859
Refinement

Nref, Npar 5925, 396

R, wR2, S 0.0336, 0.1011, 0.96

(A/O)max, (AIO)ay 0.00, 0.00

Flack x 0.04(10)

Ap excursions (e A?) -0.27,0.23

4.4.4.2. Cleogynone B (2)

White crystalline, mp 142 — 144 °C; [a]20 D +50.8 (c 0.19, MeOH); UV (MeOH) Amax (log €):
204 (2.00), 220 (2.50), 283 (1.81) nm; IR vmax: 3502, 2941, 2880, 1718, 1699, 1452, 1376,
1350, 1246, 1222, 1173, 1137, 1034, 954, 899cm ';HRESIMS m/z 501.3948. [M + H — OH]*

(calculated for C32Hs40s5)

Compound 2 (Figure 4.10) wasobtained as a white powder and assigned the molecular
formula C32Hs40s from its HRESIMS (m/z 501.3948,[M + H — OH]*) 'H NMR, 3C NMR

spectraand single crystal X-ray data,with six degrees of unsaturation.
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Figure 4.10: Structure of compound 2 (cleogynone B) a novel dammerane-type triterpenoid
with anticancer activity.

"H NMR (Table 4.8) revealed signals for nine singlet methyls (64 0.89, 0.95, 1.00, 1.05, 1.09,
1.14, 1.22, 1.22, 2.12), one oxygenated methine at 6 4.82 (1H, dd, J = 10.3, 2.4 Hz) and a
downfield proton resonance at oy 2.48 (2H, m) for a methylene group. Several proton
resonances for methylenes and methyls are embedded in the overlapping range between &4

1.25 -1.99.

The 3C NMR and DEPT spectra(Table 4.8) suggested that compound 2 called cleogynone
B was also a triterpenoid derivative, with a total of 32 carbons, assigning to nine methyls, ten
methylenes, five methines (including one oxygenated &¢ 4.82), and eight quaternary carbons
(including two carbonyl 8¢ 171.4 and 218.2). With the exception of the two degrees occupied

by the two carbonyls, the remaining degrees are attributed to a tetracyclic system.
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Table 4.8: Table 4.9: "H (400 MHz) and "3C NMR spectroscopic data for compounds 2 in

CDCls.
Position On (ppm) (mult., Jin Hz) Oc (ppm)
1 1.93 (m) 39.9
1.46 (m)
2 2.48 (m) 34.1
3 - 218.2
4 - 47.4
5 1.38 (m) 55.3
6 1.52 (m) 19.7
7 1.56 (M) 34.5
1.33 (M)
8 - 40.3
9 1.44 (m) 50.0
10 - 36.81
11 1.74 (m) 24.8
1.49 (m)
12 1.80 (m) 27.6
1.29 (m)
13 1.79 (m) 23.7
1.61 (m)
14 1.63 (M) 425
15 - 50.4
16 1.46 (M) 31.2
1.10 (M)
17 1.73 (M) 49.9
18 - 75.2
19 1.14 (s) 25.0
20 1.46 (m) 37.0
21 1.51 (m) 22.0
1.29 (m)
22 4.82 (dd, 10.3, 2.4) 80.5
23 - 72.5
24 1.22 (s) 26.6
25 1.22 (s) 25.1
26 1.09 (s) 26.7
27 1.05 (s) 211
28 1,00 (s) 15.1
29 0.89 (s) 16.4
30 0.95 (s) 16.0
31 - 1714
32 2.12 (s) 21.0

Similar to clyogynone A (1), the 'H-'H COSY correlation (Figure 4.11) between o4 1.46, 1.93
(H-1)/0n 2.48 (H-2) and the HMBC correlations (Figure 4.11) from H-1 (dn 1.46, 1.93), H-2
(61 2.48), H-26 (dn 1.02) and H-27 (61 0.90) to C-3 (d¢ 218.2) confirmed the presence of a
ketone at C-3, and that C-4 is substituted by two methyl groups. As in compound 1 an acetyl
group was located at C-22, demonstrated by the HMBC correlations between H-22 (dn 4.82)
and C-31 (6¢ 171.4), H-32 (6w 2.12) and C-31 (8¢ 171.4). Furthermore, the correlations from

H-30 (0n 0.95) to C-1 (8¢ 39.9), C-5 (0¢ 55.3), C-10 (&¢ 36.8) demonstrated the substitution
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of C-10 with a methyl, further illustrating the only difference between compounds 1 and 2,
was that while compound 1 has an acetate group linked by a methylene to C-10, compound
2 has a methyl group attached at position C-10. The remaining HMBC correlation between

compounds 1 and 2 were identical or similar.

/"N HMBC ===COSY

Figure 4.11: Key HMBC and '"H-"H COSY correlations of compounds 2.

The NOESY spectrum of cleogynone B (2) (as illustrated in Figure 4.12) showed correlation
between H-30 and H-28 proving that the methyl group C-28 is in the same face as the

methyl at C-30.
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Figure 4.12:Key NOESY ( ¥ <) correlations of compound 2.
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Compound 2 crystallised in the chiral space group P1, revealing nine chiral centres present
as before with compound 1. The final refinement of the CuKa data in SCXRD analysis,
based on the five oxygen atoms in the molecule, resulted in a Flack parameter [27,28] of
0.06(6), which indicated the relative configuration of the three methyl groups on the infused
ring backbone (Figure 4.13), while also assisting in unambiguously determining the absolute
stereochemistry of compound 2 to be 5R, 8R, 9R, 10R, 13R, 14R, 17S, 185, and 22R. All
bond lengths and angles observed in compound 2 compare well with the corresponding
bond lengths and angles observed in compound 1, and fall within the expected ranges for

the respective functional groups.

W cas

Figure 4.13: Pictogram of compound 2 structure (CuKa) (ellipsoids shown at the 50 %
probability level). Green represents C-atoms, red represents O-atoms while
white represents H-atoms.

The crystal data and refinement parameters are reported in Table 4.9. The ftriclinic crystal
system and the space group P1 were confirmed using X-PREP [29]The structure was
solved by direct methods using a SHELXS algorithm [30] and refined using the program
SHELXL [31]with successive difference Fourier maps revealing the non-hydrogen atoms.
The molecule was modelled without difficulties. Owing to the exceptionally high quality of the
crystals, all hydrogen atoms were found and were placed ideally and refined with thermal

parameters 1.2-1.5 times the Ui, values of their parent atoms.

150 | Page



151 |Page

151 |Page



152 |Page

Table 4.10:Data collection and refinement parameters for cleogynone B (2).

Crystal Data

Formula
Formula Weight
Crystal System
Space group

a, b, c (A)

a, B,y (°)

V (A3)

V4

Dcalc (g/cm3)
H(CpKa) (mm™)
F(000)

Crystal Size [mm]

Data Collection
Temperature (K)
Radiation (MA) CuKa
B-range for data-collection (°)
Dataset
Tot., Uniqg. Data, Rint
Observed data [I > 2.0 sigma(l)]

Refinement
Nref, Npar
R, WR2, S
(A/O)max, (A/O)av
Flack x
Ap excursions (e A?)

97.298(3)

Cs2 Hs4 Os
518.75
Monoclinic
P1

7.4475(5) 7.7239(5) 14.5814(10)
93.052(3) 115.003(3)

748.66(9)

1

1.151

0.592

286

0.18 x 0.24x 0.37

150

1.54178

3.1, 721

-9: 8; -9: 9;-17:17
39127, 5573, 0.049
5177

5573, 345

0.0480, 0.1295, 1.04
0.00, 0.00

0.06(6)

-0.19, 0.23

4.4.4.3. Cleogynone C (3)

Compound 3, (Figure 4.14) was obtained as a white powder and assigned the molecular
formula Cs2 Hs2 Os from its HRESIMS (m/z 499.3789, [M + H — OH]J*), '"H NMR, *C NMR
spectra, with seven degrees of unsaturation. Daset al., isolated compound 3 for the first time

from C. gynandra and acetylation of which resulted in compound 3 without any given name

[32] and in this study is named cleogynone C.
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Figure 4.14: Structure of compound 3 (cleogynone C), a known compound isolated from C.
gynandra leaves in this study with anticancer activity.

'H NMR (Table 4.10) revealed signals for eight singlet methyls (6x 0.91, 0.96, 0.97, 1.08,
1.11, 1.15, 1.18, 1.96), the presence of one oxygenated methine at &4 3.62 (1H, dd, J = 8.1,
5.1 Hz) and one oxygenated methylene with protons at d4 4.23 (1H, d, J = 11.7 Hz) and 4.06
(1H, d, J = 11.7 HZz). In addition, two proton resonances at &4 2.56 (1H, m) and 2.33 (1H, m)
from one methylene were seen. Several protons for methylenes and methines overlap in the
range between &4 1.18 and 1.78 (typical of triterpenoids), one of the methylenes had one
proton at &4 2.13 (1H, m) and the other embedded within the overlapping range. One proton,
at oy 2.01 (1H, s) further revealed the presence of one hydroxyl groups. Several proton
resonances for methylenes and methyls are embedded in the overlapping range between &4

1.26 — 1.99.

