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Abstract

Cancer is one of the most life-threatening groups of diseases that affect humanity. Current
treatment options include surgery, radiation treatment as well as chemotherapeutic agents
such as alkylating agents, antimetabolites and antimitotic antibiotics. Resistance is often
experienced due to overexpression of P-glycoprotein (P-gp) which leads to treatment failure.
Due to prevalence of resistance and lack of effective combination treatment, novel treatment
modalities are sought. Solanum aculeastrum Dunal, also known as the goat apple, is used to
treat cancer, in the Eastern Cape. Literature is scarce concerning its anticancer activity, but
steroidal alkaloids, such as solasodine and solamargine, are the proposed bioactive
components. The aim of this project was therefore to assess the anticancer and P-glycoprotein
inhibitory potential of alkaloid-enriched fractions from S. aculeastrum fruits as well as its

synergistic potential with doxorubicin in vitro.

A crude extract was prepared by exhaustive ultrasonic maceration of S. aculeastrum fruits.
Sequential liquid-liquid extraction was done to prepare one aqueous and two organic fractions
from an acidified aliquot of the crude extract. Phytochemical screening for steroidal alkaloid
employed thin layer chromatography (TLC), with ultra violet (UV) and spraying with
Dragendorff’s reagent. The extract and fractions were assessed for cytotoxicity in cancerous
(A2780, Caco-2, DU145, HepG2, MCF-7, MDA-MB-231, SH-SY5Y, SK-Br3) and non-cancerous
(3T3-L1, C2C12, EA.hy926, SC-1) cell lines using the sulphorhodamine B (SRB) assay, whereas P-
glycoprotein inhibitory activity was determined utilising the rhodamine-123 assay. The aqueous
fraction was further fractionated using High Performance Liquid Chromatography, followed by
bioactivity screening (cytotoxicity and P-gp activity) of sub-fractions. Isolation of active
components was by means of column chromatography, solid phase extraction and preparative
TLC. Identities of isolated compounds were confirmed using Nuclear Magnetic Resonance
(NMR) and Ultra-Performance Liquid Chromatography Tandem-Mass Spectrometry (UPLC-MS).
The isolated compounds were also subjected to cytotoxicity and P-gp activity determination.
Synergism was evaluated by combining doxorubicin with either the active isolated compound

or the aqueous fraction using the checkerboard assay.

© University of Pretoria
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Phytochemical screening indicated the presence of steroidal alkaloids. The crude extract and
aqueous fraction were the most cytotoxic in all cell lines, whereas the ether and chloroform
fractions showed no cytotoxicity. The crude extract and aqueous fraction were most cytotoxic
towards the SH-SY5Y neuroblastoma cell line, with half-maximal inhibitory concentrations (ICsp)
of 10.72 pg/ml (crude) and 17.21 pg/ml (aqueous) respectively. Dose-dependent P-gp
inhibition was observed for the crude extract (5.9 to 18.9-fold at 100 pg/ml) and the aqueous
fraction (2.9 to 21.2 at 100 pg/ml). Sub-fractions 10 and 11 were the most active (cell density
reduction: 91.06 and 91.72%, P-gp inhibition: 7.13 and 12.69-fold). Isolation and structural
elucidation yielded the steroidal alkaloid solamargine as the bioactive component with an ICsg
of 15.62 ug/ml and 9.1-fold P-gp inhibitory activity at 100 pug/ml against the SH-SY5Y cell line.
The crude extract, aqueous fraction and solamargine also showed dose-dependent cytotoxicity
and P-gp inhibition against primary cell lines. The steroidal alkaloid solasonine was also isolated
but was found to be inactive. No synergistic combinations with doxorubicin were found in any
of the cell lines tested. Additive effects were noted for combinations of doxorubicin with the
aqueous fraction as well as solamargine against the SH-SY5Y cell line with FIX values of 0.71 and
0.51 respectively. In the C2C12 cell line, antagonistic interactions were noted with FIX values >

2.

The crude extract and aqueous fraction displayed potent non-selective cytotoxicity, and
noteworthy P-gp inhibition against various cancer types, which was attributed to the steroidal
alkaloid solamargine. Solamargine and the aqueous fraction were also shown to enhance
doxorubicin through additive effects in select cell lines as well as indifferent and antagonistic
responses in others. Although P-gp inhibition was present concurrently with cytotoxicity, it is

not the proposed mechanism of the enhanced effect. Other processes need to be investigated.

Keywords: cytotoxicity, fractionation, P-glycoprotein, Solanum aculeastrum, solamargine,

solasonine, steroidal alkaloids, structural elucidation
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Chapter 1: Literature review

1.1 Cancer

Cancer is one of the most life-threatening groups of diseases that afflicts humanity.* According
to the World Health Organisation (WHO), there were 14.1 million new cases of cancer in 2012
and 8.2 million cancer-related deaths noted between 2008 and 2012.2 In 2012, lung cancer
appeared with the highest incidence globally, whereas Kaposi sarcoma was the least diagnosed
type of cancer (Table 1). In terms of breast carcinoma, 6.3 million new cases were recorded in
a five year period (2008-2012) with an incidence increase of 20% and mortality increase of
14%.% In South Africa, more than 100 000 people are diagnosed with cancer per annum, with
prostate and breast cancer being the leading diagnosed cancers in men and women,

respectively.’

Cancer involves unregulated cellular division and proliferation which may lead to the formation
of tumours. Cancerous cells have classical hallmarks (Figure 1) which differentiates it from
normal cells. The most prominent hallmark includes a limitless replicative potential due to
disruption of growth regulating factors (e.g. retinoblastoma protein or p53 tumour suppressor
gene).® Furthermore, cancer cells evade programmed cell death or apoptosis by invoking
survival factors such as insulin-like growth factor 1 (IGF-1) or by mutations in the p53 gene.®
Other hallmarks include tissue invasion and metastasis, insensitivity to antigrowth signals,

sustained angiogenesis and a self-sufficient supply of growth signals.’

Self sufficiency in growth signals Insensitivity to anti growth signals
Example: Example:
secretion of Interleukin 4,6, resistance to TGF-B
10 immunosuppressive effects
immunosuppressive effects

Tissue invasion and
metastasis

Evading Programmed
Cell death

Example:
Reduced NECL2 expression
immunosuppressive effects

Example:
expression of MUC1
immunosuppressive effects

Limitless replicative potential Sustained angiogenesis

Example: Example:
expression of TERT (telomerase) secretion of VEGF
tumour antigen immunosuppressive effects

Figure 1: Classical hallmarks of cancer.?
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Table 1: Global frequency and amount of new diagnosed cases of 20 cancer types in 2012.

Rank

10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

New cases diagnosed in

Cancer 2012 (1,000s)

Lung 1,825

Breast 1,677

Colorectum 1,361

Prostate 1,112
Stomach 952
Liver 782
Cervix uteri 528
Oesophagus 456
Bladder 430
Non-Hodgkin lymphoma 386
Leukaemia 352
Pancreas 338
Kidney 338
Corpus uteri (endometrium) 320
Lip, oral cavity 300
Thyroid 298
Brain, nervous system 256
Ovary 239
Melanoma of skin 232
Gallbladder 178
Larynx 157
Other pharynx 142
Multiple myeloma 114
Nasopharynx 87
Hodgkin lymphoma 66
Testis 55
Kaposi sarcoma 44
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Percent of all cancers

(excl. non-melanoma skin cancer)

13.0

11.9

9.7

7.9

6.8

5.6

3.7

3.2

3.1

2.7

2.5

2.4

2.4

2.3

2.1

2.1

1.8

1.7

1.6

13

11

1.0

0.8

0.6

0.5

0.4

0.3
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1.2 Cancer treatment

Current anticancer therapy ranges from surgical intervention (excision of cancerous growth) to
chemotherapy (treatment by cytotoxic and other drugs) or radiation treatment (treatment
using X-rays or similar forms of radiation).! However, many drawbacks of current treatment
exist, such as the expensive cost and wide panel of adverse effects.’'® A variety of anticancer
agents are used, and these are divided into different classes based on chemical structure and
mechanism of action (Table 2).** Examples include alkylating agents such as cyclophosphamide
(which damage cancer cell DNA), antimetabolites which includes methotrexate (act as false
DNA and RNA building blocks) and anti-tumour antibiotics like actinomycin-D (which disrupts
cell-cycle enzymes). The increasing incidence of cancer in the absence of effective anticancer

drugs has led to the search for novel compounds.*?

Compounds that target mediators of the cell cycle have been a focus of many cancer based
studies.”® The effects of compounds generally result in cell cycle arrest which allows anti-

proliferation (e.g. p53) mediators to repair damaged DNA or activate apoptotic signalling.**

Table 2: Different types of anticancer agents used in anticancer therapy.™

Anticancer agent type Examples Mechanism of action
Cyclophosphamide, Damage cancer cell DNA
Alkylating
lomustine, busulfan directly, influencing cell-cycle

Act as false building blocks in
Anti-metabolites Methotrexate, gemcitabine
DNA and RNA synthesis

Interfere with enzymes in DNA
Anti-tumour antibiotics Actinomycin-D, mitomycin-C

replication
Etoposide, topotecan, Interfere with topoisomerase in
Topoisomerase inhibitors
mitoxantrone DNA replication

Paclitaxel, vinblastine,
Mitotic inhibitors Stops mitosis of cancer cells
estramustine
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Cellular death can either follow an apoptotic or necrotic pathway. Apoptosis (or programmed
cell death, Figure 2) is characterized by nuclear condensation, fragmentation and packaging of
the non-viable cells into apoptotic bodies and is a strictly-controlled process.** Necrosis (Figure
2) is the result of adenosine triphosphate (ATP) depletion and is characterized by breakdown of
the plasma membrane, inflammation and changes in nuclear morphology, being an
uncontrolled process.' In the necrotic process after cellular damage has occurred, the cell’s
organelles swell and there is a leaking of cellular contents on the surrounding tissues which
leads to inflammation. Cancer therapy opts for apoptotic death to avoid inflammation of

neighbouring cells and promote ordered cellular death.™

Nucleous

Normal cell
=)
Organalles -

——-=‘:.0__-

Small bhlebs form; |
the structure of the
nucleus changeoes

-
. .- * Small hlebs form,
- !

-

l e nucleus begins
- ) to break apart,
-

-
-
The blebs fuse " - \ oaa) 1t DNA break
and become larger; - . - ... P ot . T
e )

no organelles are - Into small pieces,

The organelles

located In the blebs, :
are also located
l in the blebs,
The cell membrane The cell breaks into
ruptures and releases _.-'. N C f.- - .... soveral apoptotic
thhe cell’s contoent; { .,2' .'. — ;"'x - bodies;
the organcelles are == ) - ','__‘. ) the organcellies are
not functional. still functional
Necrosis Apoptosis

Figure 2: Overview of necrotic and apoptotic processes.16

Many of the anticancer agents mentioned in Table 2 have been shown to be effective in various
cancer types, however, resistance is often observed which leads to treatment failure.
Resistance elicited by cancers can either be to a single agent (mono drug resistance) or to

multiple drugs (multidrug resistance).'’
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1.3 Multi-drug resistant cancer and P-glycoprotein

Multi-drug resistant (MDR) cancer refers to the ability of cancer cells to survive even in the
presence of cytotoxic anti-tumour agents.® Resistance elicited by cancers pose a severe threat
to successful treatment, where up to 90% treatment failure has been noted in cancer patients
due to resistance.” The latter is often achieved by over-expression of particular proteins in
cancer cells which help lower the intracellular concentration of many cytotoxic drugs. Other
mechanisms of resistance include detoxifying enzymes (which disables the anticancer agent)
and defective apoptotic pathways (which allows continuous growth of cancer cells in the
presence of cell damage).”® Proteins that decrease intracellular concentration include cell-
membrane transporters which result in a reduced uptake and increased efflux of drugs in

21
cancerous cells.

P-glycoprotein (P-gp) is a 170 kDa ATP-binding cassette membrane transporter (Figure 3) which
is expressed in various tissues throughout the body (e.g. small intestine and blood-brain
barrier).?? This protein affects the distribution (e.g. viral protease inhibitors), clearance (e.g.

paclitaxel) and absorption (e.g. digoxin) of different molecules in the cell.?®

P-gp up-regulation
is associated with the majority of drug-resistant cancers and acts as an efflux pump for many

anticancer agents (e.g. doxorubicin, paclitaxel and vincristine).?*

ATP-binding
domain

Anticancer drugs

Figure 3: The structure and efficacy of P-glycoprotein.”
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In MDR cancers expressing high levels of P-gp, anticancer drugs will be extruded from the
intracellular space, and thus cannot elicit their mechanism of action. This leads to treatment
failure and the prolongation of cancer. When anticancer agents are issued with a P-gp inhibitor,
drug accumulation will occur, and thus high concentrations can be obtained with greater
cytotoxic effect (Figure 4). This may lead to treatment success and destruction of the cancer
cells. Elucidating the various substrates of P-gp may help in the selection of specific drugs which
will be effective against cancer (even in the presence of P-gp) and help develop better

treatment regimens.?

