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Abstract

Herbal remedies are an important and often-used commodity in developing countries,
such as those in Africa. There is a long-standing belief that these medicinal
preparations are more effective and safe than allopathic medications due to their
natural origins. However, very little information is available to describe the toxicological
nature of African herbal remedies, especially with regards to their hepatotoxic effects,
or ability to alter the pharmacokinetic profiles of other compunds. The aim of this in
vitro study was to assess the hepatotoxic potential of a panel of selected African herbal

remedies, as well as their potential to induce drug-herb interactions.

Crude hot water and methanol extracts were prepared from seventeen African plants
using brewing and ultrasonic maceration techniques, respectively. Phytochemical
screening was done to determine the broad constituency of the extracts using thin
layer chromatography, biochemical reactions and free radical scavenging. Cytotoxicity
against the HepG2 hepatocarcinoma and Caco-2 colon carcinoma cell lines were
determined using the sulfornodamine B staining assay. Acokanthera oppositifolia,
Boophane disticha, Moringa oleifera, Solanum aculeastrum, Tabernaemontana
elegans, Terminalia sericea and Ziziphus mucronata were selected for further
hepatotoxic assessment using a mixture of spectrophotometric, fluorometric,
chemiluminescent and flow cytometric assays. Oxidative stress (reactive oxygen
species, glutathione and lipid peroxidation levels), mitochondrial membrane potential,
fatty acid accumulation and caspase-3/7 activation was assessed using fluorometric
assays, while adenosine triphosphate levels were assessed using a chemiluminescent
assay. The effect of the extracts on cellular kinetics and mode of cell death was
determined using flow cytometric techniques. Drug-herb interactions of the crude
extracts were assessed by measuring their effect on P-glycoprotein activity, nevirapine
permeability and cytochrome P450 (CYP2B6, CYP2D6 and CYP3A4) enzyme activity.

Phytochemical analyses successfully identified the broad constituency and antioxidant
profiles of the crude extracts, which correlated well with that already described in
literature. Phytochemical classes that were most prominent in the majority of extracts

were the alkaloids, flavonoids, glycosides, phenolic acids and saponins. These results
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were used to determine potential contributing factors during the hepatotoxicity and

drug-herb interactions assays.

Thirteen extracts displayed activity against the HepG2 cell line, while twelve were
active against the Caco-2 cell line. Cytotoxicity was in generally more potent against
the Caco-2 cell line, indicating a potential susceptibility of the intestinal tract towards
these herbal remedies. A high risk of cytotoxicity was identified for extracts such as A.
oppositifolia, S. aculeastrum and T. elegans. Further hepatotoxic assessment
indicated that the majority of extracts depolarised the mitochondrial membrane,
however oxidative stress was rarely induced. Steatotic changes were evident as
shown by the increased retention of fatty acids. Cytotoxicity was mostly a mixture of
antiproliferative effects, and worryingly, the induction of necrotic cell death. Although
the methanol extracts tended to be more potent than the hot water extracts, the latter
induced detrimental effects as well, albeit at a higher relative concentration. The most
prominent hepatotoxic effects were observed after exposure to T. elegans, with a half-

maximal inhibitory concentration of 3.07 pg/mL.

Only the methanol extract of S. aculeastrum displayed prominent P-glycoprotein
inhibitory activity (HepG2 = 2.92-fold, Caco-2 = 1.29-fold). Five extracts (hot water
extracts of Burkea africana and Senecio latifolius, and the methanol extracts of
Mundulea sericea, Rauvolfia caffra and Solanum aculeastrum) were selected for
assessment of their ability to modulate nevirapine transport across the Caco-2 cell
line. All five extracts decreased nevirapine efflux, indicating a propensity for increasing
its bioavailability. Due to the lack of P-glycoprotein inhibitory activity from the majority,
it appears that this reduced efflux is not necessarily P-glycoprotein-dependent. Altered
membrane fluidics and inhibition of other membrane transporters are suggested as

potential contributing factors.

The majority of extracts displayed prominent CYP450 inhibitory activity
(CYP3A4>CYP2B6>CYP2D6). Most extracts displayed a higher selectively towards
CYP3A4, which highlights the caution required. More than 50% of drugs currently used
on the market are metabolised by the CYP3A4 isoform, and thus the risk is high when
comparing it to the low concentrations required to elicit an effect. Both extracts of B.
africana, the hot water extract of T. sericea and the methanol extract of Z. mucronata

displayed non-selective inhibition across all three isoforms, indicating a possible

ix|Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

affinity for a structurally-conserved site across CYP450 enzymes. Due to the genetic
makeup of the African populace, which has a significant proportion of CYP450 alleles
displaying reduced or inactived enzyme activity, risk is thus high for attenuating their
metabolic functions. The methanol extract displayed the highest inhibitory activity

against CYP3A4, with a half-maximal inhibitory concentration <1.2 pg/mL.