The C NMR and DEPT spectra(Table 4.10) suggested that compound 3 was also a
triterpenoid derivative, with a total of 32 carbons, assigning to eight methyls, ten methylenes,
five methines (including one oxygenated &¢c 3.62), and eight quaternary carbons (including
two carbonyl 6¢c 171.4 and 216.9). With the exception of the two degrees occupied by the
two carbonyls, the remaining degrees are attributed to a tetracyclic system and a

heterocyclic 5-membered ring.

153 | Page



154 |Page

Table 4.11:Comparison of '"H (400 MHz) and *C NMR spectroscopic data for compound 3
in CDCI3 and those in literature. Only key 'H NMR data were reported in
literature [32].

Position dc (ppm) On (ppm) (mult., Jin Hz)  &c, lit.*  &u (ppm) (mult., J in HZ) lit.*
1 34.6 2.13 (m) 34.2
2 34.4 2.56 (m) 34.0
2.33 (m)
3 216.9 216.5
4 45.9 45.6
5 52.4 1.67 (m) 52.1
6 19.7 1.52 (m) 19.5
7 34.2 1.35 (m) 34.2
8 40.1 39.8
9 51.8 1.66 (m) 51.5
10 38.7 38.4
11 23.1 1.60 (m) 22.9
1.30 (m)
12 26.3 1.77 (m) 25.6
13 43.1 1.67 (m) 42.9
14 49.9 49.6
15 31.7 1.46 (m 31.5
16 27.2 1.85 (m) 27.0
17 49.6 1.90 (m 49.4
18 86.6 86.3
19 27.5 1.18 (s) 27.3 1.11 (s)
20 34.4 1.63 (m) 34.2
1.86 (m)
21 25.9 1.31 (m) 26.1
22 86.5 3.62 (dd, 8.1, 5.1) 86.3 3.55 (dd, 8.1, 5.1)
23 70.3 70.0
24 241 1.11(s) 23.9 1.04 (s)
25 27.9 1.15(s) 27.6 1.07 (s)
26 19.4 0.97 (s) 19.2 0.88 (s)
27 29.5 1.08 (s) 29.3 1.00 (s)
28 16.6 0.91 (s) 16.3 0.84 (s)
29 15.4 0.96 (s) 15.2 0.88 (s)
30 64.5 4.23 (d, 11.7) 64.3 4.15 (d, 11.7)
4.06 (d, 11.7) 3.97 (d, 11.7)
31 171.4 171.0
32 21.0 1.96 (s) 20.8 1.87 (s)

*75.47 MHz, CDCl3, Das et al.

Similar to clyogynones A & B (1 and 2), the 'H-"H COSY correlation (Figure 4.15) between
On 2.13 (H-1)/0n 2.33, 2.56 (H-2) and the HMBC correlations (Figure 4.15) from H-1 (o4 2.13,
H-2 (dn 2.33, 2.56), H-26 (6n 0.97) and H-27 (&4 1.08) to C-3 (&¢c 216.9) confirmed the
presence of a ketone at C-3, and that C-4 is substituted by two methyl groups. Unlike
compounds 1 and 2 no acetyl group was located at C-22, demonstrated by the absence of

such HMBC correlations. Furthermore, as in compound 1 the correlations from H-30 (dn
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4.06, 4.23) to C-1 (5¢c 34.6), C-5 (5¢c 52.4), C-9 (6¢c 51.8) and C-31 (&¢ 171.4), and from H-32
(61 1.96) to C-31 (6¢ 171.4) demonstrated the substitution of C-10 with a methylene further
linked to an acetyl group. The HMBC correlation from H-22 (o4 3.62) to C-18 (&c 86.6)
reveals the presence of the heterocyclic 5 membered ring, the main distinction of compound
3 in contrast to compounds 1 and 2. The remaining HMBC correlation between compounds

1, 2 and 3 were identical or similar.

OH
W

/"N HMBC === COSY

Figure 4.15: Key HMBC and "H-'"H COSY correlations of compound 3.

The NOESY spectrum of compound 3 showed correlation between H-19, H-24 and H-25 as
shown in Figure 4.16 indicating that these are on the same plane, demonstrating that the
moiety consisting of a hydroxyl group and two methyl linked on C-23 attached to the
heterocyclic 5-membered ring are the same side as the methyl group linked at position 18 of
on the heterocyclic ring. Furthermore, as the case with compound 1 the correlation between
H-30 (&H 11.7) and H-28 proved that the methyl group C-28 is in the same face as the

oxymethylene at C-30.
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24}

Figure 4.16:Key NOESY ( ¥ ) correlations of compound 3.

4.4.5. Anticancer activity of compounds 1-3

The pure compounds were evaluated for their invitro anticancer activity. Tables 4.11 - 4.13
demonstrate the anticancer activity of the pure compounds tested at concentrations 25.00,
12.50, 6.25, 3.12, 1.56, 0.78 and 0.39 ug/mL against lung cancer (A549), breast cancer
(MDA-MB-468) and colorectal cancer (HCT15 and HCT116) cell lines. Compound 2
displayed a maximum of 51 % inhibition of lung cancer (A549) cell line at 25 pg/mL, over 24

hr treatment, comparable to diallyl disulfide (DADS) inhibition of 48% at 146.2 ug/mL (Table
4.11).

All three compounds displayed concentration dependent inhibition over 48 hr treatment of

breast cancer (MDA-MB-468) cell line (Table 4.12).
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Table 4.12: Comparative assessment of cytotoxic potential of compound 2 against A549

lung cancer cell line.

Concentration

%Inhibition 24 hr

%Inhibition 48 hr

Compound (ng/mL) (Mean # SE) (Mean # SE)

| DMSO (vehicle control) # | | 9.89+4.76 | 4.06+5.58
| DADS (positive control) | 146.2 | 46.55+2.12 | 53.23+2.40
0.39 -4.37+3.08 -0.87+4.03

0.78 -5.7842.50 0.42+4.38

1.56 -6.60+1.91 0.44+4.83

Compound 2 3.12 -5.4612.21 0.72+4.43

6.25 -1.843.80 1.33+4.55

12.50 -5.19+3.13 0.53+4.20
25.00 51.38+0.39 16.14+1.72

# The final concentration of vehicle DMSO control in the treatment media is 1%

Table 4.13: Comparative assessment of cytotoxic potential of compounds 1, 2, 3 against

MDA-MB-468 breast cancer cell line.

Concentration

%Inhibition - 24 hr

%Inhibition - 48 hr

Compound (ug/mL) (Mean * SE) (Mean * SE)
| DMSO (vehicle control) # | 0.00 | -0.37+1.22 | 3.2242.62
| DADS (positive control) | 146.2 | 60.99+2.06 | 59.13+0.04

0.78 9.33+7.54 11.14+4.23
1.56 3.8716.41 20.8816.26
3.12 0.3245.29 21.6+1.97
1
Compound 6.25 1.4215.68 23.73%11.92
12.50 3.7416.67 28.1218.34
25.00 44.48+1.42 52.55+5.42
0.78 -0.99+4.58 -8.1016.11
1.56 1.72+2.89 10.7£3.71
Compound 2 3.12 0.22+3.14 18.65+4.45
P 6.25 2.41£1.60 20.3+3.06
12.50 6.123.51 34.9516.61
25.00 43.82+2.38 51.28+1.99
0.78 5.71+1.45 -4.67£5.00
1.56 7.03+1.80 8.33+2.15
c 43 3.12 8.022.29 12.13+1.71
ompoun 6.25 6.84+2.63 14.89+0.67
12.50 10.99+2.69 22.18+2.13
25.00 48.32+2.19 66.58+1.30

# The final concentration of vehicle DMSO control in the treatment media was 1%

The compounds exhibited moderate active, above 50 % inhibition at 25 ug/mL over the 48 hr
treatment, comparable to DADS at 146.2 pg/mL. The cytotoxicity results for the compounds

are shown in Table 4.12.
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Compounds 2 and 3 showed 89.34+5.46 and 87.76+1.22 % inhibition activity, respectively,

against HCT116 over 24 hr treatment at the highest test concentration of 25

Mg/mL,comparable to DADS 89.17+0.90 at 146.2ug/mL (Table 4.13).

Table 4.14: Comparative assessment of cytotoxic potential of compounds 1, 2 and 3 against

HCT116 colorectal cancer cell line.

Concentration

%Inhibition - 24 hr

%Inhibition - 48 hr

Compound (ng/mL) (Mean * SE) (Mean * SE)
| DMSO (vehicle control) # | 0.00 | 18.91+3.18 | 21.87+1.75 |
Positive controls 30.11 (Cisplatin) 35.8+2.98 26.76+2.05
146.2 (DADS) 89.17+0.90 79.84+3.63
0.39 23.6+0.89 -1.52+5.44
0.78 20.33+0.96 11.18+1.67
1.56 23.74+2.36 16.25+2.84
Compound 2 3.12 25.08+3.26 18.07+3.06
6.25 30.27+3.15 22.93+2.46
12.50 30.58+1.51 22.94+3.68
25.00 89.34+5.46 55.79+1.23
0.39 18.25+1.71 0.85+7.16
0.78 15.26+1.81 12.87+4.43
1.56 17.15+2.17 16.55+2.93
Compound 3 3.12 22.34+1.80 21.68+3.13
6.25 27.68+1.39 24.78+1.55
12.50 28.02+0.48 24.44+1.76
25.00 87.76+1.22 60.96+4.95

# The final concentration of vehicle DMSO control in the treatment media was 1%

Against the HCT15 colorectal cancer, compounds 1, 2 and 3 showed 82.9710.56,

81.7410.34 and 83.67+3.16 % inhibition at 25 ug/mL concentration over 48 hr treatment,

higher than DADS 79.98+1.12 (146.2 ug/mL) and cisplatin 75.92+1.60 (30.11 ug/mL)and all

three compounds exhibited less than 75 % inhibition activity over a 24 hr treatment (Table

4.14) 79.98+1.12.
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Table 4.15: Comparative assessment of cytotoxic potential of compounds 1, 2, 3 against
HCT15 colorectal cancer cell line.