RESISTANT CELL SENSITIVITY RESTORED
PUMPING OUT MEDICINE BY BLOCKING Pg PUMP

blecd vessel
delivering medicine

medicine pumped

out of cell
= /
OUTSIDE @

(=)
L= OUTSIDE
® o .. =
= “ ®o e ®
_—cell membrane —___
o. - e
L
2 .. P
g pump
@2 . sp;nnmg P (53 ..‘ P
@« membrane on >
channel for ® pumping out o B .. @ Y -
upfake of medicine .. [ ® [ X 3 e
medicine L L=< D @® < inhibitor
® o3 .- =) molecules
L ® {(MDRI} blocking
*® @ T the Pg pump

INSIDE OF CELL meadicine

accumulcting inside
cell reated with MDRI

Figure 4: Illustration of how P-gp inhibitors would increase intracellular drug concentrations.?®

Examples of inhibitory molecules include verapamil and cyclosporin A, which are first
generation P-gp inhibitory drugs and bind non-specifically to the transporter.27 Verapamil
(antihypertensive/anticonvulsant) in particular is a phenylalkylamine, which blocks L-type
calcium channels and has been used clinically for many years due to its rapid

28,29

pharmacodynamics. The inhibitor is also known to decrease the transport of P-gp substrates

in a dose-dependent manner.*°
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1.4 Combination therapy and doxorubicin

Cancer is very often genetically diverse from one cell to the next. Due to this there is a high risk
of a small number of cells being resistant to a given treatment which leads to treatment failure.
Thus the probability of a single anticancer agent eliciting a significant effect on a single cancer
pathway is very low. Multiple drugs in combination targeting many cancer hallmarks will have a
greater chance of a possible cure.?! Combination therapy where drugs are combined at a lower

concentration leads to a reduced number of side effects. >

An example of a current combination therapy includes capecitabine (5-fluorouracil which is a
pyrimidine analogue acting as a false building block) and docetaxel (interferes with microtubule
dynamics) which is used for the treatment of anthracycline-pretreated patients with metastatic
breast cancer. Clinical data showed that the combination resulted in a significantly higher

efficacy, patient survival rate and reduced tumour progression than either drug alone.*

Doxorubicin is a front line chemotherapeutic agent used alone and in combination to treat a
variety of blood cancers, solid tumours and soft tissue sarcomas.>* There are two proposed
mechanisms of action for doxorubicin. Firstly, through DNA intercalation and interference of
topoisomerase-ll effectuated DNA repair (inhibits cancer cell replication) which leads to
apoptosis through cell cycle arrest, as well as the generation of free radicals which causes
cellular damage. Although doxorubicin has potent anticancer activity, cardiotoxicity is a major

side effect thus its use alone is problematic.”

Combination therapy involving doxorubicin (at low doses) acting synergistically with other
compounds may be an effective way of decreasing cardiomyopathy while retaining efficacy.*®
Many studies have shown that herbal therapy and natural compounds enhance the effect of

known anticancer agents.*’
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1.5 Herbal remedies
Worldwide, complementary and alternative medicines (CAM) are used for alleviation of various

diseases, including cancer.*®

People in rural and disease-stricken areas use CAM out of
desperation, general belief that it is safe, lack of medical facilities or the fact that CAM are
more cost-effect.®® As CAM definitions differ from country to country, accurate estimation of
use worldwide is challenging.>®* Many CAM’s, such as herbal remedies, are commonly used in
the treatment of cancer. A multinational survey reported that 35.9% of cancer patients had or
were presently using CAM.*® Herbal therapies have been reported to be used by 5.3% of

patients prior to cancer diagnosis and 13.9% after diagnosis.**

Many current anticancer agents are phytochemicals or derivatives thereof. Examples of such
phytochemicals include vinblastine and vincristine (isolated from Catharanthus roseus), which
have been shown to elicit anticancer activity towards leukemias, lymphomas and other types of
cancer.”*** Taxanes (isolated from Taxus canadensis) such as paclitaxel are used clinically in
the treatment of breast, lung and ovarian cancer. Other examples include betulinic acid,

etoposide, silvestrol, combretastatin which have a wide variety of anticancer properties and

affinities (Table 3).44%%

Table 3: Phytochemicals used in cancer treatment.*?

Phytochemical/s Plant of origin Use in cancer treatment

Betulinic acid Zizphus sp. Melanoma cell lines

Colon, lung and leukemia
Combretastatin Combretum caffrum
cancers

Etoposide and teniposide
Lymphomas, bronchial and
(semi-synthetic derivatives Podophyllum peltatum
testicular cancers
of epipodophyllotoxin)

Ovarian cancer, advanced
Paclitaxel Taxus brevifolia breast cancer, small and non-

small cell lung cancer

Silvestrol Aglailia sylvestre Lung and breast cancer cell lines

Leukemias, lymphomas,
Vincristine and vinblastine Catharanthus roseus testicular, breast and lung

cancers
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1.6  Solanum genus

Solanaceae or the nightshades are a family of flowering plants which can range from crops and
shrubs to highly toxic plants.** The family consists of 94 genera which consists of 2 000
species.47 This family contains toxic alkaloids, which include solanine, atropine, nicotine,
scopolamine and hyoscyamine.*®

The Solanum genus has been reported to possess anticancer’’, antihepatoxic*, anti-
inflammatory® and hypotensive properties.”® Many medicinal molecules have been isolated
from the Solanum genus and some include alkaloids, saponins and flavonoids.’***** The
existence of high levels of alkaloids may explain the toxicity (neurological and gastrointestinal
effects) associated with the genus and may contribute to the bioactivity (which includes

54,55

anticancer activity, P-gp inhibition and pro-apoptotic nature). Studies done by Koduru et al.

(2006, 2007) showed that steroidal alkaloids (tomatadine and solasodine) from S. aculeastrum

had potent anticancer and antioxidant activity.>>®

The fruits of S. aculeastrum Dunal. (Figure 5), also known as the goat apple, is used in the
treatment of cancer, especially breast carcinoma in the Eastern Cape.’® Other uses include
treatment of human and livestock diseases as well as jigger wounds and gonorrhoea.’”®
Traditional treatment includes cooking the fruits of S. aculeastrum in water until they rupture.
The mixture is then filtered and administered orally daily to alleviate symptoms, as well as
decrease disease progression.56 Literature is scarce concerning the anticancer activity of the
fruits, but it is proposed that steroidal alkaloids (such as solamargine and solasonine) are

responsible for its bioactivity.sg’60

The steroidal alkaloids are known to induce apoptosis and incur anticancer activity in cancer
cell lines by interfering in the mitotic process.61 Steroidal alkaloids from the Solanaceae family
have also been shown to elicit P-gp inhibitory activity and decreasing resistance by sensitising
cancer cells to known anticancer agents.®® In a previous study, solamargine was shown to
enhance the cytotoxicity and efficacy of known anticancer agent cisplatin against ZR-75-1 and
SK-BR-3 breast carcinoma cell lines by potentiating the apoptotic effect.®® Solamargine has also
been shown to down regulate P-glycoprotein in a multi-drug resistant leukemia cell line.®*®
These findings illustrate the classes potential to overcome chemoresistance. The bioactivity
elicited by steroidal alkaloids warrants further investigation in combination with other

chemotherapeutic agents in the hope of overcoming multi-drug resistance and increasing

treatment success against an array of cancers.
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Figure 5: Solanum aculeastrum fruits.

1.7  Aim and objectives

The aim of the study was to determine the cytotoxic and P-gp inhibitory activity of a crude

extract and steroidal alkaloid-enriched fractions from S. aculeastrum. Furthermore the aim was

to determine whether the fractions acted synergistically with doxorubicin to increase cytotoxic

effects against cancerous cell lines.

The objectives of the study were to:

Prepare a crude extract and alkaloidal enriched-fractions from S. aculeastrum fruits using
standard ultrasonic maceration and liquid-liquid extraction techniques, respectively
Determine the cytotoxic effects of the extract and alkaloid-enriched fractions in a panel of
cell lines using the sulphorhodamine B staining assay:
Cancerous (A2780 ovarian carcinoma, Caco-2 colon adenocarcinoma, DU145 prostate
carcinoma, HepG2 hepatocarcinoma, MCF-7 breast ductal carcinoma, MDA-MB-231 breast
carcinoma, SH-SY5Y neuroblastoma and SK-Br3 epithelial breast carcinoma)
Non-cancerous (3T3-L1 pre-adipocyte, C2C12 myoblast, EA.hy926 endothelial hybrid and SC-
1 fibroblast)
Evaluate the P-glycoprotein inhibitory activity of the crude extract and alkaloid-enriched
fractions in susceptible cell lines using the rhodamine-123 accumulation assay
Isolate the bioactive phytochemicals from the alkaloid-enriched fraction displaying the
greatest P-glycoprotein inhibitory activity.
Evaluate the active phytochemical(s) for bioactivity through the following:

= Cytotoxicity towards non-cancerous and cancerous cell lines

= P-glycoprotein inhibitory activity

= Synergistic potential with doxorubicin
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Chapter 2: Materials and methods

Ethics approval (167/2015) to carry out the study was obtained from the Ethics Committee at

the University of Pretoria (Appendix 1). A list of reagents is provided in Appendix Il.

2.1 Preparation of crude extract and alkaloid-enriched fractions

2.1.1 Collection of plant material

Ripened fruits of S. aculeastrum were received as a gift from the Makana Botanical Gardens,
Grahamstown, Eastern Cape (South Africa) and the identity confirmed by the in-house botanist,
Karin Cockburn. Fruits were sliced open, air-dried at room temperature and stored in amber
bottles. Plant material was ground to a fine powder using a mill (Yellowline A10, Merck (Pty)

Ltd) and stored in an air-tight, amber container.

2.1.2 Preparation of crude extract

One hundred and fifty grams of plant material was soaked in 1.5 L of absolute methanol,
sonicated for 30 min and shaken for 2 h. Extracts were incubated at 4°C for 16 h and the
procedure repeated five more times (10% and 5% w/v for the first two and last three
extractions, respectively). Supernatants were pooled, centrifuged at 500 g for 1 min, filtered
using a vacuum-filtration system (0.2 um filters, Waters Corporation) and concentrated
through in vacuo rotary evaporation (Blichi Rotovapor R-200, Biichi). Dried crystals were
resuspended in distilled water (dH,0) and lyophilized (Freezone® 6 Freeze Dry System,

Labconco) to yield a dry powder (Figure 6A).

2.1.3 Preparation of alkaloid-enriched fractions

Alkaloid-enriched fractions were prepared as described by Munari et al.®”, with minor
modifications to the volumes used. Powder (26.72 g) from the crude extract was acidified with
2% acetic acid (267.2 ml) and agitated on a mechanical shaker for 2 h. Extraction of alkaloids
was achieved using liquid-liquid extraction (LLE). Ether (534.4 ml) was added to the acidified
mixture, shaken for 20 min and the organic phase siphoned off. This procedure was repeated
four more times and all ether fractions combined. The LLE procedure was repeated using
chloroform to yield two organic fractions and one aqueous fraction. Both organic fractions
were clarified using anhydrous sodium sulphate (10% w/v). The two organic fractions and the
aqueous fraction were concentrated through in vacuo rotary evaporation and lyophilisation,
respectively. The dried crude extract and alkaloid-enriched fractions was then reconstituted in

DMSO at 20 mg/ml and stored at 80°C. Yields were determined gravimetrically (Figure 6B).

11| Page

© University of Pretoria



Fas
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

A QA VYUNIBESITHI YA PRETORIA B

Solanum aculeastrum fruits (150 g) Crude extract (26.72 g)
Addition of methanoll (10% or 5% w/v) \ Acidified | 10% acetic acid
Mixture of methanol and fruits
Ated forih
Sonicate for 30 minl Agitate for 2 h > Repeated  times P phasel LLE with ether
Mixture incubated overnight at 4°C Addition of ether (540ml)

Repeated 4 times Agitated for 20 min l

Aqueous phase

Supernatant collected ) Organic phase collected | ———————>Addition of chloroform (540 mi)
l LLE with chloroform l
Agitated for 20 min .
i e 1 Repeated 4 times
Total extraction mixture (5.25L) _
Organic phase collected —— Aqueous phase remains
Centrifuge | 500 g for 1 min Rotary evaporated l
l g for 1 mi l Vaansm fitered Evaporated lVacuum filtered
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(Aqueous fraction)
Rotary evaporated lReconstituted in DMSO
.y 4H0  Lyophilised ) .
Dry residue— » Dry crystalline powder Chloroform fraction
(Crude extract)
Figure 6: Flow diagram indicating A) crude extraction procedure, and B) alkaloid fractionation procedure.
12| Page

© University of Pretoria



oo
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Q= YUNIBESITHI YA PRETORIA

2.2 Thin-layer chromatography for detection of steroidal alkaloids

Twenty micrograms of each sample was spotted onto a Cyy silica plate (5 x 10 cm, Agilent
Technologies South Africa) and allowed to dry. The thin-layer chromatography (TLC) plate
was exposed to a mobile phase consisting of chloroform, acetone and methanol (4:4:2 ratio)
in a saturated TLC chamber. The TLC plate was then visualized using ultraviolet light (UV, at
254 and 366 nm), sprayed with Dragendorff’s reagent and developed in an oven at 60°C.
Under UV at 254 nm, steroidal alkaloids appear as dark areas on a fluorescent background.
However, at 366 nm, distinctive dark violet spots are observed.®® Dragendorff’'s reagent
reacts with secondary and tertiary amines in steroidal alkaloids resulting in an orange colour

change.®
2.3 Cellular assays

2.3.1 Cellular maintenance and seeding of cells

Cells (Table 4) were propogated in medium supplemented with 10% foetal calf serum (FCS)
and 1% penicillin/streptomycin in a humidified incubator at 37°C and 5% CO,. Cells were
grown in 25 cm® sterile flasks until 80% confluence was achieved and harvested through
trypsination. Harvested cells were centrifuged at 200 g for 5 min, counted using the trypan
blue exclusion assay and a haemocytometer, and resuspended to the desired concentration
in 10% FCS-supplemented medium (HepG2 = 2 x 10° cells/ml; 3T3-L1, A2780, C2C12, Caco-2,
DU145, EA.hy926, MCF-7, MDA-MB-231, SC-1, Sk-BR-3 and SH-SY5Y =1 x 10° cells/ml). Cells
(100 pl) were seeded into clear 96-well plates at the mentioned concentration and allowed
to attach for 24 h prior to exposure in a humidified incubator at 37°C and 5% CO,. Optimal
cell densities were determined by the Department of Pharmacology in subsequent

experimentation.
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Table 4: Cancerous and non-cancerous cell lines used for assessment of cytotoxic activity of

the crude extract and alkaloid-enriched fractions.