Compound Concentration (ug %Inhibition - 24 hr | %lInhibition - 48 hr

/mL) (MeanSE) (MeanSE)
| Vehicle DMSO control # | | 18.62+3.57 | 21.66+1.16
Positive controls 30.11 (Cisplatin) 45.25+1.95 75.92+1.60
146.2 (DADS) 63.71+2.88 79.98+1.12

0.39 -7.06+1.71 4.01£1.15

0.78 -3.51+1.54 -3.58+0.88

1.56 -4.72+¢3.15 -3.28+0.23

Compound 1 3.12 -1.88+8.68 -3.84+0.56
6.25 8.92+4.87 -2.88+1.00

12.50 16.1615.63 7.01£2.43
25.00 51+6.59 82.97+0.56

0.39 16.8523.06 1.6£1.52

0.78 9.98+4.18 -4.38+0.87

1.56 7.1145.90 -5.04+0.60

Compound 2 3.12 8.27+5.85 -4.06+0.38
6.25 15.1+4.42 -2.74+0.48

12.50 36.65+4.05 8.82+2.00
25.00 72.27+3.91 81.74+0.34

0.39 20.46+3.28 -0.35+0.60

0.78 2.83+6.86 -5.01+1.30

1.56 1.4346.82 -5.32+0.31

Compound 3 3.12 -0.17+8.74 -4.27+0.66
6.25 7.64+7.70 -4.17+1.07

12.50 30.44+6.39 7.82+2.75
25.00 64.85+9.03 83.67+3.16

# The final concentration of vehicle DMSO control in the treatment media was 1%

These results reveal that the novel tritepernoids cleogynone A (1) and cleogynone B (2) as
well as the known compound 3 named here cleogynone C are amongst the compounds
responsible for the anticancer activity of C. gynandra leaf n-hexane extract. Their greatest
cytotoxicity was against colorectal cancer cell lines as two of the tritepernoids (cleogynone B
and C) exhibited activity greater than 87 % inhibition over a 24 hr exposure against HCT116
and all the tritepernoids (cleogynone A, B and C) exhibiting greater than 81 % over the 48 hr

exposure against HCT15, better than the positive controls in both cases.

Triterpenoids are highly multifunctional and the antitumor activity of these compounds is

measured by their ability to block nuclear factor-kappaB activation, induce apoptosis, inhibit
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signal transducer, and activate transcription and angiogenesis [33,34]. Oleanolic acid and its
isomer ursolic acid are triterpenoid compounds that exist widely in natural plants and are
weakly anti-inflammatory and anti-tumorigenic in vivo[33,35]. Synthetic oleanane
triterpenoids are the most potent anti-inflammatory and anticarcinogenic triterpenoids known
[33]. He et al. (2007) reported triterpenoids isolated from apple peels, 2R-hydroxyursolic
acid, maslinic acid, 2R-hydroxy-3a-{[(2E)-3-phenyl-1-oxo-2- propenylJoxy}olean-12-en-28-oic
acid, and 3a-trans-p-coumaroyloxy-2R-hydroxyolean-12-en-28-oic acid, which had potent
antiproliferative activity against HepG2 human liver cancer cells, Caco-2 human colon
cancer cells, and MCF-7 human breast cancer cells [36]. The triterpenoids were said to be
partially responsible for apple’s anticancer activity along with other bioactive compounds.
Yang et al. (2006) studied the anticancer activity of tirucallane triterpenoids from twigs of
Amoora dasyclada against human lung cancer cells (AGZY 83-a) and human liver cancer
cells (SMMC-7721), two of the tirucallanes exerted weak activity against AGZY 83-a, while

one exhibited strong activity against SMMC-7721 [37].

It was deduced that the novel tritepernoids cleogynone A (1) and cleogynone B (2) as well
as the known compound cleogynone C in this study are partly responsible for the anticancer
activity exhibited by C. gynandra,. The activity was distributed across all the primary
fractions collected from the n-hexane leaf extract and the greatest activity was due by the
most polar fraction. This necessitates future work on identifying robust methods to isolating
and identifying further compounds responsible for the cancer activity, that is not the scope of

this work.

4.5. Conclusion

Bioassay-guided fractionation of anticancer ingredients from the n-hexane leaf extract from

C. gynandra proved successful. The n-hexane extract which was most active for lung cancer
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(A549) cytotoxicity compared to other sequentially extracted extracts was subjected to
bioassay-guided fractionation towards isolating, purifying and identifying the components
responsible for the anticancer activity. The primary fractionation revealed that the lung
cancer cytotoxicity was distributed at varying strengths across all fractions. The test
concentrations were 0.0625, 0.125, 0.25, 0.5 and 1 mg/mL, and over a 24 hr treatment the
lung cancer biological activity of the fractions was distributed between 55 % to 86 %
inhibition across all the primary fractions at 0.5 uyg/mL.Of the most active primary fractions,
F7 was the less complex and most abundant and its further fractionation via a combination
of silica gel 60 (0.063-0.2 mm) and/or silica gel-60 (0.040-0.063 mm) (flash column
chromatography) and preparative TLC yielded two novel compounds 1 (cleogynone A) (29
mg) and 2 (cleogynone B) (24 mg), as well as a known compound 3 (cleogynone C) (11 mg).
The structures of the two new triterpenoids, cleogynones A and B were elucidated by NMR
and mass spectroscopic data analysis and confirmed by single crystal X-ray crystallography.
The structure of compound 3 was elucidated by NMR and mass spectroscopic data analysis
and confirmed by comparison of the spectroscopic data to those described in literature. The
compounds were all dammerane-type triterpenoids.

The pure compounds were screened for their lung cancer (A549), breast cancer (MDA-MB-
468) and colorectal cancer (HCT116 and HCT15) cytotoxicity. The compounds displayed
concentration dependant anticancer activity at the concentrations 0.39, 0.78, 1.56, 3.12,
6.25, 12.50 and 25.00 pg/mL. Cleogynone B (2) showed moderate activity against lung
cancer (A549) while all three compounds displayed moderate cytotoxicity against breast
cancer (MDA-MB-468). The best activities were displayed against colorectal cancer cell lines
with cleogynone B (2) and cleogynone C (3) demonstrating greater than 87 % inhibition
against HCT116 at the 24 hr exposure at 25 pg/mL, while all compounds displayed greater
than 81 % inhibition at the 48 hr exposure against HCT15 at 25 pyg/mL concentration.
Compounds 1 - 3 displayed potent anticancer activity against colorectal cancer, and these
dammerane-type triterpenoids are partially responsible for the overall anticancer activity of

C. gynandra along with other bioactive compounds. For the first time a comprehensive study
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that involves not only systematic identification of anticancer compounds, but systematic
identification of anticancer dammerane-type triterpenoids from C. gynandra, was conducted.
There is still a chiasm that need to be filled in identifying further compounds, that are
potentially novel, responsible for the cancer activity of C. gynandra, this study has paved the

platform.
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Chapter 5:

Formulation of Cleome gynandran-hexane extract with
B-cyclodextrin, solubility assessments and the anticancer activity
of the formulations

5.1. Introduction

5.1.1. Background

Plant constituents may possess poor physicochemical properties which may limit the
feasibility of their pharmaceutical formulations. Such physicochemical property hurdles may
involve light- and heat-sensitivity, instability at low pH, lack of wettability in water,
hygroscopicity, low aqueous solubility, and therefore, poor bioavailability. These adverse
properties may eventually impede their use as pharmaceutical or nutraceutical agents [1].
One of the objectives of this study was to overcome some of the problems encountered with
the use of such plant bioactive isolates. Cyclodextrins (CDs) are able to incorporate a variety
of molecules in their hydrophobic cavity and this has many positive implications, mainly due
to the resulting physicochemical properties of the included molecule [2]. The n-hexane
extract, which was most active for anticancer activity, and whose further fractionation
resulted in the isolation and identification of compounds with anticancer activity in chapter 4,
was selected for its potential to benefit from CD complexation. This extract possesses low
aqueous solubility, and thus poor bioavailability if it were to be developed as an herbal
medicine. This chapter involves using strategies of CD inclusion to complex the n-hexane
extract components in order to identify the best formulation. The focus is based on producing
formulations with low toxicity, better stability, good bioavailability, longer shelf life and higher
market value. While many techniques such as kneading, spray-drying, freeze drying and co-
precipitation, are used for CD complexation formulations, these preparative methods can be
time consuming, less efficient, some requiring additional drying step and high residual
organic solvent [3]. The requirements for purity are exceptionally high in pharmaceuticals,
nutraceuticals and food supplements and conventional methods are not sufficient, therefore,

the supercritical fluid (SCF) technique and in particular the supercritical carbon dioxide (SC-
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CO,) technology is another alternative worth considering [4—6]. During the past few decades,
SCF has emerged as an effective alternative for many traditional pharmaceutical
manufacturing processes and is said to be one of the most renowned high-pressure
techniques to obtain products with better performances [7]. SCF technology takes advantage
of benign solvents such as CO, and water (or food grade solvent) to replace the organic
solvents thereby serving as an alternative in synthesising delivery systems [7]. SC-CO-
technique was selected for this study as it is non-toxic, non-flammable, non-reactive,
economical and non-polluting. This green technology has a potentially high impact in the
pharmaceutical field to overcome the curbs of the various conventional methods mentioned
earlier. It was hypothesised that the extract complexation with CD might lead to new solid
species with improved physicochemical properties increasing their chances of eventually
being developed as pharmaceuticals, nutraceuticals or herbal medicines. CDs have been in
existence for decades and are employed in many different fields, including food and
pharmaceuticals. They are used as such as they have very limited bioavailability and
distribute among extracellular compartments on absorption [2]. Systemically absorbed CDs
are rapidly expelled from the body and appear in the urine unmetabolized [2]. Martin Del
Valle (2004) wrote that administered CDs are quite resistant to starch-degrading enzymes,
although they can be degraded at very low rates by a-amylases. p-CD is the slowest
degradable compound while y-CD is the fastest, due to their differences in size and flexibility
[2]. Furthermore, degradation is not performed by salivary or pancreatic amylases, but by a-

amylases from microorganisms from the colon flora.

5.1.2. Cyclodextrins
5.1.2.1. Their discovery, nature and properties

CDs were called “cellulosines” when they were first discovered by A. Villiers in 1891 and
later referred to as “Schardinger sugars” after the identification of the naturally occurring o-

and B-cyclodextrins by F. Schardinger in 1911. The third naturally occurring CD, y-
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cyclodextrin, was only isolated in 1935. Research spanning a period of over 25 years
demonstrated the ability of the CDs to form stable complexes with many chemicals in
aqueous solution [2,8]. CDs are formed during bacterial digestion of cellulose and
structurally they are truncated cone-shaped oligosaccharides composed of (a-1,4)-linked a-
D-glucopyranose units. Naturally occurring CDs are named a-CD (cyclohexaamylose), B-CD
(cycloheptaamylose) and y-CD (cyclooctaamylose) and consist of 6, 7 and 8 glucopyranose

units, respectively (Figure 5.1)
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Figure 5.1:Structure of a-, 8-, and y-cyclodextrin, the naturally occurring cyclodextrins.

The interior of the CD cavity is hydrophobic, in contrast with the hydrophilic exterior
environment, and can thus host less hydrophilic guest molecules [8-10]. The inclusion
complex with the guest (e.g., a drug molecule) may involve the incorporation of the lipophilic
moiety of a guest molecule in the cavity. The CD has a narrower and a wider rim; the
narrower rim possesses one primary hydroxyl group (O6-H) per glucose unit and the wider

secondary rim has two hydroxyl groups (O2-H and O3-H) per glucose unit (Figure 5.2).
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(a) (b)

Secondary rim

Primary rim 6,70r8

Figure 5.2: (a) The truncated-cone shape of a CD molecule illustrating the narrow primary
rim and the wider secondary rim and (b) a-D-glucopyranose units. The red and
black dots represent oxygen atoms and carbon atoms, respectively, in both (a)
and (b). H atoms have been omitted for clarity. Edited from the illustration “The
chemical structure and the toroidal shape of a cyclodextrin molecule” by R.
Challa et al. (2005)[11].

There are a series of intramolecular hydrogen bonds (O2---H-O3’) between the secondary

hydroxyl groups of adjacent glucose rings and these stabilise the CD molecule and

negatively affect the aqueous solubility of CDs to some extent [2,12]. The strengths of the

hydrogen bonds increase in the order a-CD < B-CD < y-CD, while the aqueous solubilities

are 14.5, 1.85 and 23.2 g per 100 ml, respectively [11]. Table 5.1 is a summary of some

properties of the three native CDs.The hydrophilic exterior of CDs is responsible for the

relatively high aqueous solubility that these compounds possess.

Table 5.1: Properties of native cyclodextrins.

Cyclodextrin M, (gimo)  Molecular - Melting - Aqueous - Cavity diameter (3) Gaity volume
Inner Outer
a-CD 972.84 Cas Heo O30 278 145 47-53 14.6 174
B-CD 1134.98 Cs2 Hzo O35 260 18.5 6.0-6.5 15.4 262
y-CD 1297.12 Cus Hgo Ou4o 267 232 75-83 17.5 427

5.1.2.2. Cyclodextrins and their pharmaceutical application

In order to be readily delivered to the cellular membrane, a drug must have a certain
minimum level of aqueous solubility, and in this respect most pharmaceutical agents are not

sufficiently soluble in water [2]. The traditional formulation systems involve organic solvents,
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extreme pH conditions and surfactants; these measures often cause irritation and adverse
reactions. CDs are non-irritants and are characteristic stabilisers of active compounds.
These compounds also reduce volatility of drugs, and offer masking of malodours and bitter
tastes [12]. The ability of CDs to increase solubility of insoluble drugs, results in
improvement of the bioavailability of the active ingredient, enhancing pharmacological effect
and therefore allowing for a reduced dose of administered drug. CDs are able to enhance
drug delivery through the biological membrane: they provide enhancement of penetration by
making the bioactive ingredient more available at the biological membrane surface. The
membrane is relatively lipophilic and therefore CDs will not penetrate these, but remain in
the bulk aqueous medium. Studies revealed that only 2—4% of CDs were adsorbed in the
small intestines, and that the remainder is enzymatically degraded and taken up as glucose

[2,11].

Loftsson and Duchéne (2007) reported that very few different pharmaceutical products
containing CDs were on the market worldwide [13]. They stated the views that even though
new CD-based technologies are being developed, CDs are novel excipients of unexplored
technology still after 100 years of their discovery. In 2013 the company Cyclolab (Budapest,
Hungary) reported the approved and marketed pharmaceutical products containing CDs,
showing that most of them contain B-CD or its derivative [14]. Around 50

bioactive formulations with various CDs were listed.

Results obtained by researchers are continually contributing towards the development of oral
pharma-/nutraceutical agents containing CD. Research confirmed the inclusion complexation
between hydroxypropyl-B-CD and 7-dehydrocholesterol resulting in enhanced solubility
compared to uncomplexed 7-dehydrocholesterol [15]. Curcumin, a promising anticancer and
antiviral nutraceutical agent with limited solubility in water at both neutral and acidic pH and
exhibiting high decomposition at alkaline pH was also complexed with CD [16]. The stability
and solubility of curcumin under basic conditions were improved upon complexation.

Silymarin, a liver protective nutraceutical, particularly poorly water soluble and thus
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exhibiting poor bioavailability, was complexed by co-precipitation method with B-CD [17].
The complexation resulted in increased dissolution rates compared to the uncomplexed drug
and more sustained-release profiles were also apparent. Wang et al. (2011) in their study
encapsulated garlic oil in B-CD [18]. Garlic oil possesses antioxidant and antimicrobial
properties, its inherent volatility and poor physicochemical stability, however, limit its
pharmaceutical activity. Using UV-Vis, differential scanning calorimetry, FTIR and X-ray
diffraction techniques Wang et al. (2011) established that the garlic oil when incorporated in
B-CD was protected from oxidation with improvement in the stability of the complex.
Complexation further resulted in enhanced aqueous solubility on garlic oil and in vitro
dissolution studies suggested that a controlled release rate was also achieved. In a study by
Gonnetet al. (2010) the solubility of vitamin A was increased by almost 35000 times through
encapsulation in hydroxypropyl-B-CD [19]. Mekjaruskul et al. (2013) performed complexation
studies using 2-hydroxypropyl-B-CD to improve the oral bioavailability and permeation
parameters of the kaempferia parviflora plant extract [20]. The extract contained
methoxyflavones with bioactivity such as anti-inflammatory, anti-allergy and antimicrobial
properties. The resulting formulation increased the biological membrane permeability by 3.5
times while the bioavailability was 21-34 times greater compared to the standard extracted
formulation. An inclusion complex between the herbal compound, astaxanthin, and
hydroxypropyl-B-CD was achieved, resulting in improved solubility of the compound and this
also serving as a strategy to control the release of the bioactive molecule at the active site
[21,22]. UV, FTIR, '"H NMR and molecular modelling studies were used for the

characterisation.

CDs play a very vital role in the pharmaceutical research field; To the best of our knowledge
there are no reports on CD complexations studies towards improving the physicochemical
properties of C. gynandra ingredients. Such studies are useful in paving the way towards

developing C. gynandra medicinal products. To achieve this, this study employs SC-CO-
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technology whose adoption is not only due to its environmentally benign nature in various

processes but also because of its economically promising character [7].