Concentration

Cell type Growth medium
(cells/well)
A2780 ovarian carcinoma
10 000 RPMI-1640
(ECACC catalogue no: 93112517)
Caco-2 colon carcinoma (ATCC:
10 000 EMEM
HTB-37)
DU145 prostate carcinoma
10 000 RPMI-1640
(ATCC: HTB-81)
HepG2 hepatocarcinoma
20000 EMEM
(ATCC: HB-8065)
Cancerous cell -
. MCEF-7 breast ductal carcinoma
lines 10 000 DMEM
(ATCC: HTB-22)
MDA-MB-231 breast
adenocarcinoma 10 000 DMEM
(ATCC: HTB-26)
SH-SY5Y neuroblastoma
10 000 Hams-F12
(ATCC: CRL-2266)
SK-Br3 breast adenocarcinoma
10 000 RPMI-1640
(ATCC: HTB-30)
3T3-L1 pre-adipocytes
10 000 DMEM
(ATCC: CL-173)
C2C12 myoblast
10 000 DMEM
Non-cancerous (ATCC: CRL-1772)
cell lines EA.hy926 endothelial hybrid
10 000 DMEM
(ATCC: CRL-2922)
SC-1 mouse fibroblast
10 000 EMEM
(ATCC: CRL-1404)
DMEM: Dulbecco’s Modified Eagle’s Medium
EMEM: Eagle’s Minimum Essential Medium
Hams-F12: Ham’s F12 nutrient medium
RPMI-1640: Roswell Park Memorial Institute 1640
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2.3.2 Cytotoxic evaluation of the crude extract and alkaloid-enriched fractions
The effect of the crude extract and fractions were determined using the sulforhodamine B

1.’ with minor modifications.

(SRB) colourimetric assay as described by Vichai et a
Trichloroacetic acid-fixed basic protein residues are stained by SRB, which is proportional to
cell density.® After the 24 h attachment period, cells were exposed to either 100 pl FCS-free
medium (negative control [NC]), DMSO (0.5%, vehicle control [VC]), saponin (1%, positive
control [PC]), crude extract/alkaloid-enriched fractions (2, 6.4, 20, 64 and 200 pg/ml), or
verapamil (0.64, 2, 6.4, 20. 64 and 200 uM) for 24 or 72 h in a humidified incubator at 37°C
and 5% CO,. The DMSO concentration for the crude extract and alkaloid-enriched fractions
did not exceed 0.5%. Cells were fixed with 50 pl cold trichloroacetic acid (50%) and
incubated overnight at 4°C. Plates were then washed four times with slow-running tap
water via plastic tubing and allowed to dry in an oven at 40°C. Cells were stained with 100 pl
SRB (0.057% in 1% acetic acid) and incubated at room temperature for 30 min. Excess dye
was rinsed with 100 pl acetic acid (1%) thrice and allowed to dry in an oven. The dye was
solubilised using 200 pl Tris base solution (10 mM, pH 10.5) and plates agitated on a shaker
for 1 h. Absorbance was measured using a microplate reader (ELX800UV, Bio-Tek

Instruments, Inc.) at 510 nm (reference 630 nm). Absorbance values were adjusted by

subtracting the blank, and percentage cell density determined using the following formula:

Cell density (%) = (%) x 100

where, AVS = absorbance value of sample, and AAVNC = average absorbance value of
negative control

From the cytotoxicity results, two susceptible cancerous cell lines, as well as one resistant
and one non-resistant non-cancerous cell line, were selected and used for the remainder of
the study. The optimal incubation time (either 24 or 72 h) for further evaluation of

cytotoxicity was also based on the above results.
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2.3.3 Assessment of P-glycoprotein inhibition for the crude extract and fractions

Rhodamine-123 is a fluorescent dye that accumulates intracellularly, and is a substrate of P-
gp. Fluorescence intensity is inversely proportional to the functionality of P-gp. The
rhodamine-123 accumulation assay according to Jia and Wasan’*, with minor modifications,
was used to assess the P-gp inhibitory activity of the samples against four cell lines (C2C12,
EA.hy926, SH-SY5Y, SK-Br3). Cells were seeded as described previously, but allowed to
attach for 48 h in white 96-well plates. Wells were exposed to either 100 ul PBS (blank and
NC), DMSO (VC, 0.5%), crude extract/alkaloid-enriched fractions (2, 6.4, 20, 64 and 200
ug/ml) or verapamil (PC; 2, 6.4, 20 uM) in PBS, and allowed to incubate at 37°C for 1 h.
Thereafter, 40 pl of 10 uM rhodamine-123 was added to each well and allowed to incubate
for 1 h. Cells were washed with PBS twice and resuspended in 100 pl PBS. Fluorescence
intensity was measured using a fluorescent plate reader (FLUOstar OPTIMA, BMG Labtech)
at 485 nm (excitation) and 520 nm (emission) (gain 750). Directly after reading the plate, cell
density was assessed using the SRB assay as described in section 2.3.2. Data was blank-
excluded, and fluorescence intensity was normalised to the cell density and expressed as a

fold change relative to the negative control.

Normalised fluorescence intensity and fold-change in P-gp activity (relative to negative

control) was calculated with the use of the following formulas:

Normalised fluorescent value = (%)

NFIS )

Fold — change in P — gp activity = (ANFIS

where, FIS = fluorescence intensity of sample, AVS: absorbance value of sample, NFIS =
normalized fluorescent intensity of sample and ANFIS = average normalised fluorescent

intensity of negative control.
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2.3.4  Bioassay-guided fractionation and isolation

2.3.4.1 Bioassay-guided fractionation

A bioassay-guided fractionation (Figure 9A) and isolation method (Figure 9B) was developed
in collaboration with Professor Gerda Fouché (Council of Scientific and Industrial Research
[CSIR], Biosciences Division, South Africa) to isolate the active component(s) from the most

active P-gp inhibitory alkaloid-enriched fraction.

The most active fraction (aqueous fraction) was subjected to High Performance Liquid
Chromatography (Agilent 1200 HPLC System, Agilent Technologies South Africa) employing a
solvent system consisting of acetonitrile and dH,O (gradient: 0-10% acetonitrile between 0
and 5 min, to 100% at 30 min, total run time: 35 min) using a Sunfire C1g semi-preparative
column (150 mm x 10 mm, particle size: 10 um, Agilent Technologies South Africa) to
separate various constituents. Five hundred microlitres of a 25 mg/ml solution (12.5 mg)
was repeatedly injected and further fractionated into 11 sub-fractions which was collected
every 2 min. Each sub-fraction was reconstituted to the desired concentration in DMSO and
assessed for cytotoxic and P-gp inhibitory activity against the SK-Br3 breast carcinoma cell
line at 50 pg/ml. Sub-fractions 10 and 11 were shown to be the most active, and thus

further assessment focussed on them solely.

2.3.4.2 Isolation of active constituents by column and solid phase extraction
chromatography
The aqueous alkaloid-enriched fraction and active sub-fractions (10 and 11) were exposed

to TLC using a methanol:ethyl acetate:acetone (4:4:2) mobile phase.

Silica gel (65.0 g) was mixed with chloroform and methanol (3:2) and poured into a cotton
wool plugged glass column (2.7 x 50.5 cm). The aqueous fraction (2.0 g) was then dissolved
in a hydromethanolic solution (10% dH,0), mixed with silica (1.0 g), left at room
temperature to dry and loaded on top of the packed silica gel column. Sub-fractions (20 ml)
were collected in glass tubes, monitored with TLC and compared to sub-fractions 10 and 11

as reference. Similar sub-fractions were pooled together (based on purity and complexity).

Pooled sub-fractions were exposed to solid phase extraction (SPE) chromatography using a
20 g ISOLUTE flash Cig column (Agilent Technologies South Africa) with a mobile phase of

acetonitrile and dH,O (starting at 100% dH,O, followed by 5% acetonitrile, then 10%
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acetonitrile and increasing to 100% acetonitrile in 10% increments). Major compounds co-
eluted at 40% acetonitrile as a white-powder and were separated using preparative TLC
(solvent system: methanol, ethyl acetate and acetone; 4:4:2) to afford compound 1 and

compound 2.

The identities of the isolated compounds were confirmed using Nuclear Magnetic
Resonance (NMR, 600 MHz VNMRS, Varian) and Ultra-Performance Liquid Chromatography
Tandem Mass-Spectrometry (Synapt G1 UPLC-TOF-MS system, Microsep) analysis.
Compounds were analysed using different NMR techniques such as H-1-NMR, C-13-NMR,
Heteronuclear Single Quantum Coherence (HSQC), Heteronuclear Multiple Bond Correlation
(HMBC) and correlation spectroscopy (COSY) to accurately determine structural moieties.
Mass Lynx 4.1 software was used for analysis of mass spectrometry data and the
fragmentation patterns of the isolated compounds were identified using Agilent
ChemStation software. All procedures were repeated on multiple occasions for accuracy,

repeatability and correct identification of active compounds.

2.3.4.3 UPLC-TOF-MS fingerprinting of the crude extract and alkaloid-enriched fractions

The crude extract and alkaloid-enriched fractions (at 20 mg/ml) were subjected to UPLC-
TOF-MS analysis in order to screen for of major constituents. The relative abundance of the
major compounds was also compared between samples by equalising the intensity scale
between chromatograms of different samples. The highest sample intensity was used as the

scale standard for other chromatograms.

2.3.4.4 Assessment of bioactivity for the isolated compounds

Both compound 1 and 2 were assessed for cytotoxic (72 h exposure) potential at 0.32, 1,
3.2, 10, 32 and 50 pg/ml against the C2C12, EA.hy29, SH-SY5Y and SK-Br3 cell lines. P-
glycoprotein inhibitory activity was assessed in the SH-SY5Y and EA.hy926 cell lines only.

Only the most active compound was subjected to further synergistic studies.
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Figure 7: Flow diagram indicating A) bioassay-guided fractionation process, and B) the isolation and structural elucidation process for the

active constituents.
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2.3.5 Synergistic potential evaluation of the aqueous fraction and active isolated
compound(s) in combination with doxorubicin
The synergistic potential of the aqueous alkaloid-enriched fraction and active compound(s)

in combination with doxorubicin was assessed as described by Kars et al.”?

Initially, the half maximal inhibitory concentration (ICsg) of the aqueous fraction was
reassessed (due to cell population differences), as well as the cytotoxicity of doxorubicin
against the C2C12, EA.hy29, SH-SY5Y and SK-Br3 cell lines (72 h exposure, using the SRB
assay section 2.3.2). The ICs values of the active isolated compounds were obtained from
the bioactivity screening done in section 2.3.4.4. The active isolated compounds, aqueous
alkaloid-enriched fraction as well as doxorubicin was assessed at two-, one-, half- and a

guarter-times the respective ICso values in a checkerboard fashion (Figure 8).

Interactions between doxorubicin and samples were calculated using the fractional

inhibitory concentration (FIC) as follows:

IC50(A) in combination

FIC(4) = IC50(A) alone

IC50(B) in combination

FIC(B) = IC50(B) alone

Effects of the combination between doxorubicin and the extract/fractions were given by the

fractional inhibitory index:

FIX = FIC(A) + FIC(B)
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1 2 3 4 5 7 8 10 11 12
1xS1 1xS2 1xS3
A 2xD
B 1xD 1xS1 1xS2 1xS3
alone alone alone
S1 S2 S3
C 0.5xD
D 0.25xD PC
1xD
E 2xS VC
F 1xS
S1 S2 S3
G 0.5xS 1xD NC B
alone
H 0.25x S
D - Doxorubicin ICsp S - Sample ICso  NC - Negative control PC - Positive control VC - Vehicle control B - Blank
Figure 8: Checkerboard assay layout used to assess synergistic potential with doxorubicin.
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2.4.  Statistics

All experiments were done using both technical and biological replicates on at least three
separate occasions (n > 3). Results were compiled in Microsoft Excel (Microsoft) and
analysed using GraphPad Prism 5.0 (GraphPad Software). Significance was regarded as p <

0.05.

Cytotoxicity: The ICso values of all samples were determined using non-linear regression
(normalised, variable slope). Outcomes were reported as the mean * standard error of the

mean (SEM).

P-glycoprotein inhibitory potential: Significance was assessed with the use of Kruskall-Wallis

at a 95% confidence interval. Results were reported as mean fold change values.

Synergism with doxorubicin: A FIX value of less than 0.5 is indicative of synergism, between
0.5 — 1 as additive effect, between 1 — 2 as an indifferent effect and > 2 as antagonism. The
ICso values of all samples were determined using non-linear regression (normalised, variable

slope). Results were reported as mean FIX values.
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Chapter 3: Results and discussion

3.1 Extraction yield and steroidal alkaloid screening of crude extract and alkaloid-
enriched fractions

S. aculeastrum yielded 17.98% (w/w) dry material following methanol extraction. Sequential
LLE yielded 8.98% and 0.15% (w/w) crystalline solution for the ether and chloroform
fractions, respectively. During LLE some of the extract was lost due to siphoning, filtration
and re-suspension of fractions, which resulted in a 58.42% (w/w) yield for the aqueous
fraction. Extraction yield has been shown to be affected by polarity. Fruits of S. lycocarpum
displayed a higher extraction yield with polar solvents than non-polar solvents, which may
explain the lower yield observed after using relatively non-polar solvents.”® Qualitative
assessment of steroidal alkaloids using TLC-based systems identified intense black spots
(Figure 9A) and violet spots (Figure 9B) for the crude extract and alkaloid-enriched fractions
when viewed under short (254 nm) and long (366 nm)-wave UV light. When exposed to
Dragendorff’s reagent, orange spots were visible for both the crude extract and alkaloid-
enriched fractions (Figure 9C). Retention factor (Rf) values of 0.57 and 0.56 were obtained.
The visualisation results and Rf-values are consistent with literature and suggest the

presence of steroidal alkaloids.®®

The majority of Solanum steroidal alkaloids only contain one double-bond or possess no

chromophores.”*

The latter is the functional group which allows for absorption of
wavelengths and results in fluorescence.” Due to this, many steroidal alkaloids have low UV
sensitivity’?, and larger quantities are needed for detection. Thus a high quantity of 20 pg

was used in order to effectively detect steroidal alkaloids.

Assessment of five different Solanum spp. revealed that steroidal alkaloid solasodine
contributed up to 60 to 80% of the total extract composition.”® Compounds including
solamargine, solasonine and solanine were also shown to be present at varying levels and
are known to be present in many Solanum species.’® Isolation studies on S. aculeastrum.
have also revealed the presence of bioactive steroidal alkaloids.”® Therefore a positive
colour reaction after visualization with UV and Dragendorff’s spray reagent was expected

for S. aculeastrum.
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Figure 9: Visualization of steroidal alkaloids A) at 254 nm UV, B) at 366 nm UV and C) after

spraying with Dragendorff’s reagent.
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3.2 Isolation and identification of compounds from the aqueous fraction

3.2.1 HPLC fractionation and bioactivity screening

The aqueous fraction was sub-fractionated into 11 fractions by collecting eluent every 2 min
(Figure 9), and pooling similar fractions after repeated injections. In the HPLC profile, a UV
fluorescent peak was present in sub-fraction 11 (F-11) but absent in sub-fraction 10 (F-10).
TLC analysis of F-10 and F-11 revealed the presence of two major compounds (compound 1
and 2) which were not visible under UV light (Figure 11A and 11B) but were visualized after
spraying with vanillin (Figure 11C). F-10 and F-11 were spotted as a reference when isolating

(section 3.4.2) compound 1 and 2.

DAD1 D, Sig=230,16 Ref=off (TREVORVAQUEOUS000013.D)
2500
2000
1500 -

1000 -

\y :@% \\X@/A N 4 \y \y '\y '\y '\y '\y N 4
500 - T ’\//\
0 -
2 4 =] s 10 12 14 16 18 m|

Figure 10: HPLC profile of the aqueous alkaloid-enriched fraction indicating the 11 sub-

fractions collected every 2 min.

2 = =

F-10 | F-11

Figure 11: Visualization of compounds in F-10 and F-11 after TLC analysis (methanol:ethyl

acetate:acetone, 4:4:2) with A) 254 nm UV, B) 366 nm UV and visualization using C) 1%

vanillin spray reagent. F-Aq: Aqueous fraction.
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As previously mentioned, compounds such as steroidal alkaloids possess low UV
fluorescence due to single double-bond moieties, and thus require high concentrations to
be detected. Low amounts of F-10 and F-11 were spotted during TLC analysis, thus no UV
detection suggests that major compounds had low fluorescent ability. Vanillin spray reagent
is a TLC stain that detects steroid as well as higher functional groups and results in a range
of colour changes.”’ Alkaloids such as solasodine and its derivatives are known to have the

latter moieties in their structures, which resulted in the positive detection.”®

3.2.2 Structural elucidation of compound 1

Compound 1 was isolated as white crystals. The structure of compound 1 was identified by
H-1-NMR, C-13-NMR, 2-D data analysis (Appendix IlI-A to llI-E) and compared with
literature.®® C-13-NMR revealed that compound 1 possesses an aglycone backbone related

to a steroidal spirazolane-type alkaloid.

Four quaternary carbons at chemical shifts (6's) 38.2, 6. 41.8 ppm including one linked to
oxygen and nitrogen at &, 99.6 as well as one attached to a double bond at §. 142.1, nine
methine groups at &.'s 31.8, 31.8, 42.9, 51.9, 57.9, 64.2, 79.5, 80.5, 122.80, ten methylene
groups at &/'s 22.2, 30.9, 31.1, 32.9, 33.1, 33.4, 38.7, 39.7, 41.2, 48.5 ppm and four methyl
groups at 6./s 15.6, 17.0, 19.91, 19.98 ppm were observed. An ether function with a
trisaccharide moiety showing an anomeric carbon at §. 100.6 linked to the oxygen of C-3 at
6. 79.5 was also present. The 1D NMR chemical shifts of the trisaccharide moiety indicated
the structure O-[a-L-rhamnopyranosyl-(1->2)-O-[a-L-rhamnopyranosyl-(1->4)]-B-D-

glucopyranoside.

The proton NMR showed four distinctive aglycone methyls at 6. 0.83 (3H, s), 0.85 (3H, d, J
[coupling constant] 6.4), 0.97 (3H, d, J 7.2) and 1.05 (3H, s). Two multiplets observed at &,
1.26 were attributable to 6-deoxyhexose methyls whereas a doublet at §. 5.38 with J value
of 4.6 could be attributed to an olefinic proton at position C-6. Four anomeric H-1-NMR
resonances were observed at 6. 4.34 (1H, m), 4.50 (1H, d, J 7.6), 4.84 (1H, s) and 5.21 (1H, s).
High Resolution Mass Spectrometry (HRMS) data for compound 1 yielded the molecular
formula C4sH73NO1s with a molecular weight peak at m/z (mass to charge ratio) 868.5077
(M + H*, 100%) (Appendix IlI-F to 1lI-G) which was identified as the steroidal alkaloid,

solamargine (Figure 12).
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Figure 12: Chemical structure of solamargine.

glu: Glucose; rha A: Rhamnose A; rha B: Rhamnose B
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Solamargine (Wanyonyi 2002)°°

(deuterated chloroform and methanol)

Compound 1 (2015)
(deuterated methanol)

ca(rtzz:)m C13-NMR H-1-NMR (JinHz) | C13-NMR | H-1-NMR (J in Hz)
C-1 (CH,) 37.9 38.70
C-2 (CH,) 30.5 31.13
C-3 (CH) 79 79.50
C-4 (CH,) 40.4 41.19
C-5 (C) 141.1 142.07
C-6 (CH) 122.2 5.37 (d, J 4.2) 122.78 5.38 (d, J 4.6)
C-7 (CH,) 32.5 32.94
C-8 (CH) 32.1 31.81
C-9 (CH) 50.7 51.90
C-10 (C) 37.5 38.20
C-11 (CH>) 21.4 22.15
C-12 (CH,) 38.9 39.67
C-13 (C) 41.1 41.77
Aglycone C-14 (CH) 57.1 57.90
C-15 (CH>) 30.1 30.90
C-16 (CH) 79.7 4.33 (m) 80.45 4.34 (m)
C-17 (CH) 63.2 64.21
C-18 (CHs) 16.8 0.84 (s) 17.00 0.83 (s)
C-19 (CHs) 19.6 1.05 (s) 19.91 1.05 (s)
C-20 (CH) 42 42.85
C-21 (CHs) 15.4 0.97 (d, J 7.0) 15.60 0.97 (d,J 7.2)
C-22(C) 98.9 99.60
C-23 (CH,) 34.4 33.36
C-24 (CH,) 32.7 33.14
C-25 (CH) 31.3 31.81
C-26 (CH,) 47.8 2.6 (m, br) 48.47 2.53 (m)
C-27 (CHs) 19.6 0.87 (d, J 6.0) 19.98 0.85 (d, J 6.4)
C-1' (CH) 99.9 4.48(d, J 7.8) 100.63 4.50 (d, J 7.6)
C-2' (CH) 79.5 80.23
Glucose C-3'(CH) 77.3 78.19
(glu) C-4' (CH) 75.7 76.73
C-5' (CH) 78.6 79.50
C-6' (CH,) 61.4 62.12
C-1" (CH) 102.4 4.87 (s) 103.16 4.84 (s)
C-2" (CH) 71.8 72.60
Rhamnose A C-3" (CH) 71.5 72.35
(rha A) C-4" (CH) 73.3 74.10
C-5" (CH) 69.1 69.94
C-6" (CH3) 17.7 1.29 (m) 18.11 1.26 (m)
C-1"" (CH) 101.5 5.23 (s) 102.44 5.21 (s)
C-2"" (CH) 71.6 72.52
Rhamnose B C-3"" (CH) 71.3 72.35
(rha B) C-4"" (CH) 73 73.89
C-5"" (CH) 70.1 70.85 28|Page
C-6"" (CHs) 17.6 1.29 (m) 18.01 1.26 (m)
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3.2.3 Structural elucidation of compound 2

Extensive evaluation of the similarities in characteristic signals of the H-1-NMR, C-13-NMR
and 2-D NMR for compound 2 revealed that it was similar to compound 1 (Appendix IV-A to
IV-E). This included an aglycone backbone attached to a trisaccharide moiety. However,
differences were present in the trisaccharide sugar moiety in which a O-[o-L-
rhamnopyranosyl-(1-2)-0O-[b-glucopyranosyl-(1->3)]-B-D-galactopyranoside structure was
observed. The addition of the glucopyranosyl sugar moiety caused an extra hydroxyl group
to be present when compared to compound 1. HRMS data for compound 2 yielded the
molecular formula C4sH;3NO16 with molecular weight peak at m/z 884.5205 (M + H*, 100%)
(Appendix IV-F to IV-G) which was identified as the steroidal alkaloid solasonine (Figure 13)
when compared with literature.”® The mass difference between solasonine and solamargine

is consistent with the additional hydroxyl group seen in solasonine’s structure.

HO

g9

(@] O
OH (

OH
O
al
o -
rha
H:‘C OH
OH
Figure 13: Chemical structure of solasonine.

gal: Galactose; glu: Glucose; rha: Rhamnose

3.2.4 UPLC-TOF-MS fingerprinting

UPLC-TOF-MS analysis of the crude extract and alkaloid-enriched fractions revealed that
solamargine and solasonine with m/z’s of 868.5 and 884.5 (M + H*, 100%), respectively,
were the two major constituents (Appendix V-A to V-D). Although there were similarities in
composition between samples, the concentration of major compounds differed. The crude
extract and aqueous fraction had a significantly higher abundance of solamargine and

solasonine when compared to the chloroform and ether fractions (Figure 14).
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Table 6: H-1-NMR and C-13-NMR resonances of compound 2 compared to solasonine.

Solasonine (Neszmelyi 1987)"°

(deuterated pyridine and methanol)

Compound 2 (2015)
(deuterated methanol)

Carbon no (type) C-13-NMR C-13-NMR
C-1 (CH,) 37.4 38.74
C-2 (CH,) 30.1 30.58
C-3 (CH) 78.3 78.09
C-4 (CH,) 38.8 39.58
C-5(C) 140.7 142.16
C-6 (CH) 121.6 122.69
C-7 (CH,) 32.5 32.95
C-8 (CH) 32.5 33.14
C-9 (CH) 50.3 49.72
C-10(C) 37.1 38.23
C-11 (CH,) 21.1 22.15
C-12 (CH,) 40.1 41.20
C-13 (C) 40.6 41.78
Aglycone C-14 (CH) 56.7 57.90
C-15 (CH,) 31.7 31.13
C-16 (CH) 78.7 79.13
C-17 (CH) 63.5 64.22
C-18 (CHs) 16.5 17.00
C-19 (CHs) 19.3 19.91
C-20 (CH) 41.5 42.85
C-21 (CHs) 15.6 15.60
C-22 (C) 98.2 99.56
C-23 (CH,) 34.6 33.37
C-24 (CH,) 31.1 30.86
C-25 (CH) 31.7 31.82
C-26 (CH,) 47.9 48.47
C-27 (CHs) 19.7 19.99
C-1' (CH) 100.3 100.96
C-2' (CH) 76.3 76.10
Galactose C-3'(CH) 84.8 85.82
(gal) C-4' (CH) 70.2 70.39
C-5' (CH) 74.9 75.81
C-6' (CH,) 62.4 62.62
C-1" (CH) 102 102.36
C-2" (CH) 72.4 72.28
Glucose C-3" (CH) 72.7 72.51
(glu) C-4" (CH) 74 74.17
C-5" (CH) 69.3 69.89
C-6" (CH,) 18.5 18.14
C-1"" (CH) 105.7 105.86
C-2"" (CH) 74.8 75.24
Rhamnose C-3"" (CH) 78.7 80.45
(rha) C-4"" (CH) 71.4 71.37
C-5" (CH) 78.3 7838
C-6"" (CHs) 61.8 62.51>0 17 9E°F
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Figure 14: UPLC-TOF-MS stacked chromatogram of the crude extract (TB03), ether fraction (TB04), chloroform fraction (TB01) and aqueous

(TBO2) fraction of Solanum aculeastrum on the same scale.
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From literature it is evident that over 100 Solanum spp., including S. aculeastrum, contain
steroidal alkaloids such as solamargine and solasonine which elicit anticancer activity.*
Other compounds isolated from S. aculeastrum include steroidal alkaloids such as solaculine
A, solasodine and tomatidine.”>®® Alkaloids such as solanopubamine and solanidine have

81,82

also been noted in other Solanum spp.(Table 7). Although no studies have isolated non-

alkaloidal compounds from S. aculeastrum, the genus is known to contain other
phytochemicals that may incur biological effects.®®> Examples include flavonoids such as
astragalin and biochanin A, as well as phenolic compounds including ferulic acid and gallic
d 84,85

aci Saponins, such as methyl-protodioscin and indioside D, have been described, which

possess cytotoxic, cytoprotective and antioxidant bioactivity.®*°

Phytochemicals such as
tannic acid and several terpenoids, including aromadendrene and caryophyllene, have also

been isolated.?” %

Table 7: Phytochemical classes and compounds isolated from the Solanum genus.

Phytochemical class Compound Species isolated from

- 2
Solamargine®

Solasonine®

Solaculine A% S. aculeastrum
Alkaloids Solasodine>?

Tomatidine™

Solanopubamine® S. schimperianum

Solanidine® S. tuberosum

Astragalin®

) Biochanin®® o
Flavonoids 5 S. crinitum
Kaempferol

4-hydroxybenzoic acid®

Ferulic acid®’

Phenols Gallic acid® S. melongena

Salicyclic acid®’

Methyl-protodioscin®

) Indioside D® )
Saponins ———s S.incanum and S. heteracanthum
Dioscin

Protodioscin®®

Tannins Tannic acid® S. trilobatum

Aromadendrene®

Terpenoids S. stipulaceum

Caryophyllene®
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3.3 Bioactivity of the crude extract, fractions and isolated steroidal alkaloid (s)

3.3.1 Cytotoxicity

Cytotoxic activity was observed in both cancerous (A2780, Caco-2, DU-145, HepG2, MCF-7,
MDA-MB-231, SH-SY5Y and SK-Br3) and non-cancerous (3T3-L1, C2C12, EA.hy.926 and SC-1)
cell lines (Table 8). The crude extract and aqueous alkaloid-enriched fraction displayed
noteworthy (<30 pg/ml) and moderate-to-low cytotoxicity (>30 pg/ml) after 72 h exposure
(Table 8). In the majority of cell lines, cytotoxicity was induced within 24 h by the crude
extract and aqueous alkaloid-enriched fraction, which either plateaued or decreased (1-to-
2-fold increase) during the 72 h exposure. This suggests a mixture of concentration- and
time-dependent cytotoxic effects, which showed a modicum of cell-specificity. A slightly
lower 1Cso was obtained in the SC-1 cell line after 24 h incubation compared to a 72 h
incubation period, however, this may be within experimental error. Variable cytotoxicity
towards the non-cancerous cell lines was observed, with ICso values ranging from 3.88 to
93.41 pg/ml (24 h) and 2.79 to 91.18 pg/ml (72 h), respectively. The chloroform and ether
fractions had negligible cytotoxic effects with ICso values 2100 pg/ml after 24 h, and >73.54

ug/ml after 72 h on all cell lines tested.