5.1.3. Supercritical fluid technology

5.1.3.1. Background

The technology of supercritical fluids is exploited due to the combination of solvent strength
and unique physical properties of the compound at temperature and pressure about its
critical point [23]. Each compound has its characteristic phase diagram and the location of
the critical point will differ from compound to compound. At the critical point the gas and
liquid phases merge to form a single homogeneous fluid phase. Beyond the critical point is
the supercritical fluid region. The supercritical fluid is highly dense, and possesses low
viscosity and diffusive intermediate between gas and liquid. Combined with their polarity,
these characteristics make supercritical fluids powerful solvents. The physicochemical
affinity of the solute for the solvent and the apparent density of the solvent determine the
solubility of a compound in a supercritical solvent [23]. SC-CO. technique has been
receiving increased attention over recent years due to the adjustability of the supercritical
fluid properties mentioned [3]. SC-CO:, is the technique of choice due to its safety and the
mild temperature and pressure required to achieve the supercritical state. Further, since CO2
is gaseous at ambient conditions and thus eliminating the residual solvent problem it is an
ideal substitute for organic solvents. The favourable properties of SC-CO3, such as excellent
mass transfer properties and high solvating power render this technique suitable for the
complexation of thermally labile compounds with CDs [6]. A CO: pressure-temperature

phase diagram is shown in Figure 5.3.
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Figure 5.3: [Czir]bon dioxide pressure-temperature phase diagram, Finney and Jacobs (2010)
5.1.3.2. Literature on supercritical CO, cyclodextrin complex formulation

Palmer et al. (1995) stated that research into the solvent properties of dense gases, near-
critical and supercritical fluids over the last 130 years has led to the characterisation of a
wide range of solvent systems [23]. The use of CO, as a supercritical solvent enables
achievement of the supercritical conditions at moderate pressure and temperature, avoiding
the degradation of thermolabile substances while providing an inert medium suitable for easy
processing of oxidisable compounds [25]. Some processes have been developed to provide
means of obtaining inclusion complexes under mild conditions in order to increase the
bioavailability of poorly soluble drugs using SC-CO, as themedium for the complexation
process. The process has the advantage of being carried out under mild, solvent-free
conditions reducing energy costs [26]. A novel method for producing a solid budesonide-y-
CD complex in a single-step process involving solution enhanced dispersion by SC-CO;
method was reported [27]. Enhanced dissolution rate in water was achieved in a study
where ibuprofen—methyl-3-CD complexes were prepared by passing ibuprofen-laden CO3
through a methyl-3-CD packed bed [28]. The enhanced dissolution rate was attributed to the

amorphous character and improved wettability of the product. A study that involved
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dissolving the drug of interest in SC-CO,, followed by permeation of the supercritical solution
into the pores of the carrier and precipitation of the drug inside the pores presented an
almost complete inclusion of RS(z)-lbuprofen in B-CD at the solid state and a significant
increase in dissolution rate compared to the untreated RS(z)-lIbuprofen [29]. Bounaceur et
al. (2007) prepared an inclusion complex of ketoprofen and p-CD using SC-CO; [30]. An
increase in the parameters related to the process: pressure, temperature, maturation period,
agitation and density of SC-COg, resulted in increased association rate of ketoprofen with 3-
CD. The stoichiometry of the complex was 1:2 ketoprofen to 3-CD. The importance of
adjusting such parameters as temperature, pressure and exposure period is revealed as
critical to achieving the desired outcome, and that is the solvating power of the SFC
technique. With control of both the operating conditions (pressure, temperature, maturation
period, agitation and density of SC-CO, and the preparation of the mixture, high percentage
of complexation was observed without the use of organic solvent [31]. The influence of
temperature, residence time, water content and a ternary agent, I-lysine, was studied in
preparation of piroxicam/B-CD complexes by means of SC-CO, [32]. A complete inclusion
was achieved for a piroxicam/B-CD/I-lysine mixture by keeping a physical mixture of the
three compounds (1:2:1.5 molar ratio) for 2 hr in contact with CO; at 150 °C and 15 MPa.
Jun (2007) successfully prepared a complex of simvastatin with hydroxypropyl-3-CD using
supercritical antisolvent [33]. Al-Marzouqi et al. (2006) showed that inclusion complex of
itraconazole and B-CD obtained using SC-CO; significantly improved the solubility of
itraconazole in aqueous solutions. Higher inclusion yields were obtained in the SC-CO;
method compared to physical mixing and co-precipitation methods [34]. Furthermore, both
temperature and pressure had significant effects on itraconazole solubility in SC-CO, and
the yield of the inclusion complex prepared by SC-CO, method. Hazem et al. (2007) further
reported studies on enhancement of dissolution amount and in vivo bioavailability of
itraconazole-B-CD complex obtained using SC-CO3 [35].

In this study the SC-CO, technique is used to formulate the n-hexane extract of C. gynandra

leaves with B-CD aimed at improving the physicochemical properties of the extract.
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5.1.4. The spray-drying technique

5.1.4.1. Background

This technique is commonly used in pharmaceuticals to produce a dry powder from a liquid
phase. The spray-drying process comprises three major stages [36]. The initial stage
involves the atomisation of the liquid stream by an appropriate device. The next stage
involves subjecting the fine droplets of the feed to the interaction with a drying gas at
adequate temperature, usually higher than that of the feed. At this phase the solvent
contained within the dispersion droplets is vaporised, and this results in the formation of solid
particles as product. During the last phase the dried particles are separated from the drying
gas by an appropriate device and collected by a receptacle tank. For example, in the case of
bioactive-CD encapsulation, the CD and bioactive compound are first homogenised as a
suspension or slurry in a solvent [37]. The slurry is then fed into a spray-drier, usually a
tower heated to temperatures well over the boiling point of the solvent. As the slurry enters
the tower, it is atomised. The interaction between the CD and bioactive ingredient results in
a slurry of CD-complexed bioactive component. The small size of the atomised droplets
results in a relatively large surface-to-volume ratio, allowing rapid drying. The resulting

product of this process is a powdery material.

5.1.4.2. Cyclodextrin complex formulations using the spray-drying technique

The spray-drying process is considered to be a fast procedure applied in the formulation and
processing of biopharmaceuticals [38]. Spray-drying of cyclodextrin solutions was proven to
be an efficient technique for the preparation of highly soluble inclusion compounds of
aripiprazole and the B-CD derivative, (2-Hydroxy) propyl-3-cyclodextrin [39]. The spray-dried
products were free of crystalline aripiprazole, with higher solubility and dissolution rate, and
proved to be stable enough over a prolonged period of storage. Skalko-Basnet et al. (2000)
applied a one-step spray-drying method in their preparation of liposomes containing drug

and cyclodextrin (CD) [38]. Spray-dried lecithin liposomes, entrapping metronidazole or
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verapamil alone or together with hydroxypropyl-B-cyclodextrin, were characterised. The most
stable liposomes (still retaining about 10% of the originally entrapped drug even after 24 hr
incubation with serum) were liposomes prepared by the direct spray-drying of the mixture of
lipid, drug, and hydroxypropyl-B-cyclodextrin. Shan-Yang et al. (1989) prepared inclusion
complexes of drugs (acetaminophen, indomethacin, piroxicam and warfarin) with 3-CD by
using a spray-drying technique [40]. It was found that the spray-drying technique could be
used to prepare the amorphous state of drug inclusion complexes. While the flowability and
compressibility of the spray-dried products were poor due to the small particle size formed
by the spray-drying process, the dissolution rates of drugs from tablets made by the spray-
dried products were faster than those of the pure drug and the physical mixture of drug and
B-CD. Several research studies have described the complexation of phenolic compounds
with CDs [41] and Escobar-Avello et al. (2021) encapsulated phenolic compounds from a
grape cane pilot-plant extract in hydroxypropyl B-cyclodextrin and maltodextrin by spray-
drying [42]. Alginate and B-CD were used to produce easily dosable and spray-dried
microsystems of a dried blood orange extract with antidysmetabolic properties obtained from
a by-product fluid extract [43]. The 2% sodium alginate was capable of improving the extract
shelf life, while the B-CD (1:1 molar ratio with dried extract) prolonged the extract antioxidant

efficiency by 6 hours.

There is sufficient evidence of the capability of the spray-drying technique in CD formulation
of bioactive compounds and extracts. Indications are vast on the improvement of
physicochemical properties such as solubility, stability and more, due to such formulations.
In this study we compare the established, spray-drying technique, with the novel supercritical

fluid technique which boasts as the green technology of great interest nowadays.

5.2. Materials and methods
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U/HPLC grade solvents (methanol and water) used for UPLC-QTOF-MS samples
preparation were purchased from Sigma Aldrich (South Africa), so were the analytical grade
solvent(s), reagent(s) and chemical(s) (ethanol, polyvinyl alcohol (PVA) and D-lactose) used
in formulation experiments. CAVAMAX® W7 (B-cyclodextrin) was purchased from Wacker
Chemie AG (Pinetown, New Germany). Milli-Q® water was used in preparative
experimentations involving the use of water. All chemicals were used without further

purification.

5.2.1. Formulation using the supercritical fluid technique

Formulations via the supercritical CO> method were carried out using a Separex pilot-scale
reactor (Separex Equipements, Champigneulles, France) described by Labuschagne et al.
(2010) [44]. The reactor is shown in Figure 5.4 while a schematic diagram of the reactor with
labels is illustrated in Figure 5.5. CO, gas is drawn from a standard commercial gas cylinder
fitted with a dip-tube and pumped through a pre-heated chamber, set to the reactor
temperature, into the mixing chamber. The mixing chamber (0.5L capacity) was pre-heated

to the process temperature with electrical heaters.