The aqueous alkaloid-enriched fraction had potent dose-dependent effect on the SH-SY5Y
(ICso = 17.21 pg/ml, Figure 15), Sk-Br3 (ICso = 18.81 pg/ml, Figure 16) and HepG2 (ICso =
20.66, Table 8) cancerous cell lines, and displayed low cytotoxicity towards the C2C12 (ICso =
62.00 pg/ml, Figure 17, Table 8) non-cancerous cell line after 72 h exposure. The EA.hy926
cell line (Figure 18) was most susceptible to the aqueous fraction with an 1Cso of 9.35 pg/ml

after 72 h.

The crude extract and aqueous alkaloid-enriched fraction induced similar cytotoxic profiles
across all cell lines. A small concentration difference was noted when eliciting a 90%
decrease in cell density and compared to a 0% decrease, which highlights a narrow
cytotoxicity range. This narrow cytotoxic range led to ambiguity when predicting the ICsq in

several cell lines.

Literature is scarce with regards to S. aculeastrum cytotoxicity. A previous study by Koduru
et al.>® indicated that a methanolic fruit extract also had a narrow range between non-

cytotoxic and toxic concentrations. In contrast, the greatest cytotoxic effect was observed
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against the MCF-7 cell line (when compared to Hela cervix adenocarcinoma and HT29 colon
adenocarcinoma cell lines) with an ICsp of 17.8 pg/ml. The slightly higher ICso (10.14 pg/ml)
calculated during the present study may be dependent on geographical location, seasonal
variation or extraction procedure.®® An ethanol extract from S. nigrum fruits, also known to
possess steroidal alkaloids such as solamargine, was shown to induce autophagy and
apoptosis in HepG2 hepatocarcinoma cell line.?® The latter was evident with increases in p-
JNK, Bax, release of cytochrome c and the activation of caspase-3.”° The results illustrate

apoptosis as a possible mechanism by which Solanum spp. extracts elicit anticancer activity.

According to the criterion of the National Cancer Institute, a plant extract or fraction with an
ICso <20 pg/ml is regarded as a favourable anticancer agent.’® The latter indicates that the
crude extract and aqueous fraction possess notable anticancer activity towards the HepG2,
SH-SY5Y and SK-Br3 cell lines and should be considered for further development, although
the non-cancerous cytotoxicity may prove difficult to overcome. In contrast, the ether and

chloroform fractions were inactive across all cell lines.

The increase in cell density observed at lower concentrations of the ether and chloroform
alkaloid-enriched fractions may be due to a hormetic effect. Hormesis refers to a biphasic
dose response where low doses of a cytotoxic agent cause cell proliferation while higher
concentrations cause growth inhibition. Agents elicit this effect through cell survival as well
as oxidative stress response pathways (including MAPK/ERK1/2 and PI3K/AKT) and cause 30

to 60% cell proliferation relative to the negative control.*
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Table 8: Cytotoxicity of the crude extract and alkaloid-enriched fractions as described by their ICsq values in a panel of cancerous and non-
cancerous cell lines. Values in bold indicate extracts with noteworthy activity at 72 h.

ICso + SEM
Cancerous cell lines Non-cancerous cell lines
Extract/fraction® MDA-MB-
A2780 Caco-2 DU-145 HepG2 MCF-7 231 SH-SY5Y SK-Br3 3T3-L1 C2C12 EA.hy.926 SC-1
34.73 36.46 74.33 944 + 44,35 + 19.10 £ 33.25 37.24 £ 9341 3.88 + 28.73
+ *
Crude24h 1.07 1.20 1.14 1.11 106 | %% 1.07 1.10 1.34 1.08 1.07 1.09
24.40 £ 47.11 + 7.04 £ 27.94 £ 1297 £ 20.11 19.55 + 91.18 2.79 23.07
+ * + *

Crude 72 32.88 % 1.13 1.18 1.08 1.11 24.00 + 1.07 1.08 1.23 1.13 +1.55 1.10
Chloroform 24 h > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100
Chloroform 72 h > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

Ether 24 h > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100 > 100

+
Ether 72 h > 100 > 100 > 100 > 100 731?;' > 100 > 100 > 100 > 100 > 100 > 100 > 100
50.37 46.53 + 40.02 £ 3191+ 21.95 % 16.45 + 19.89
+ * + * + * + *
Agueous 24 h 31.45 + 126 121 1.08 1.06 28.05 29.11 + 29.24 + 150 >100 106 1.09
25.21 + 20.66 25.49 17.21 18.81 12.89 + 62.00 9.35+% 21.10
+ * + ¥ + *
Aqueous 72 h 2981 ¢ 112 | 3408% 1.10 113 | 2611t 1.15 1.14 1.23 1.22 1.08 1.08
Anticancer agentb
Verapamil 24 h 9?1'.‘(‘)851’ >100 > 100 12';? > 100 > 100 > 100 > 100 > 100 >100 | 3 115152i >100
. 65.75 8.34+ 46.76 £ 475+ 41,92 + 79.22 5.69 60.01 +
Verapamil 72 h 1.06 >100 > 100 1.08 1.14 1.09 >100 1.09 1.21 > 100 1.11 1.16
*: Ambiguity in data points (GraphPad 5.0 software could not predict SEM due to steepness of dose-response curve)
a: presented in pg/ml
b: presented in uM
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Figure 15: The effect on cell density in the SH-SY5Y neuroblastoma cell line when exposed to
the A) crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. Blue

line: 24 h exposure and black line: 72 h exposure.
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Figure 16: The effect on cell density in the SK-Br3 breast carcinoma cell line when exposed
to the A) crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction.

Blue line: 24 h exposure and black line: 72 h exposure.
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Figure 17: The effect on cell density in the C2C12 myoblast cell line when exposed to the A)
crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. Blue line: 24

h exposure and black line: 72 h exposure.
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Figure 18: The effect on cell density in the EA.hy926 cell line when exposed to the A) crude

extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. Blue line: 24 h

exposure and black line: 72 h exposure.

© University of Pretoria

39| Page



oo
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
Q= YUNIBESITHI YA PRETORIA

After HPLC fractionation of the aqueous fraction, bioactivity screening was done using the
SRB assay, to assist in isolation of the bioactive component(s). F-10 and F-11 were found to
be the most active and had potent cytotoxicity at 50 pg/ml towards the SK-Br3 cell line with
a cell density reduction of 91.06% and 91.72%, respectively. Sub-fractions 1 to 9 (F-1 to F-9)

elicited a medium to low cytotoxic effect (Figure 19).

Aqueous fraction

acetonitrile and dH.0

HPLC fractionation (gradient: 10-100% acetonitrile)

C18 semi-preparative column
(15 x 1 cm, pore: 10 um)

v
F-1toF11

Bioactivity screening | SK-Br3 cell line
SRB assay
/ V \

F-1to F-9 F-10 and F-11

l l

< 40% cell density 91.07 and 91.72% cell density
reduction at 50 pg/ml reduction at 50 pg/ml

Figure 19: Flow diagram indicating the HPLC fractionation process for the aqueous fraction

and subsequent bioactivity screening.

As previously stated, steroidal alkaloids are the proposed anticancer components of S.

aculeastrum.>*®°

This is supported by the findings in the current study where bioactivity-
guided fractionation and isolation procedures identified solamargine as the bioactive
constituent. Solamargine induced a dose-dependent cytotoxic effect in both SH-SY5Y and
SK-Br3 cell lines with ICso values of 15.62 uM (13.54 pg/ml) and 18.59 uM (16.12 pg/ml)
after 72 h incubation, respectively (Table 9). Munari et al.®” evaluated the antiproliferative
potential of solamargine from S. lycocarpum against murine melanoma (B16F10), colon

carcinoma (HT29), breast adenocarcinoma (MCF-7), cervical adenocarcinoma (Hela),

hepatocarcinoma (HepG2), glioblastoma cells (M0O59J, U343, U251). Growth inhibition was
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observed across all cell lines with 1Cs¢‘s ranging from 5.28 to 21.03 uM (4.58 to 18.23
ug/ml).”’

The ICso of solamargine was slightly lower than the aqueous fraction in the cancerous cell
lines, by approximately ~3.20 pg/ml. Although this may suggest a greater cytotoxic effect
when used as a singular compound instead of an extract mixture, this difference may be
regarded as insignificant. However, in the non-cancerous cell lines (Table 9) solamargine
presented with higher cytotoxicity, illustrating an increased cytotoxicity upon isolation. Due
to a complex phytochemical matrix, it is possible that interactions alter the cytotoxic
potential of an extracts or fractions compared to an isolated compound.”® Antagonistic
interactions in the aqueous fraction as well as cellular variation may account for the
increased toxicity observed.”**

Kuo et al.*

reported changes in cellular structure induced by solamargine, as well as
chromatin condensation, DNA fragmentation and an increased sub-G1 peak in hepatoma
(Hep3B) cells, suggesting a pro-apoptotic effect.”®> Apoptosis was further illustrated by Shiu

et al.®®

, with upregulation of Fas receptors (Fas), tumour necrosis factor receptor | (TNFR 1),
Fas-associated death domain (FaDD) and TNFR-I-associated death domain (TRADD) in breast
cancer cells. This lead to the initiation of intrinsic and extrinsic apoptotic pathways mediated
by cytochrome c release, as well as caspase-3, -8 and -9 activation in breast cancer cells.®®
These results correlate with the pro-apoptotic activity of numerous Solanum spp.%, which
may be the anticancer mechanism elicited in the present study.

In contrast, the ICso of solasonine was greater than the highest concentration tested (56.63
UM or 50 pg/ml) in both cancerous and non-cancerous cell lines (Table 9), suggesting a lack
of bioactivity. Solasonine, isolated from S. crinitum (Lam), displayed low cytotoxic potential
against the K562 leukaemia and Ehrlich carcinoma cell lines, yielding 1Csg values of 76.90 uM
(67.90 pg/ml) and 74.20 uM (65.65 pg/ml).>® The aglycone, solasodine, from S. crinitum was
shown to possess low cytotoxicity when compared to solasonine, suggesting that the
additional sugar moiety in solasonine’s structure enhances growth inhibition.>® Other
investigations have shown that solasonine possesses notable cytotoxicity with 1Csy’s <30

67,74

UM, which indicates that the compound has variable cytotoxicity. Slight conformational

changes in solasonine’s molecular structure could account for the significant cytotoxicity

results.”®
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Table 9: Cytotoxicity of solamargine and solasonine as described by their ICsg values in a

panel of cancerous and non-cancerous cell lines.

ICso (LM) + SEM
Compound
SH-SY5Y SK-Br3 C2C12 EA.hy926
Solamargine 15.62+1.45 | 18.59+1.13 | 20.25+1.08 8.30+1.12
Solasonine >56.63 >56.63 >56.63 >56.63

Differences in cytotoxicity between studies involving solamargine and solasonine could also
be due to assay differences, cell line origin, cell line passage number and the software used
to calculate ICsq’s. The latter leads to high variability in in vitro studies.®’

Although notable anticancer activity was present after exposure to the crude extract,
aqueous alkaloid-enriched fraction and solamargine, major decreases in cell density were
also noted for the non-cancerous cell lines. Similar results were observed by Munari et al.®’,
where an ethanol extract from S. lycocarpum fruits, as well as solamargine, had an
antiproliferative effect towards the human (GM07492A, ICso’s: 25.39 and 30.74 uM) and
Chinese hamster lung (V79, ICso’s: 37.60 and 19.31 pM) fibroblast cell lines.®” This
cytotoxicity indicates that the crude extract, aqueous alkaloid-enriched fraction and
solamargine were non-selective towards cancerous cells and would therefore not be ideal

candidates for further drug development, unless structural alterations were carried out to

improve its cancer-selectivity.
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3.3.2. P-glycoprotein inhibition

The crude extract and the aqueous alkaloid-enriched fraction had potent dose-dependent P-
gp inhibition of 2.87 to 21.2-fold at 100 pg/ml for the various cell lines (Figure 20A/D to
23A/D). The chloroform and ether fraction elicited poor P-gp inhibition of 1.12 to 1.63-fold
at the highest concentration tested (Figure 20B/C to 23B/C).

The ether, chloroform and aqueous alkaloid-enriched fractions showed the greatest
inhibitory potential towards the SH-SY5Y cell line (Figure 20B to 20D) with 1.26, 1.64 and
21.21-fold at 100 pg/ml, respectively. The fractions exhibited the lowest activity towards the
C2C12 cell line with inhibitory values of 1.13, 1.27 and 2.87-fold at 100 pg/ml, respectively.
The aqueous fraction (Figures 20D to 23D) displayed inhibitory activity across all cell lines,
with values of 2.82 to 21.21-fold at 100 pg/ml (p < 0.001). The amount of inhibition
exhibited by the aqueous fraction was similar to the crude extract, which had P-gp inhibitory

values of 5.89 to 18.88-fold at 100 pg/ml (p < 0.001) against all tested cell lines.