Figure 5.4: An image of the Supercritical CO; reactor, personal photo.
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: —E 1a Vent

Figure 5.5: Schematic diagram of the supercritical CO; reactor: A) CO- cylinder, B) back-
pressure regulator, C) pressure gauge, D) diaphragm pump, E) flow
meter, F) CO: pre-heater, G) mixing chamber, H) pressure gauge, |)
temperature probe. Taken from Labuschagne et al. (2010) [44].

B-CD (60.0 — 70.2 mg) was physically mixed with the n-hexane extract (17.3 — 26.1 mg) by
co-grinding using a pestle and a mortar with each co-grinding experiment taking no less than
5 min, to prepare several samples for SC-CO; reaction at varying operating parameters
(temperature, pressure and exposure time). The SC-CO; formulations were prepared by
placing the B-CD/n-hexane physical mixture in the supercritical CO, reactor reaction/mixing
chamber preheated to 40, 70 or 100 °C. The reactor was sealed and the formulations
exposed to the following CO; pressure conditions: 0 bar, 100 bar and 300 bar. Experimental
exposure time was set at 4 and 8 hours. After completion of reaction, the CO, pump was
turned off and the CO, was released from the reactor to 0 bar over a period of approx. 3
minutes. All formulations were stored in a refrigerator at £4 °C in airtight containers, prior to
analysis. Table 5.2 lists the SC-CO. reactor conditions (temperature, pressure and time)

used to prepare eighteen samples of B-CD and n-hexane extract loading formulations.
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Table 5.2: 3-CD/n-hexane-extract formulations prepared at varying conditions in SC-CO;
(temperature, pressure and time).

# Sample name Temperature (°C) CO, Pressure (bar) Exposure time (hr)
1 40-0-4 40 0 4
2 40-100-4 40 100 4
3 40-300-4 40 300 4
4 40-0-8 40 0 8
5 40-100-8 40 100 8
6 40-300-8 40 300 8
7 70-0-4 70 0 4
8 70-100-4 70 100 4
9 70-300-4 70 300 4
10 70-0-8 70 0 8
11 70-100-8 70 100 8
12 70-300-8 70 300 8
13 100-0-4 100 0 4
14 100-100-4 100 100 4
15 100-300-4 100 300 4
16 100-0-8 100 0 8
17 100-100-8 100 100 8
18 100-300-8 100 300 8

5.2.2. Formulation using the spray-drying technique

Formulation using the spray-drying technique was achieved using a Blichi Mini Spray Dryer

B-290 (Buchi Labortechnik AG), shown in Figure 5.6.

Figure 5.6: An image of a Biichi mini spray dryer used for spray-dried formulations [45].
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The schematic diagram of the general layout of the spray-dryer is shown in Figure 5.7 as
illustrated by Kalombo et al. (2019) [46]. As shown in Figure 5.7 the spray-dryer is generally
equipped with: {M-1} electric motor for stirrer, {T-1} emulsification tank, {V-1} valve, {PP-1}
Pump for emulsion feeding into the atomisation tower T-1 of the spray dryer, {P-1}
Compressed fluid (air or nitrogen) line used for spray atomisation, {E-1} Heating system for
the drying fluid fed into the atomisation tank, {P-2} Line for dried product to be recovered
through the cyclone C-1, {PR-1} Product collector as underflow from the cyclone, {P-3} Line
for the overflow separated from the fluid (air/N2) through a filter F-1, {P-4} Line of the solid
product recycled from the filter F-1; {P-5} Fluid (Air/N2) separated from solid particles
feeding into a vacuum pump VP-1 to be recycled by line P-6 back to the drying tower T-2

after being heated-up through E-1 [46].

E-1
P-1
M-1 P-6
P-6

VP-1

T-1 V-1

P-4

PR-1

Figure 5.7: Spray drying technology general layout, Kalombo et al.[46].

The B-CD formulation of the n-hexane extract prepared via the spray-drying technique was

named 122633 and was prepared as follows:

The n-hexane extract (105.9 mg) was dissolved in EtOH (40 ml), B-CD (305.4 mg) was
added to the mix and water (40 ml) was added and the mixture was high-speed
homogenised using a Silverson L4R high-speed homogeniser at 5000 rpm, yielding a 25.7

% extract loading. The emulsion was directly fed into the bench top Buchi mini-spray dryer
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(Model B-290). The spray-drying conditions were as follows: Inlet temperature — 100 °C,
pump speed — @2, aspiration — 100 %, outlet temperature — 110 °C with atomising pressure

varying between 6 and 7 bar.

5.2.3. Aqueous solubility assessment

UPLC-QTOF-MS was used to generate chromatograms for solubility assessments of the
SC-CO; as well as spray-dried n-hexane extract/f-CD formulations. UPLC was performed
using a Waters Acquity UPLC system (Waters Corp., MA USA), equipped with a binary
solvent delivery system and an autosampler.

The formulations of approximately 25 % loading of extract were suspended in water (1 mg
sample per 1 ml) and sonicated for 5 minutes then centrifuged at 10000 rpm for 2 min, the
supernatant was then subjected to UPLC-QTOF-MS analysis. Hundred percent solubility
was standardised as 0.25 mg extract in methanol (equivalent to the 25 % loading as
formulations) which exhibits complete dissolution of the n-hexane extract. In the case of the
uncomplexed extract 0.25 mg was suspended in 1 ml water and the similar procedure was
carried out as in the case of the formulations.

Separation was performed on a Waters BEH C18, (2.1 mm x 100 mm, 1.7 ym column). The
mobile phase consisted of solvent A: 0.1% formic acid in purified water and solvent B:
acetonitrile with 0.1% formic acid. The gradient elution was optimized as follows: 3% B (0-
0.1 min), 3-30% B (0.1-6.0 min), 30% B (6.0-9.0 min), 30-100% B (9.0-20.0 min), 100% B
(20.0-23.5 min), 100-3% B (23.5-24.0), 3% B (24.0-25.0). The flow rate was kept at 0.400
mL/min and the injection volume was 5 pL. The column temperature was 40 °C.

For MS conditions a Waters Synapt G2 high definition QTOF mass spectrometer equipped
with an ESI source was used to acquire negative and positive ion data. The system was
driven by MassLynx V 4.1 software (Waters Inc., Milford, Massachusetts, USA) for data

acquisition. MS calibration was performed by direct infusion of 5 mM sodium formate
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solution at a flow rate of 10 uyL/min and using Intellistart functionality over the mass range of
50 - 1200 Da. The MS source parameters were set as follows for both the positive and
negative mode: Source temperature 110 °C, sampling cone 25 V, extraction cone 4.0 V,
desolvation temperature 300 °C, cone gas flow 10 I/h, desolvation gas flow (500 I/h). The
capillary was 2.8 kV in the positive and 2.6 kV in the negative modes.

Acquisition

A 2 ng/uL solution of leucine encephalin was used as the lockspray solution that was
constantly infused at a rate of 2 uL/min through a separate orthogonal ESI probe to
compensate for experimental drift in mass accuracy. Trap collision energies were 30 V (high)

and (10 V) for the low energy.
Relative Aqueous Solubility

Six major peaks of the n-hexane extract chromatogram were selected for relative solubility
increment assessments of the formulation in comparison with the uncomplexed n-hexane
extract. The integrated areas under each of the six major peaks for the uncomplexed n-
hexane extract chromatogram served as the baseline for relative aqueous solubility
increment or decrement determination of formulations. Such increments or decrements were

calculated as follows:

A
Solubility increment = —<2mplexed 2)

Auncomplexed

Where Acompiexed IS the value of the integrated area under the selected chromatogram peak
for the formulation (B-CD complexed extract) and Auncomplexed iS the integrated area of the

peak for the original extract (n-hexane extract uncomplexed).

In cases where the solubility increment is a fraction this indicated a decrement and therefore
for plotting the relative solubility graphs a reciprocal of the equation was taken and therefore

the equation changes to:

-1
solubility decrement = (M) 3)

Auncomplexed
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5.2.4. Anticancer studies for formulations

Anticancer studies were performed at the Cellular and Molecular Biology centre, Department
of Biochemistry, JSS Medical College, JSS University, Mysuru, Karnataka, in India, as part
of training of myself at the cancer research laboratory (B. G. Vidya, K. G. Mahadeva Swamy
and Venugopal R. Bovilla) led by professor SubbaRao V. Madhunapantula. Prepared
formulations were evaluated for their lung cancer (A549), breast cancer (MDA-MB-468) and
colorectal cancer (HCT 15 and HCT116) cytotoxicity. The formulations were only dissolved

in water and filter using a 0.45-micron filter.

Cell culture

All cell lines were cultured at 37°C, 5% CO., in Dulbecco’s Modified Eagle Medium (DMEM)
containing high glucose (containing 4.5 g/L glucose, sodium bicarbonate and phenol red),
supplemented with 10 % fetal bovine serum (FBS), Glutamax (2 mM) and PenStrep (0.5

mg/ml).