Significant (p < 0.05 and 0.001), but low P-gp inhibition was observed for the chloroform
fraction against in the SH-SY5Y cancerous cell line (Figure 20C) with an inhibitory value of
1.64—fold, at 100 pg/ml. A dose-dependent effect was not as apparent as significance (p <
0.05 and 0.001) was noted for four out of the five concentrations tested (Figure 20C). The
ether fraction displayed low but significant (p < 0.01) inhibition in the EA.hy926 cell line
(Figure 23B) of 1.47-fold at 100 ug/ml. No significant activity was noted for the other cell
lines. As the aqueous alkaloid-enriched fraction exhibited the greatest activity, sub-

fractionation was focussed on this fraction.
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Figure 20: P-gp inhibitory potential in the SH-SY5Y neuroblastoma cell line when exposed to
the A) crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. PC:

verapamil (1 uM). * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 21: P-gp inhibitory potential in the SK-br3 breast carcinoma cell line when exposed to
the A) crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. PC:

verapamil (1 uM). ** p < 0.01, *** p < 0.001.
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Figure 22: P-gp inhibitory potential in the C2C12 myoblast cell line when exposed to the A)
crude extract, B) ether fraction, C) chloroform fraction and D) aqueous fraction. PC:

verapamil (1 uM). *** p < 0.001.
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Figure 23: P-gp inhibitory potential in the EA.hy926 endothelial hybrid cell line when
exposed to the A) crude extract, B) ether fraction, C) chloroform fraction and D) aqueous

fraction. PC: verapamil (1 uM). ** p < 0.01, *** p < 0.001.
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Junyaprasert et al.’® evaluated the P-gp inhibitory potential of extracts made from various
plants in Thailand using HPLC and a rhodamine-123 assay. An ethanol extract from S.
trilobatum was found to induce significant (p < 0.05) inhibition when compared to
verapamil.”® However, the inhibitory effect was only evident at 300 pg/ml, which falls into
the cytotoxic concentration range. This particular species is also known to possess high
levels of steroidal alkaloids including solamargine and solasodine which are known to

disrupt P-gp activity.”

In the present study, the isolated steroidal alkaloids yielded similar results when compared
to the cytotoxic effect. Solamargine showed a significant (p < 0.05 and p < 0.001) dose-
dependent P-gp inhibition in the SH-SY5Y cancerous cell line (Figure 24A) with 5.07-fold
activity at 36.9 uM (32 pg/ml) and 9.10-fold activity at 57.7 uM (50 pg/ml). However, the
effect was 3.95-fold less when compared to the aqueous alkaloid-enriched fraction (13.05-
fold) at 50 pg/ml (Figure 24A). Solamargine elicited greater P-gp inhibition towards the
EA.hy926 (13.81-fold) non-cancerous cell line when compared to the SH-SY5Y (9.05-fold)
cancerous cell line (Figure 24C) at 57.70 uM (50 pg/ml). Solasonine did not inhibit P-gp
activity at any of the concentrations tested. To the knowledge of the author, this study is
the first to evaluate the P-gp inhibitory potential of solasonine. The P-gp results of the active

fractions and solamargine further illustrate the non-selectivity towards cancerous cells.

Solamargine induced a dose-dependent decrease in MDR1 mRNA expression in the MDR
K562/A02 leukaemia cell line."® MDR1 encodes P-gp and is therefore linked to the

191 The latter was further illustrated by flow cytometry, where

transporter expression.
reductions in P-gp expression of 41.7% at 7.50 uM (6.50 pg/ml), 38.8% at 5.00 uM (4.34
ng/ml) and 11.2% at 3.75 uM (3.25 pg/ml) after a 12 h exposure period was observed.”
Western blot analysis showed a decrease in the Bcl-2 anti-apoptotic protein and increases in
the Bax pro-apoptotic protein. Immunofluorescence also revealed that solamargine
disrupted the cellular cytoskeleton and caused decreases in actin expression.'® Both
apoptosis as well as P-gp expression have been linked to the cellular structure and actin in

MDR cells.'® The study suggests that the apoptotic mechanism of action elicited by

solamargine is linked to a down regulation of MDR1 and P-glycoprotein.'®
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Figure 24: P-gp inhibitory potential of solamargine (A, C) and solasonine (B, D) against the
SH-SY5Y neuroblastoma (A,B) and EA.hy926 endothelial hybrid cell lines (C, D). * p < 0.05,
**% < 0.001.

Other steroidal alkaloids such as tomatidine and cyclopamine have also been shown to
possess potent P-gp inhibition.’®® Another proposed mechanism is that steroidal alkaloids
act as non-competitive inhibitors. P-gp is known to actively transport compounds across the

cellular membrane via two distinct sites (H and R) in the transmembrane region which are
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3 Steroidal alkaloids are miniscule

responsible for drug binding and interactions.™
compounds, possess nitrogen and have a planar structure which allows rapid diffusion into

cells. Thus interactions between the isolated compounds and these regions may occur.**®

3.3.3 Synergistic potential of the aqueous alkaloid-enriched fraction and solamargine with
doxorubicin

During experimentation, it was observed that the ICso values were slightly changed during
the study period. As cells of different passages were utilised, it appeared that a phenotypic
shift was occurring. Due to the latter, cytotoxicity re-evaluation was done for the aqueous
fraction prior the synergistic assay. Slight shifts of 2.05 and 0.89 pg/ml were observed
against the EA.hy926 and SK-Br3 cell lines whereas a larger variation of 48.30 and 9.29
ug/ml in cytotoxicity was noted for the C2C12 and SH-SY5Y cell lines.

A dose-dependent decrease in cell density was observed when all four cell lines were
exposed to doxorubicin. The most pronounced effect was observed in the SH-SY5Y cell line
with an ICsg of 56.60 nM after 72 h exposure. A greater cytotoxic effect towards cancerous

cells was seen compared to non-cancerous cells (Table 10).

No synergistic interaction was detected in any of the tested cell lines after exposure to the
aqueous alkaloid-enriched fraction and solamargine in combination with doxorubicin (Table
10). An additive effect was observed in the SH-SY5Y cell line when exposed to both
combinations (aqueous alkaloid-enriched fraction FIX value = 0.71; solamargine FIX value =
0.51). In contrast, the combination elicited an antagonistic effect in the C2C12 cell line
(aqueous alkaloid-enriched fraction FIX value = 2.10; solamargine FIX value = 2.53). Additive
effects were observed in the SK-Br-3 and EA.hy926 cell lines when exposed to the
combination with solamargine (FIX value = 0.66) and the aqueous alkaloid-enriched fraction
(FIX value = 0.94), respectively. Indifferent effects were noted when the SK-Br-3 and
EA.hy926 cell lines were exposed to the combination with the aqueous alkaloid-enriched

fraction and solamargine, respectively. (FIX values: > 1 but < 2).
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Table 10: Synergistic potential of solamargine and the aqueous fraction as described by their FIX values in a panel of cancerous and non-

cancerous cell lines.

Cell type Cancerous Non-cancerous
Cell line SH-SY5Y SK-Br3 C2C12 EA.hy926
. . Aqueous . Aqueous . Aqueous . Aqueous
Compound/Fraction | Solamargine ) Solamargine ) Solamargine ) Solamargine )
fraction fraction fraction fraction
|C50 of (A) [|C50
sample + 3.4 7.39 4.3 11.18 30.77 15.7 5.5 2.62
doxorubicin (UM or
pg/ml)]
|C5o of (B) [|C50
doxorubicin + 16.27 24.22 40.83 47.48 149.9 140.7 213.4 220
sample (nM)]
ICs0 (A)
[Solamargine (M) 15.62 26.5 18.59 19.7 20.25 13.7 8.3 7.3
or aqueous alone
(ng/ml)]
ICs0 (B) [doxorubicin 56.6 56.6 94.1 94.1 148.5 148.5 381.6 381.6
alone (nM)]
FIC (A) 0.22 0.28 0.23 0.57 1.52 1.15 0.66 0.36
FIC (B) 0.29 0.43 0.43 0.5 1.01 0.95 0.56 0.58
FIX value 0.51 0.71 0.66 1.07 2.53 2.1 1.22 0.94
Result Additive Additive Additive Indifferent | Antagonistic | Antagonistic | Indifferent Additive
effect effect effect effect effect effect effect effect
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Additive interactions involve the targeting of the same pathway or effect the same target

directly or indirectly.'®

Induction of apoptosis is a proposed death pathway for both
doxorubicin and the samples. Simultaneous exposure of the combination could thus
potentiate the apoptotic effect leading to an additive cytotoxic effect. Conversely an
antagonistic interaction involves conflicting mechanisms on the same pathway, which
includes binding at the same site (interference) or contradicting effects at different

targets.’®

The latter two mechanisms may be why antagonism was noted in the current
study. Tai et al.’®® investigated combinations of an aqueous extract of S. nigrum with various
anticancer agents including docetaxel, doxorubicin, 5-fluorouracil and cisplatin against two

colon cancer cell lines (DLD-1 and H29).1%

The extract acted synergistically in both cell lines
when combined with all anticancer agents. The chemotherapeutics used by the author are
known to induce apoptosis via a caspase-3 death pathway. Extract combination was found
to lead to the activation of the latter and autophagy through accumulation of death marker
LC-3. They attributed enhancement in cytotoxicity to the activation of multiple pathways

195 A methanol extract from S. nigrum

and potentiation of the caspase-3 apoptotic pathway.
was also shown to increase doxorubicin’s cytotoxicity in a synergistic manner against the
T47D breast carcinoma cells when combined at 4:4, 6:4, 18:1.5 and 18:4 (extract
(ug/ml):doxorubicin (nM)). However, antagonism was also observed against T47D cells with
FIX values >2, at combinations of 6:1.5, 6:2, 12:2 and 6:6.'% Activity by S. nigrum has been
attributed to major phytochemical constituents such as steroidal alkaloid solamargine.107
Although no studies other than the current study have evaluated the synergistic potential of

purified solamargine and doxorubicin, the phytochemical is known to enhance the

antitumor effects of many chemotherapeutics.'®

Liang et al.'® evaluated the effect of solamargine in combination with cisplatin on the

108

cisplatin-resistant A549 lung adenocarcinoma cell line.”™ Cisplatin is known to induce

apoptosis in cancerous cells by activating caspase-3 which further regulates caspase-8 and -

108

9 via death receptors.” From their results it was evident that cisplatin alone increased

activities of caspase-3, -9 as well as -8 by 3.7, 2.6 and 3.0-fold, respectively. Combination

108

with solamargine yielded greater fold change values of 6.9, 3.9 and 4.6.” Solamargine has

been shown to down regulate HER-2/neu expression in the ZR-75-1 breast cancer cells as

well as enhance the efficacy of commonly used anticancer agents (5-fluorouracil,
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199 Overexpression of HER-2/neu receptor on

methotrexate and cisplatin) for treatment.
breast cancer cells often leads to treatment failure and drug resistance.'® Findings from the
above studies indicate show that solamargine has the potential to potentiate the anticancer
effects of known chemotherapeutics and elicit MDR reversal. Furthermore, down regulation
of HER-2/neu receptors illustrates another mechanism by which Solanum spp. extracts
possessing solamargine (such as the berries of S. aculeastrum in this study) may elicit an

ethnomedicinal effect.

119 jllustrated the effect of combining steroidal alkaloids chaconine and

Friedman et a
solanine against a panel of cancerous cell lines (including the HepG2 hepatocarcinoma and
AGS gastric cancer).'® Synergism was observed in the HepG2 cell line at combinations of
1:9, 3:7 and 1:1 while antagonism was noted at 9:1. For the AGS cell line additive effects

110

were noted at 1:9, 3:7, 1:1 and 9:1, while antagonism was noted at 7:3.”™ The variations in

results imply that molecular interactions are both cell line and combination specific.

P-gp inhibitors have also been shown to enhance the anticancer activity of known

111

chemotherapeutics against resistant cell lines.””> An MDR modulating drug known as 1416,

which is an analogue of verapamil, was reported to significantly increase the cytotoxic effect
of verapamil towards the resistant K562 cell line but not in the susceptible equivalent.'*?
The effect of 1416 was further illustrated by an accumulation of rhodamine-123 in P-gp over
expressed MDR K562 cells."** Compounds including limonin and hesperidin, isolated from
two Citrus species have been shown to cause dose-dependent P-gp inhibition in a MDR
CEM/ADRS500 leukemia cell line.™*? Following addition of 20 uM limonin, the doxorubicin

resistant Caco-2 cell line was made susceptible by increasing doxorubicins cytotoxicity by

2.98-fold, which illustrated MDR reversal.**?

From the results of the present study, solamargine was shown to enhance the cytotoxic
effect of doxorubicin in both SH-SY5Y as well as the SK-Br3 cancerous (possess HER-2/neu
receptors) cell lines.'™® This potentiated response was not observed in non-cancerous cell
lines, indicating selectivity and suggesting that solamargine may be effective in improving
treatment regimens for both brain and breast cancers. The variable combination effects
observed by Friedman et al.'® may explain differences across cell lines when combining the

aqueous fraction or solamargine with doxorubicin in the current study. Although inhibition
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of P-gp activity has been shown to enhance efficacy against MDR cancers, studies reveal

"% n the

that no significant differences in P-gp activity are present in susceptible cell lines.
present study, P-gp inhibition was only evident at cytotoxic concentrations. Thus
enhancement of doxorubicin cytotoxic effects through P-gp inhibition seems improbable,

and a separate mechanism is thus at play.
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Chapter 4: Conclusion

Aims of the investigation included evaluating the in vitro P-gp inhibitory potential of
alkaloid-enriched fractions from S. aculeastrum berries and the synergistic potential with
doxorubicin. Lack of knowledge regarding the proposed bioactive component, the
mechanism by which the berries elicit bioactivity during ethnomedicinal use and that
steroidal alkaloids cause MDR reversal via P-gp modulation, formed the basis for further
evaluation. During the study, phytochemical screening yielded fluorescent spots and orange
bands across all samples. According to literature, this indicates the presence of steroidal
alkaloids. Further assessment revealed that the crude extract as well as the aqueous
fraction possessed notable cytotoxicity and P-gp inhibition towards both cancerous and

non-cancerous cell lines. The ether and chloroform fractions were shown to be inactive.

Bioactivity guided fractionation lead to the isolation of steroidal alkaloids solamargine and
solasonine which are known to be present in many Solanum spp. Solasonine was found to
be inactive throughout and had variable activity when compared to previous studies.
Variability may be due to slight conformational changes in the molecular structure as well as
cell line, assay and ICso predicting differences. Solamargine was shown to be the bioactive
compound responsible for potent, non-selective cytotoxicity and P-gp inhibition in S.
aculeastrum fruits. Variable quantities of solamargine in the crude extract and alkaloid-
enriched fractions contribute to the differences in activity. Literature states that
solamargine induces either an autophagic or apoptotic mode of cell death and down
regulates HER2/neu receptors on breast cancer cells. These mechanisms may explain the

mechanism of bioactivity of S. aculeastrum fruits during ethnomedicinal usage.

Furthermore, solamargine and the aqueous fraction were also shown to enhance
doxorubicin through additive effects in select cell lines as well as indifferent and
antagonistic responses in others. P-gp inhibition only occurred at the higher concentration
ranges which make this mechanism of enhancement unlikely. Potentiating of activity could
be due to the combination targeting the same pathway simultaneously, whereas
antagonistic interactions may be due to interference when binding to similar sites. Further

studies are needed to elucidate the exact mechanism.
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Chapter 5: Limitations of study and recommendations

Experiments which were not done that would have supported or given more insight into the
study finding is one possible limitation. It is recommended that the mechanisms behind the
cytotoxic and synergistic effects be evaluated further by flow cytometric analysis, as this
may elucidate the death pathway which S. aculeastrum extracts and solamargine targets. To
further explain the latter, the use of fluorescence spectroscopy and confocal microscopy is

recommended to identify structural changes of cells after exposure.

Berries collected from different locations and times of the year (seasons) may provide
different results due to varying steroidal alkaloid concentrations and should be tested. As
cell lines undergo phenotypic shifts, it is recommended that evaluation of cytotoxicity

should be confined to low passage numbers to be reliable.

Due to the non-selectivity of S. aculeastrum extracts and solamargine, careful dose selection
is recommended for future in vivo studies. The derivitization or synthesis of analogues with
similar structure to solamargine may be an effective way to identify compounds which are
more selective towards various cancer types. Further crystallography is recommended to
assess the orientation (alpha or beta) or conformation of solamargine and solasonine as this

could possibly clarify the differences in activity noted between studies.
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Chapter 6: Summary

Cancer is one of the most life threatening groups of diseases. Due to the prevalence of
multi-drug resistance, novel treatment methods are sought. Solanum aculeastrum Dunal,
also known as the goat apple, is used ethnomedicinally to treat cancer, in the Eastern Cape.
Literature is scarce concerning the plants bioactivity but steroidal alkaloids, such as
solasodine and solamargine, are the proposed bioactive components. The study aim was to
assess the anticancer and P-glycoprotein inhibitory potential of alkaloid-enriched fractions

from S. aculeastrum fruits as well as its synergistic potential with doxorubicn in vitro.

A crude extract was made from S. aculeastrum fruits via ultrasonic maceration followed by
fractionation to vyield ether, chloroform and aqueous fractions. Bioactivity regarding
cytotoxicity as well as P-gp inhibition was assessed with the use of the sulphorhodamine B
and rhodamine-123 assays. After screening, the most active fraction was subjected to
further fractionation and isolation procedures. Furthermore, the isolated bioactive
component (s) as well as the active fraction was assessed for their potential to enhance

doxorubicins efficacy using a checkerboard combination layout.

The crude extract and aqueous fraction were shown to possess potent activity with regard
to cytotoxicity and P-gp inhibition, however this was non-selective towards cancerous cells.
The ether and chloroform fractions were inactive. Subsequent fractionation of the aqueous
fraction, isolation procedures as well as structural elucidation yielded steroidal alkaloids
solamargine and solasonine. Bioactivity evaluation revealed solasonine was inactive which
varied from previous studies and could be due assay as well as conformation differences.
Solamargine was the bioactive component responsible for the activity elicited by S.
aculeastrum. Both solamargine and the aqueous fraction enhanced doxorubicin through
additive effects in select cell lines as well as indifferent and antagonistic responses in others.

Another process may be present here.

S. aculeastrum elicited non-selectivity towards different cancer cell lines. Although P-gp
inhibition was present concurrently with cytotoxicity, it is not the proposed mechanism of

the enhanced effect. The exact mechanism needs to be elucidated.
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Appendix Il: Reagent list

Acetone, chloroform, dimethyl sulphoxide and methanol

Acetone, chloroform, dimethyl sulphoxide and methanol was attained from Merck (Pty) Ltd
(Modderfontein, South Africa) as liquid, used undiluted and stored at room temperature till

use.
Acetonitrile

Acetonitrile was obtained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) as a

liquid, used undiluted and stored at room temperature till use.
Basic bismuth nitrate

Basic bismuth nitrate was acquired from from Merck (Pty) Ltd (Modderfontein, South Africa)

in powder form and stored at room temperature till use.
Deuterated methanol

Deuterated methanol was attained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South

Africa) as a liquid, used undiluted and stored at 4°C till use.
Diethyl ether

Diethyl ether was obtained from Saarchem (Pty) Ltd (Krugersdorp, South Africa) as a liquid,

used undiluted and stored at room temperature till use.
Doxorubicin hydrochloride

Doxorubicin hydrochloride was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South
Africa) in powder form. Doxorubicin hydrochloride was prepared by dissolving 2 mg in 1 ml
DMSO yielding a 3.68 mM stock, which was then aliquoted and stored in plastic 1.5 ml tubes
at -80°C till use. Initially the stock was further diluted to 200 uM by dissolving 5 ul (3.68
mM) in 87 ul DMSO, then to a working concentration of 2 uM by dissolving 1 ul (200 uM) in

99 ul of the appropriate media.
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Dragendorff’s spray reagent

Dragendorffs spray reagent was prepared by combining 0.17 g basic bismuth nitrate, 2ml
acetic acid, 4 g potassium iodide and 8ml dH,0 which was stored in a foil covered plastic
tube at room temperature till use. One millilitre of the above mixture was then further

diluted to a working concentration using 2 ml acetic acid and 10 ml dH,O0.
Dulbecco’s Modified Eagle’s Medium (DMEM)

DMEM was attained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder
form. DMEM was prepared by dissolving 5 g in 500 ml of sterilised (using an autoclave)
dH,0, supplemented with 3.7 g/L sodium bicarbonate. The mixture was then further filter

(0.22 um) sterilized and stored in a sterile 500 ml clear glass bottle at 4°C till use.
Eagle’s Minimum Essential Medium (EMEM)

EMEM was obtained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder
form. EMEM was prepared by dissolving 4.8 g in 500 ml of sterilised (using an autoclave)
dH,0, supplemented with 2.2 g/L sodium bicarbonate. The mixture was then further filter

(0.22 um) sterilized and stored in a sterile 500 ml clear glass bottle at 4°C till use.
Ethyl acetate

Ethyl acetate was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) as a

liquid, used undiluted and stored at room temperature till use.
Foetal calf serum

FCS was attained from Sigma-Aldrich (Pty) Ltd (Saint Louis, USA) as a liquid, used undiluted

and stored at 4°C till use. FCS was heat inactivated before addition.
Glacial Acetic acid

Acetic acid was obtained from Saarchem (Pty) Ltd (Krugersdorp, South Africa) and Sigma-
Aldrich (Pty) Ltd (Kempton Park, South Africa) as a liquid. Ten millilitres of acetic acid was

dissolved in 990 ml of dH,0 and stored in clear glass container at room temperature till use.
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Hams F12 nutrient media (F12)

F12 was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder form.
F12 was prepared by dissolving 5.35 g in 500 ml of sterilised (using an autoclave) dH,0,
supplemented with 1.2 g/L sodium bicarbonate. The mixture was then further filter (0.22

um) sterilized and stored in a sterile 500 ml clear glass bottle at 4°C till use.
Phosphate buffered saline

PBS was attained from Becton, Dickinson and Company (New Jersey, USA) in powder form.
PBS was prepared by dissolving 4.115 g in 500 ml of dH,0 and then stored in a 500 ml plastic

container at 4°C till use.
Potassium jodide

Potassium iodide was obtained from Merck (Pty) Ltd (Modderfontein, South Africa) in

powder form and then stored at room temperature till use.
Rhodamine-123

Rhodamine-123 was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in
powder form. Rhodamine-123 was prepared by dissolving 1 mg to 1 ml DMSO which yielded
a 2.63 mM stock, which was then aliquoted and stored in plastic 1.5 ml tubes at -80°C till
use. The stock was further diluted to a working concentration of 40 uM by dissolving 4 ul in

259 ulin PBS.
Roswell Park Memorial Institute-1640 (RPMI)

RPMI was attained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder
form. RPMI was prepared by dissolving 5.2 g in 500 ml sterilised dH,0, supplemented with 2
g/L sodium bicarbonate. The mixture was then further filter (0.22 um) sterilized and stored

in a sterile 500 ml clear glass bottle at 4°C till use.
Saponin

Saponin was obtained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder
form. Saponin was prepared by dissolving 6.66 g in 15 ml of the desired medium which was

then sonicated, syringe filtered and stored in a sterile clear 15 ml plastic tube at 4°C till use.
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Silica gel

Silica gel was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder

form and then stored at room temperature till use.
Sodium sulphate

Sodium sulphate was attained from Saarchem (Pty) Ltd (Krugersdorp, South Africa) in

powder form and then stored at room temperature till use.
Sulforhodamine B

SRB was obtained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa) in powder
form. SRB was prepared by dissolving 285 mg in 500 ml of 1% acetic acid and then stored in

a 500 ml foil covered clear plastic container until use.
Trichloroacetic acid

Trichloroacetic acid was acquired from Merck (Pty) Ltd (Modderfontein, South Africa) in
powder form. Trichloroacetic acid (250 g) was dissolved in dH,0 to give a total volume of

500 ml and stored in 500 ml clear glass container at 4°C till use.
Tris-base solution

Tris-base was attained from Research Organics Inc (Cleveland, USA) in powder form. Tris
base (600 mg) was dissolved in 500 ml dH,0, adjusted to pH 10.5 and stored in 500 ml clear

plastic container at room temperature till use.
Trypan blue

Trypan blue was obtained from BDH Laboratory Supplies (Dorset, England) in powder form
in 20 g black plastic container. Trypan blue was prepared by dissolving 200 mg in 50 ml PBS

and then stored in a 50 ml plastic foil covered tube at room temperature till use.
Trypsin

Trypsin (2.5% w/v) was acquired from Sigma-Aldrich (Pty) Ltd (Kempton Park, South Africa)

as a solution, used undiluted and stored in a sterile 15 ml plastic tube at 4°C till use.
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Verapamil hydrochloride

Verapamil hydrochloride was attained from Sigma-Aldrich (Pty) Ltd (Kempton Park, South
Africa) in powder form. Verapamil hydrochloride was prepared by dissolving 10 mg in 1 ml
DMSO yielding a 20 mM stock, which was then aliquoted and stored in plastic 1.5 ml tubes
at -80°C till use. The stock was further diluted to working concentration of 200 uM by

dissolving 1 pl in 99 pl of the appropriate medium.
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Appendix llI
A: H-1-NMR spectra for solamargine
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B: C-13-NMR for solamargine
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C: HSQC for solamargine

c1_A11_B1

Sample Name C1_A11_B1 Pulse sequence gHSQC Temperature 30 Study owner  vnamrl
Date collected 2015-06-17 Solvent cd3od Spectrometer  esir-600nmr-vnmrs600 Operator vamrl

SRS EE Y S

-

F1 (ppm)
N
)
\
!
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D: HMBC for solamargine

Sample Name C1_A11_B1
Date collected 2015-06-15

Pulse sequence gHMBC Temperature 30

Solvent cd3od Spectrometer

Study owner wvnmr1l
Operator wvnmri

L

PP

F1 (pp)
N
1

bl b g gl

L

ng,/\/,bJ

VA

© University of Pretoria

79| Page




UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
QA VYUNIBESITHI YA PRETORIA

E: COSY for solamargine

c1_A11_B1

Sample Name C1_A11_B1 Pulse sequence gCOSY Temperature 30

Date collected 2015-06-18 Scolvent cd3od Spectrometer  esir-600nmr-vnmrs600

vnmr1
vnmr1i

ﬂ_ﬂ Jl_»u J'_J(_MJMMJJJ - A th e, L;-”VJ "J\Jfr M‘«._N ottt

— 1.0—
=]
o,
o
J = 1.5
£ m
= = .
= 2 .0—
; =
i 2.5
] 3.0—
- =
il |
4.0
a3 5
- - -
5.0
= - =
% - -r
| LS | T
5 4.0 3.5 3.0
F2 (ppm)
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F: UPLC-TOF-MS chromatogram and fragmentation pattern for solamargine

TB-1-1-111216A 10 Aug 2015 UPLC #1a

1- TOF MS ES+
1066 _ BPI
1007 868.5061 6.90e4
:Efzc 27,67
< HiC o - 393.2975
Steroidal alkaloid: solamargine
968 19.51
900.5000 281.1667
0 g i A i A }
R T T RN RN s e s Ay P IBREERRESEEREEY: RGEARREERE R R R L L e e e e s e I BasEREamas: Raman: Time
100 = 200 @ 300 400 = 500 @ 600 700 = 800 = 900 1000 1100 1200 = 13.00 1400 1500 = 16.00 17.00 = 18.00 = 19.00 = 20.00 = 21.00 = 22.00 @ 23.00 2400 2500 = 26.00 ' 27.00 = 2800 = 29.00
TB--1-111216A 10 Aug 2015 UPLC #1a 684 (10.662) Cm (681:680-(676:679+696:702)) 1: TOF MS ES+
; 868.5077 3.16e5
100+ ;
b
= \{)u 869.5096
576.3924
570 5096
A 577,393 722,47521304557 B
415.3443 578.3937 b '
445.9062 /
ol 21O 1530526 188 0889 239.0918 2931238 3091194 365 108388.3591 | z 4768720 g3y 4450 5755523 6046185 c30 5188 686.4202 [ 7254550 7750095 8325943 B6TEIGY( oo, ;g 908.7736 98050
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850 875 900 925 050 975 1000
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G: UPLC-TOF-MS empirical formula calculation for solamargine