Method for anticancer bioactivity assay of formulations

Cells were trypsinized at 10,000 cells per well in a 100 pL volume plated in 96 well plate.
The cells were incubated in CO, to reach 60 - 70% confluence, at which point, they were
treated with concentrations 0.25, 0.5 and 1 mg/mL in terms of extract loading and therefore
0.75, 1.5 and 3 in terms of B-CD for each test sample (whereby only H,O was used for
dissolution of test samples) along with positive control (Cisplatin-100 uM and/or diallyl
disulphide (DADS) 1mM), incubated over 24 hours and 48 hours and cell viability determined
using sulforhodamine B (SRB) assay. After 24- and 48-hour incubation cells were fixed using
50 pL of 50% trichloroacetic acid (TCA) was added to each well, and the plates were kept at
40 °C for 60 min. After fixation of cells, the wells were carefully washed with slow running
tap water, and subsequently the plates were allowed to dry. One hundred microliters of SRB
was added to each well and the plates incubated for 30 min. Excess unbound SRB was
removed and the plates washed with 1% acetic acid. The washed wells were allowed to dry

at room temperature. The protein bound SRB was dissolved in 100 pyL of 10 mM ftris base
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solution and the absorbance read at 510 nm on a multimode plate reader (ParkinElmer,

Massachusetts, USA).

5.3. Results and discussion

5.3.1. Formulations

The naming of the formulations obtained using the SC-CO. technique followed the
nomenclature: T - P - t, for easy identification, where T was the operating temperature (°C), P
the operating pressure (bar) and t the exposure time, in accordance with the SC-CO-
method for the preparation of the formulation e.g. the formulation prepared at temperature
40 °C, pressure 100 bar and 4-hour exposure time is named 40-100-4. As shown in Table
5.2 eighteen formulations were prepared via the SC-CO, technology. One sample was
prepared via the spray-drier method and was named 122633. The formulations were
assessed for their aqueous solubility in order to compare with the original crude extract to

determine as to whether the solubility was improved upon formulating.

5.3.2. Solubility assessment using UPLC-QTOF-MS

The chromatographic profile of the n-hexane extract generated using UPLC-QTOF-MS
operating in the ESI positive mode is shown in Figure 5.8. Six major peaks from the
chromatographic profile were selected for the solubility assessment studies and are labelled
1,2,3,4,5 and 6 in Figure 5.8, where 0.25 mg of extract was dissolved in methanol. The
compounds represented by the peaks 1, 2 and 3 were the three compounds, cleogynone A,
B and C, respectively, isolated and structure elucidated as described in chapter 4, and

shown to possessing anticancer activity.
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Figure 5.8: UPLC-QTOF-MS ESI positive mode chromatographic profile of n-hexane
extract. Peaks 1, 2, 3, 4, 5 and 6 selected for solubility assessment studies.
Peaks 1, 2 and 3 represent cleogynone A, B and C with anticancer activity
isolated and structure elucidated in chapter 4.

The formulations and the crude n-hexane extract were separately dissolved in water and
each solution was filtered using a 0.45-micron filter. The solutions were analysed using
UPLC-QTOF-MS in positive mode. Using the integrate functionality in the MassLynx™
spectrometry software the profiles for the samples were area integrated and an example of
the integrated chromatographic profile is shown in Figure 5.9. The peak areas were used to
calculate the solubilities of the formulations relative to the unformulated extract using the six
selected peaks. One additional sample was used for control, prepared by fist dissolving B-
CD (3 mg) in water (4 ml) and adding n-hexane extract (1 mg) dissolved in B-CD solution,
resulting in, extract : B-CD 1:3 mass ratio and given the sample name, extract-BCD-water.
Figure 5.10 displays the solubility increment or decrement as a result of formulation
compared to the crude n-hexane extract. The components (peaks) that indicated an increase
in the solubility compared to the uncomplexed n-hexane extract protrude above the x-axis
while those indicating a decrease in aqueous solubility protrude below the x-axis while the
strength of such relative increment or decrement in solubility is indicated by the bar height in

the graph.
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Figure 5.9: An example peak area integrated chromatographic profile of the formulations,

this particular formulation is 70-100-8.
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Figure 5.10: Solubility increment or decrement of formulations with n-hexane extract

compared to the crude extract.

The component represented by peak 4 exhibited the highest solubility improvement overall
with its greatest improvement of 3.13-times relative increase in solubility seen for the

formulation 100-100-8. Peak 3, which represents cleogynone C, displays the second highest
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overall solubility improvement with its bar height revealing a 3.79-times solubility increase
(the highest overall improvement), seen for the formulation 70-100-8. Only the formulation
70-100-8 displays positive relative solubility increment on all the six selected peaks. Peak 1:
2.11-, peak 2: 1.82-, peak 3: 3.79-, peak 4: 2.99-, peak 5: 1.82-, and peak 5: 1.61-times
solubility increment. Cleogynone C, therefore, displayed the highest solubility, almost four
times that of the uncomplexed n-hexane extract. Extract--CD-water sample reveals that in
the presence of 3-CD in water, the solubility of the n-hexane extract is the greatest improved
comparable to all the formulations, with only the compounds represented by peak 3 and 4
the only less soluble, compared to 70-100-8. Furthermore, peak 4 of extract-B-CD-water is

also slightly less soluble than that of 40-0-4, 100-100-4 and 100-100-8.

Formulations that display five of the selected six peaks exhibiting solubility increments were:
70-100-4, 100-0-4, 100-0-8 and 100-100-8; while formulations displaying four of the six
selected peaks exhibiting the relative solubility improvement were 40-0-4, 70-0-4, 70-0-8,

100-100-4 and the spray-dried formulation 122633.

Furthermore, it is evident that for the formulations that were obtained using the SC-CO;
method at 300 bar pressure the solubility was highly decreased compared to the original
extract (40-300-4, 40-300-8, 70-300-4, 70-300-8, 100-300-4, and 100-300-8). All or most of
the selected peaks displayed highly negative relative solubility mostly more than 3-times
less, this could be attributed to the loss of compound(s) due to unfavourable partitioning of
the extract between the CO; and the B-CD. Literature has shown that increased pressure
leads to increased compound solubility in CO,, favouring partitioning of the compound in the
CO; phase [47]. Upon depressurisation of the system, the compound is extracted with the
CO.. Thus, decreased solubility of extract at higher pressures could in fact be due to much
lower extract concentration in the final product. Contrary to the formulations obtained at the
pressure of 300 bar all other formulations displayed mainly an increased solubility for the

selected six components compared to the uncomplexed extract.
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With the positive impact of formulation in the aqueous solubility of the resulting complex their
anticancer activities were determined to assess as to whether formulation improves the

cancer cytotoxicity, conducted only in aqueous media.

5.3.3. Anticancer activity

The greatest aim for extract formulation with CDs in this study was to improve the solubility
of the n-hexane extract and in doing so increase the chances of improved bioavailability of
the active pharmaceutical ingredient(s) at the active site in the body. The reason for
preparing the studied samples in water based media, therefore, is justified as an appropriate
measure to assess as to whether the solubility improved components are those highly

responsible for the biological activity.

The n-hexane extract was tested against breast- (MDA-MB-468), colorectal- (HCT-116) and
lung cancer (A549), dissolved in water only and dissolved in 3-CD water. Figures 5.11 - 5.13
compare the biological activity of n-hexane extract in water vsn-hexane extract in $-CD
water against these cell lines. The extract was tested in the concentration range 0.2 — 1.0
mg/MI, while the mass ratio extract : 3-CD was 1:3 in all cases. In the presence of B-CD the
anticancer activity of the n-hexane extract was improved compared to only water used as
solvent. In all cases the n-hexane extract in water only exhibits activity less than 30%
inhibition, while in all cases the activity is improved in the presence of B-CD. The highest
activity was exhibited against breast cancer (MDA-MB-468), 79.3 %inhibition. At the highest
test concentration (0.5 mg/mL) the extract showed dose-dependent anticancer activity in the
range 0.2 — 5.0 mg/mL. Against both the lung- (A549) and colorectal cancer (HCT-116) an

improvement in biological activity was evident but less than 65 %inhibition.
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Figure 5.11: Breast cancer cytotoxicity against MDA-MB-468 cell line in water based media

with or without B-cyclodextrin indicating that in the presence of B-cyclodextrin
the solubility of the active components is improved. Positive control (PC),

Cisplatin.
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Figure 5.12: Colorectal cancer cytotoxicity against HCT-116 cell line in water based media
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with or without B-cyclodextrin indicating that in the presence of B-cyclodextrin
the solubility of the active components is improved. Positive control (PC),
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Figure 5.13: Lung cancer cytotoxicity against the A549 cell line in water based media with or

without B-cyclodextrin indicating that in the presence of B-cyclodextrin the
solubility of the active components is improved. Positive control (PC), Cisplatin.
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Figures 5.14 and 5.15 display the activity of the formulations against lung cancer (A549) and
breast cancer (MDA-MB-468). Better than of the uncomplexed extract and Cisplatin the
positive control, the highest overall activity was displayed by the sample obtained via the
spray-drying technique, 122633, displaying at its highest 83.66 %inhibition against the A549
cell line and 89.46 %inhibition against the MDA-MB-468 cell line at 0.5 mg/mL, tested at the
concentrations 0.25, 0.5 and 1.0 mg/mL.
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Figure 5.14: Lung cancer (A549) cytotoxicity of formulations in comparison with the
uncomplexed n-hexane extract.
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Figure 5.15: Breast cancer (MDA-MB-468) cytotoxicity of formulations in comparison with
unformulated n-hexane extract.
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The SC-CO: formulation, 70-100-8, which displayed a relatively higher aqueous solubility
overall displayed activity lower than 40 %inhibition against both cell lines, indicating that the
most active anticancer ingredients were not those that solubilised. The formulation 70-300-8
which was one of the lowest soluble formulations surprisingly displayed at its highest 87.43
%inhibition at 1 mg/mL and a dose-dependent activity in the range 0.25 — 1.0 mg/mL against
the lung cancer (A549) cell line. This activity was the highest peak of all tested formulations.
On effects of temperature, pressure and exposure time on the properties of complexes
prepared by SC-CO, technology literature revealed that high temperature and pressure
conditions may lead to greater drug inclusion, however, can influence the dissolution
performance of the final product [48]. This may explain the poor solubility but higher

bioactivity of 70-300-8.

When assessed against the colorectal cancer (HCT-116), 122633 exhibited the greatest
activity overall at its highest displaying 87.03 %inhibition at 1 mg/mL (Figure 5.16). It is
evident that even though the spray drying formulation technique was not the best overall in
solubility studies, it displayed the greatest improvement in the anticancer biological activity
against the lung (549), breast (MDA-MB-468) and colorectal cancer (HCT-116). While the
SC-CO; formulation resulted in overall better improvement in solubility, the enhancement in
anticancer biological activity was not evident for the solubility enhanced formulations.
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Figure 5.16: Colorectal cancer (HCT-116) cytotoxicity of selected fractions in contrast with
the uncomplexed extract.

191 | Page



192 |Page

The two novel compounds whose chemical structures were elucidated as discussed in
chapter 4 and proved to possess anticancer activity are poorly soluble in water. The
compounds were also assessed to study whether they have a potential to benefit from
cyclodextrins. Figures 5.17 — 5.19 show that dissolving the compounds in 3-CD water has no
consequence in terms of bioactivity improvement compared to dissolving the compounds in
water only, indicating that B-CD does not enhance their aqueous solubilities. No activity was

exhibited against all three cell lines A549, MDA-MB-468 and HCT-116 for both cleogynones

A and B.
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Figure 5.17: Lung cancer cytotoxicity against the A549 cell line in water based media with or
without B-cyclodextrin indicating that the presence of §-cyclodextrin in water for
water based assays has no consequence in the bioactivity of cleogynones A
and B.
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Figure 5.19: Colorectal cancer (HCT-116) cytotoxicity in water based media with or without
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5.4. Conclusions

Studies involving inclusion complexation of an anticancer bioactive extract from C. gynandra
leaves are reported for the first time. Formulation was successful in improving the aqueous
solubility for most of the SC-CO; formulations as well as the spray-dried formulation. Further
it was shown that high pressure formulation condition may have enhanced the formulation
but negatively impacts on the solubility. While formulations via the SC-CO: did not show
improvement of anticancer activity the spray drying technique resulted in the greatest
anticancer activity improvement. Overall, cyclodextrin formulation imparted an improvement
in solubility and bioactivity. The best aqueous solubility increase was seen for the
formulation 70-100-8 about 4-times better than the uncomplexed n-hexane extract, while the
anticancer activity against all of lung-, breast- and colorectal cancer was lower than 40%
inhibition on all tested concentrations with the highest concentration being 1 mg/mL. While
the spray-dried formulation, 122633, displayed at its best approximately 2.5-times
improvement in solubility, only showing improvement for four of the selected peaks, it was
the most potent overall compared to other formulations (most of which showed better
solubility) against all cell line (viz. A549, MDA-MB-468 and HCT-116). The formulation
122633, moreover, displayed the highest bioactivity of 89.46 %inhibition at 0.5 mg/mL

against the A549 cell line.

The aqueous solubility of the novel compounds cleogynone A and cleogynone B was not
improved in the presence of B-CD in water as these exhibited no improvement of anticancer
activity against the lung-, breast and colorectal cancer cell lines. These compounds lack
solubility in water and therefore display no activity if dissolved in water as they are filtered off
during the assay. Attempts at using different cyclodextrins will need to form the bases of

future work towards identifying the appropriate CDs to improve their aqueous solubilities.

In this study the unique versatility of the SC-CO, process has been demonstrated where it
was shown how adjusting 3 operating parameters (pressure, temperature & time) can have

significant impact on the characteristics of the final product.
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Chapter 6:

General Conclusion

Ingredients with varying bioactivity from varying leaf extracts of C. gynandrahave been
effectively prepared. Enzyme-based biological activities of several crude extracts revealed
the potential of the ingredients of leaf extracts of C. gynandra to be developed as herbal
medicines for the management of hyperglycaemia, management of cholesterol, control of
blood pressure and cardio-protection as well as protection against hyperuricemia and
management of gout.The extracts showed inhibition activities at varying levels against a-
glucosidase, xanthine oxidase, renin and HMG-CoA reductase. Noteworthy, in enzyme-
based work is the ethyl acetate extract, which was subjected to bioassay-guided
fractionation for several potential yet unknown possibly novel biomarkers of high molecular
mass using UPLC-QTOF-MS, while the poor UV visible nature of these compounds were a

setback that hindered their isolation and potential structure elucidation.

The antimicrobial potential of C. gynandra ingredients was demonstrated, the ethanol extract
indicating such potential, with its bioassay-guided fractionation subsequently revealing a
semi-pure fraction exhibiting the greatest activity. The semi-pure fraction in turn revealed
eight sub-fractions with MIC values in the range 0.012 — 0.094 mg/mL comparable to
gentamicin. UPLC-QTOF-MS analysis using MassLynx and UNIFI®information system
revealed the major compounds that make the tentative composition of this most active
fraction as rutin, kaempferol-3-glucoside-3"-rhamnoside, isorhamnetin 3-O-robinoside, and
nictoflorin while some of the minor compounds were kaempferol, quercetin and nepitrin. The
conclusion could not be drawn as to which of the compounds exhibited the evidentE. coli
inhibitory activity seen in this study, with the contradictory literature. Standards were
purchased for the major compounds rutin and nictoflorin,however,the standards displayed no

bio-activity against E. coliorS. aureus.
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Three anticancer compounds were isolated from an n-hexane extractof C. gynandra leaves,
two of the compounds were novel compounds while one was a known compound. The
compounds were named cleogynone A (1), cleogyone B (2)and cleogynone C (3), all
displaying at the highest activity, greater than 81 % inhibitionagainst the colorectal cancer
(HCT15), at 25 ug/mL concentration over 48 hr treatment. Cleogynones B and C both
displayed the greatest activity at 89.34+5.46 and 87.76+1.22 % inhibition, respectively,
against colorectal cancer (HCT116) over 24 hr treatment at the highest test concentration
(25 pg/mL). The compounds displayed moderate activity against breast cancer (MDA-MB-

468) while all three compounds displayed poor activity against lung cancer (A549).

The structure elucidation of the isolated compounds was successfully done by a set of
modern spectroscopic techniques including IR, MS, NMR spectroscopy and single crystal X-
ray diffraction. These techniques were combined to chemical methods for the determination
of the absolute configuration of the chiral cleogynones A (1), B (2) and C (3). The chemical
profiling of the extracts, fractions and sub-fractions was effectively done using UPLC-QTOF-

MS.

While plant ingredients are known to possess poor physicochemical properties which may
hinder their pathway to commercialisation, formulation of the C. gynandraingredients in B-CD
viathe green technology SC-CO.as well as the spray-drying techniquehave resulted in
complexes with either/or/both increased aqueous solubility and improved biological activity
which may render them more bioavailable at the active site in the final formulation. Several
SC-CO; B-CD complexes of the n-hexane extract in this study displayed between 2 and 4
times increase in aqueous solubility while spray dried formulation not only showed increase
in solubility but also showed improvement in anticancer activity. Complexes obtained using
high pressure conditions did not show solubility increase but rather decreased solubility. The
effects of temperature, pressure and exposure time on the properties of complexes prepared
by the SC-CO; technology reveal that high temperature and pressure conditions may lead to

greater drug inclusion, however, can influence the dissolution performance of the final
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product. This is evident of the formulation 70-300-8 which was one of the lowest soluble
formulations obtained at 300 bar pressure displaying at its highest 87.43 %inhibition at 1
mg/mL and a dose-dependent activity in the range 0.25 — 1.0 mg/mL against the lung cancer
(A549) cell line, better than some of the more soluble complexes.In the presence of B-CD in
water, however, the novel compounds cleogynones A (1) and B (2) did not display any

improvement in biological activity.

For the first time, a comprehensive investigation of the biologically active ingredients from C.
gynandra and attempts at improving inherent physicochemical properties of some of the
ingredients through formulation with B-cyclodextrin via the environmentally benign SC-CO;
technology. This study yielded two novel compounds with lung cancer, breast cancer and
colorectal cancer activity, while several known compounds were also identified as potential
contributors to the biological activity of C. gynandraincluding those as potentialcontributors to
anti-carcinogenic, cardioprotective, antihypertension, anti-uricaemic, cholesterol lowering

and antimicrobial properties for management of conditions such as diarrhoea.

This study has paved the way for future exploration with respect to C. gynandra ingredients
for eventually landing marketable medicinal products with good bioavailability, particularly,
products with antidiabetic, anticancer medicinal properties as well as antimicrobial

properties.Cleome gynandra merits commercialisation.
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