Elemental Composition Report Page 1

Single Mass Analysis

Tolerance = 6.0 mDa / DBE: min =-1.0, max = 100.0
Element prediction: Off

Number of isotope peaks used for i-FIT = 4

Monoisotopic Mass, Even Electron lons

4 formula(e) evaluated with 1 results within limits (up to 50 closest results for each mass)
Elements Used:

C:45-46 H:1-100 N:1-1 O:15-16

ESIPos VTOF 98%A2:02%B2 @ 0.4 60C SYNAPT HDMS Gi
TB--1-111216A 10 Aug 2015 UPLC #1a 684 (10.662) Cm (684:689-(677:681+693:698)) 1: TOF MS ES+
1.816+005
oy 868.5085
4 869.5151
870.5127
808.4440 o015 1654  826.4818 832.6333 847.2060.849.5232851.5648 o0 0189 f| 8725186 8797639 g9 5018 8977230 9088088 7139178 opssepp
T S [ { IR D | I T USSR I

LTS, IR [N R O N IO [ L L7 Lo A W S IO I LSNP 0 L 0 ) . ) ot ) L O ) L'V L ) L Y S S et IV R 7 L O o B L N [

T
810 815 820 85 830 85 840 845 850 855 860 865 870 875 880 885 890 895 900 905 910 915 920 925 930

Minimum: -1.,0

Maximum: 6.0 10.0 100.0

Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
868.5085 868.5058 207 il 9.5 65.5 0.0 C45 H74 N 015
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Appendix IV
A: H-1-NMR spectra for solasonine

C2_40_50AC

Sample Name ©2_40_S0AC Pulse sequence PRESAT Temperature 30 Study owner wvomril
Date collected 2015-06-17 Solvent cd3od Spectrometer  esir-600nmr-vnmrs600 Operator . vamrl

|

9]

9]

/ “‘

4.

o

JL*»L_M_.W wwwww

35 3.0 2.5 2:.:0 3 1 1.0 0.5 PPm

)
FPUETIY SN LI VL. S
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B: C-13-NMR for solasonine

C2_40Ac_50Ac

Sample Name C2_40Ac_50Ac Pulse sequence  CARBON
Date collected  2015-06-26 Solvent cd3od

Temperature 30

Spectrometer  esir-600nmr-vnmrs600

Study owner wvamr1i

Operator

vnmri

|
110 100
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C: HSQC for solasonine

Sample Name
Date collected 2015-07-22

C2_40-50AB

Pulse sequence gHSQCAD_PS
Solvent cd3od

Temperature 30
Spectrometer  esir-600nmr-vnmrs600

Study owner wvnmr1l
Operator vnmrl

F1 (ppm)

4y

i uvf\uju\wwt

L 1o Al

H:\‘HH\

N
o
l

[

B W
o o
L

S0
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HMBC for solasonine

Sample Name C2_40-50AB
Date collected 2015-07-23

Pulse sequence
Solvent  cd3od

gHMBCAD

Temperature 30 Study ownrner  vamrl
Spectrometer i v Operator vamrl

F1 (ppm)

MMMNUUJ

LHJWMM “\‘J s

100—]
110—
1207
130—

140 —

150~

—_ — s ‘7
- = - —— =-
P — T — :
3.0 2.5 5.0 1.5 1.0
F2 (ppm)
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E: COSY for solasonine

Sample Name C2_40-50AB

Date collected . 2015-07-22

Pulse sequence gDQCOSY Temperature 30

Study owner wvnmr1l

Solvent cd3od Spectrometer  esir-600nmr-vnmrs600 Operator vamrl

F1 (ppm)
=
”

2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

M_ALJLJMM‘JL\JMJM' L‘LN

\JJML.J‘\M,_J:_J-LJJ l‘w.rf\'jf\"’\\/“'”/ JI L"'\W' L‘

F2 (ppm)
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F: UPLC-TOF-MS chromatogram and fragmentation pattern for solasonine

[B-1-1-111216B 10 Aug 2015 UPLC #1a

1: TOF MS ES+

1035 _ BPI
100 884.5205 4.16e4
27.72
393.3035
glu gal
. ha
H,C OH
10.68
8686362 Steroidal alkaloid: solasonine 19.52
iy 281.1710 22.48
223.9480 i ¢ 301.1433
0 |(| 1 T 1 T 1 1 1 1 1 T 1 T 1 ‘Ll ‘f‘ |“ 1 L3 T T T 1 1 Ll 1 T T T 1) 1 1 1 Ll T T T T 1 1 Ll 1 T Ll T 1 1 1 Tlme
100 200 300 400 500 600 700 800 900 1000 11.00 1200 13.00 1400 1500 16.00 17.00 18.00 19.00 2000 2100 2200 23.00 2400 2500 26.00 27.00 28.00  20.00
TB--1-111216B 10 Aug 2015 UPLC #1a 663 (10.334) Cm (661:670-(657:650+674:679)) 1: TOF MS ES+
884.5317 1.05€5
100+
{ D&‘D\‘:‘ﬁo\
N °
5
3
4143443 oy 385.5124
Eﬁ'—
576.4026 ﬁkli\
453.9099
415.3558
386.5386
577.4104
! 722.4670 -
147.0572 i 4163499 4sa 8691 o o A (234136 o 867 5281
129.0446 """ 188.0964.198.8533  255.0912 309.1207 349.1085 378.0427 396 4091 | (4823077 oo h02g S 8079575 ¢35 7336 7216823 | 7404720 86107710 N[l -895.7764922.3425  974.4661
100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650 675 700 725 750 775 800 825 850 875 900 925 950 O75 1000
88|Page
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G: UPLC-TOF-MS empirical formula calculation for solasonine

Elemental Composition Report Page 1
Single Mass Analysis
Tolerance = 6.0 mDa / DBE:min =-1.0, max = 100.0
Element prediction: Off
Number of isotope peaks used for i-FIT = 4
Monoisotopic Mass, Even Electron lons
6088 formula(e) evaluated with 3 results within limits (up to 50 best isotopic matches for each mass)
Elements Used:
C:45-46 1H:70-100 2H:0-100 N:1-1 0O:15-16
ESIPos VTOF 98%A2:02%B2 @ 0.4 60C SYNAPT HDMS G1
TB-I-1-111216B 10 Aug 2015 UPLC #1a 663 (10.334) Cm (661:670-(657:659+674:679)) 1: TOF MS ES+
1.95¢+005
100+ 884.5317
885.5124
o/o_
886.5386
865.7180 868.5128459 7108 §70.8054 873.4371 8793503 5635558 867.5281 8904925 g95.7764896.68585%04%22 o0 9667 906 5424007.5137 12465
I R R A N O R R R R I A S R R AV EEE R R VAN E LR AR EE NN RV E R L R R R LY E N R R
8625 8650 8675 8700 8725 8750 8775 880.0 8825 8850 8875 890.0 8925 8950 8975 9000 9025 9050 9075 9100 9125

Minimum: -1.0
Maximum: 6.0 10.0 100.0
Mass Calc. Mass mDa PPM DBE i-FIT i-FIT (Norm) Formula
884.5317  884.5310 0.7 0.8 10.5 503 1::0 C46 1H70 2H4 N 015

884.5341 -2.4 -2.7 9.5 52.3 1.1 C46 1H74 2H2 N 015

884.5371 -5.4 -6.1 8.5 52.4 L2 C46 1H78 N 015

© University of Pretoria
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Appendix V
A: UPLC-TOF-MS chromatograms of the crude extract (TB03)

ESINeg VTOF 98%A2:02%B2 @ 0.4 60C SYNAPTHDMS G1 10-Mar-2015
TBO2 10 March 2015 UPLC #3b 1: TOF MS ES-
BPI
1001 2.98e4
" R
557
i 353.0844
341.1035
6.18 6.65 10.56 28.02
1.50 233.0614 233.0620 : 4
191.0148 { 10.25 912.5000 1978053
- L  swawr] | . . =
T 1 T 1 1 1 1 T T 1 7 1 T 1 1 1 T T 1 1 T T 1 1 T T T T 1 1 T T T 1 1 ] T T 1 1 T T T T T 1 1 T T 1 1 T T T T ! 1 1
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 17.00 1800 1900 2000 2100 2200 2300 2400 2500 2600 27.00 2800 2900 30.00
TBO2 10 March 2015 UPLC #3a 1: TOF MS ES+
100+ 10.56 _ BRI
8684987 2.98e4
10.23
884.4989
=]
10.94
954 5044
557 (
163.0383 2 88
997.6975
0.96 6.18 1 8.12 10.05 2237 27.70
138.0500 423-0345}63.0340 884.4977 884.4957 149.0172 247 1616
0 L Iy i P " ¢ v Rl BV | ) 5
1 T T 1 1 T T T 1 1 B 1 T 1 1 1 1 T T L T {f 1 1 1 T T T 1 1 T T T 1 1 1 T T 1 1 T T T T 1 1 T T Tlme
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 17.00 1800 1900 2000 2100 2200 2300 2400 2500 2600 27.00 2800 2900 30.00
90| Page
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ESINeg VTOF 98%A2:02%B2 @ 0.4 60C
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B: UPLC-TOF-MS chromatogram of the ether fraction (TB04)

SYNAPTHDMS G1 10-Mar-2015
TBO4 10 March 2015 UPLC #2b 1: TOF MS ES-
BPI
100+ 3.94€3
2
28.00
197.8041
275 _
248.9574
26.21
356.1653 559
- 337.8077
1.07 265.1453
195.8095
Y UM I LS BASULE BRI R
100 200 300 400 500 600 700 800 900 1000 11.00 1200 1300 1400 1500 16.00 17.00 1800 19.00 2000 21.00 22.00 23.00 2400 2500 26.00 27.00 28.00 29.00  30.00
TBO4 10 March 2015 UPLC #2a 1: TOF MS ES+
100+ 1057 - BRI
868.4922 3.94e3
25.69
10.26
884.4902 282.2724
27.69
2690 124.0821
965.7064
N
2236
301.1389
26.79
965.7043
= N
25.84
e 326.3741
274.2749
1.04
223.9491
22.25 24.23 BTt
561 620 14.91 ] 309.2018 25.17 ;
_ 128 2831823 3272057 323318 1668 e e 266.2628 15008
2239441 N - 7 302.3112 402.3592
0 Time
100 200 300 400 500 600 700 800 900 1000 11.00 1200 1300 14.00 1500 16.00 17.00 1800 19.00 20.00 21.00 22.00 2300 2400 2500 26.00 27.00 28.00 29.00  30.00
91| Page
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ESINeg VTOF 98%A2:02%B2 @ 0.4 60C
TBO1 10 March 2015 UPLC #3b

8
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C: UPLC-TOF-MS chromatogram of the chloroform fraction (TB01)

SYNAPTHDMS G1 10-Mar-2015
1: TOF MS ES-
BPI
1007 0.89e3
LB
5.56
9.46
353.0836 e
6.31
353.0828
26.22 28.00
356.1563 197.8060
2116
28.23
0.79 e 2932076 213 2586 _ 337 8076
2489575 : 2651450 379.1563 o
04 4 } 4 ac i 4 e "
100 200 @ 300 @ 400 500 600 700 800 900 @ 10.00 1100 1200 1300 1400 1500 = 1600 = 17.00 = 18.00  19.00 = 20.00 = 21.00 = 2200 2300 2400 2500 2600 27.00 28.00 = 29.00 = 30.00
TBO1 10 March 2015 UPLC #3a 1: TOF MS ES+
100+ 26.87 _ 27.09;965.7325 BPI
965.7369 | 9.89e3
10.57 2623 27.36
868.5313 965.7285 1965 7325
2747
965.7257
10.26 25.99
884.5317 965,749
25.86
965.7346
N
= 25.70
282.2852
k%
5.56
2236
163.0326 ot
2343
6.31 590.4338
1.02 163.0361
223,350 10.93 1378 1456 i
1.22:223.9627 9546184 4143467 274.2829 277.2139
& s e l 4 Ll & . :
T T T T T T INARART T T T T T T T T T T T T T T T T T T T T T T T T T Time
300 400 500 @ 600 700 = 800 = 900 1000 1100 1200 1300 1400 1500 1600 = 17.00 1800 = 19.00 = 20.00 = 2100 2200 2300 2400 2500 2600 27.00 28.00 20.00  30.00
92| Page
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D: UPLC-TOF-MS chromatogram of the aqueous fraction (TB02)

ESINeg VTOF 98%A2:02%B2 @ 0.4 60C SYNAPTHDMS G1 10-Mar-2015
TBO2 10 March 2015 UPLC #3b 1: TOF MS ES-
BPI
1004 2.98e4
[ Il
557
353.0844
1.01
3411035
6.18 6.65 10.56 28.02
1,50 233.0614 233.0620 p !
191.0148 { 10.25 9125000 197.8053
" \ | ; 9284991} | L ;
C T 1 1 1 1 1 1] 1 1 7 1 1 1 1 1 1 1 T T T T T T T T T T T T T T T T 1 1 . 1 1 T 1 1 1 1 1 T 1 T 1 T T T T T T T T T 1
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 17.00 1800 19.00 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 30.00
TBO2 10 March 2015 UPLC #3a 1: TOF MS ES+
e 1056 _ BPI
868 4987 2.98e4
10.23
884.4989
3&_
10.94
954 5044
557 4
163.0383 26 88
997.6975
096 6.18 8.12 10.05 2237 27.70
138.0500 423—0846}63,0340 884.4977 884.4957 149.0172 247 1616
0 L A | addi o i | 3 Ti
1 T 1 1 1 1 1 T 1 1 1 1 1 T 1 T 1 T T T T T T T T T T T T T T T | T 1 T 1 T 1 1 1 1 1 T 1 T 1 T ime
100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 2100 2200 2300 2400 2500 2600 2700 2800 2900 30.00
93|Page

© University of Pretoria