It is evident throughout the study that there is a high risk of hepatotoxicity or drug-herb
interactions. This is specifically observed when taking into account the low amount of
extract required to reach the inhibitory concentrations determined in vitro. Inhibition of
intestinal P-glycoprotein transporters and CYP450 enzymes appear to be more at risk
than that of the liver. This is one of the few studies delving into the toxicological natures
of African herbal remedies, specifically in light of hepatotoxicity and herb-drug

interactions, and thus serves as a foundation for further assessment.
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Chapter 1

Introduction to herbal remedy usage, and its relevance in
hepatotoxicity and drug-herb interactions

1.1. Literature review

1.1.1. Phytopharmacology and phytotoxicity

As the philosopher Paracelsus stated: “Solely the dose determines that a thing is not
a poison”,! all compounds may elicit toxicity depending on whether a high enough
dosage is administered. Herbal remedies, although widely used for ailments, are often
excluded from this rule by the general public due to a misconception that their ‘natural

origins’ translate to greater safety than their allopathic, synthetic counterparts.?3

Herbal remedies have a significant historical and cultural importance, and thus each
country has introduced their own pharmacopoeia of indigenous medicinal plants.*
Herbal remedy usage increases annually, resulting in greater availability from
pharmacies, health shops, informal markets or online sources.* The clinical
significance, efficacy and safety of these ethnomedicinal preparations is a
controversial strife. An estimated 15% of the world’s plant resources have been
investigated for potential therapeutic use, mostly on an in vitro basis.® In South Africa
it is thought that more than 12% of the 24,000 plant species recognized are used
medicinally for disease alleviation by more than 200,000 traditional healers.®’ It has
been estimated that traditional healers outnumber allopathic doctors by 10 to 1,8
further stressing the importance of medicinal plants in the country. Several reasons
exist for their popularity, such as financial constraints and lack of medical resources,®
as well as the belief that allopathic medications possess more severe adverse effects.®
The latter has exposed a falsity in acceptance that herbal remedies do not pose
serious toxicological threats. Furthermore, herbal remediation is oftentimes justified by
a belief that a whole herbal extract produces synergistic effects compared to isolated
components, and that the mixture presents a buffering against toxicity.'° The latter

statement may hold truth in certain cases, but it may just as well compound toxicity.
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Unfortunately research into this is lacking, and as such it is haphazard statement to

take as fact.

Due to a lack of pharmacological understanding, individuals often over-administer
herbal remedies with subsequent greater risk of adverse effects, or do not disclose
use when receiving further allopathic therapies.* As such, the use of polypharmacy is

increasing, especially between herbal remedies and allopathic medications.*?13

Over- and co-administration of herbal remedies may lead to a plethora of adverse
effects due to, amongst others, their potential to i) elicit inherent damage to cellular
structures, or ii) interact with other compounds introduced in the body either
pharmacokinetically or -dynamically. This may result in direct or indirect organotoxicity.
Literature is scarce in Africa concerning the detrimental effects of herbal remedies on
organ systems, including the liver. Furthermore, very little research has been done to
elucidate the potential for interactions between herbal remedies and allopathic
medications, such as antiretrovirals.'* This is an area of importance due to the
concomitant use of these drugs and herbal remedies during the treatment of diseases

such as acquired immunity deficiency syndrome (AIDS).

1.1.2. Highly-active retroviral therapy

Africa, consisting of developing countries, is afflicted with a range of potentially fatal
communicable diseases, such as malaria and AIDS.'* Human immunodeficiency virus
(HIV) infection progressively debilitates the immune system, with subsequent
progression to AIDS. It is implicated in more than 20 million deaths occur globally due
to uncontrolled infections that cannot be combatted due to immune-suppression.*®

HIV pharmacotherapy is generally administered as highly-active antiretroviral therapy
(HAART), which follows a strict regimen of several antivirals, and requires adequate
control to ensure that an effective reduction of viral load occurs. Therefore it is
imperative that drug concentrations remain consistent for effective treatment, as
alterations in the pharmacokinetic or pharmacodynamic profiles may result in severe
consequences. Typical combinations in HAART comprise of protease inhibitors (e.g.
saquinavir) and nucleoside reverse transcriptase inhibitors (NRTIs; e.g.

azidothymidine), or NRTIs and non-nucleoside reverse transcriptase inhibitors
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(NNRTIs; e.g. nevirapine). Inclusion of drugs with separate mechanisms of action
ensures a multi-targeted attack occurs against viral replication, and thus allows for a

greater viral clearance.®

Nevirapine, an NNRTI readily-available in fixed-dose combinations, is commonly used
in Africa for HIV/AIDS pharmacotherapy and is effective in reducing mother-to-child
transmission of viral particles.1’*® Nevirapine, and most drugs present in HAART,
induces marked hepatotoxicity in patients, such as acute hepatitis with subsequent
risk of mortality.1%2° During absorption, nevirapine undergoes first-pass metabolism
and extensive biotransformation in the liver. It is known to be susceptible to
interactions with drugs that alter P-glycoprotein (P-gp) and hepatic enzyme activity,

and can result in fluctuations of drug plasma concentrations.3:19

As HIV/AIDS is incurable, polypharmacy with complementary and alternative often
occurs due to desperation for disease alleviation. As Africa maintains a rich cultural
belief in traditional therapies, the use of herbal remedies is even more likely during the
HIV/AIDS wasting phase. It is necessary to ascertain the potential of further
aggravating drug-induced hepatotoxicity, either through direct herbal toxicity or
indirectly through fluctuations in drug plasma concentrations. However, pre-clinical
assessment in hepatotoxicity related to herbal remedies in Africa is lacking, and thus
it is imperative to further research this.

1.1.3. Herb-induced liver injury

The liver, as primary site of metabolism, is susceptible to hepatocellular damage
induced by xenobiotics, such as herbal remedies. Metabolic conversion may further
potentiate damage through generation of toxic metabolites from parent compounds.*?
Hepatotoxicity is a large hurdle during drug discovery and development, as numerous
pharmaceutical leads have undergone attrition due to clinically significant alterations
in liver activity.?* In the Westernized world, allopathic medications are proposed as the
most likely candidates for xenobiotic-induced liver injury (regarded as drug-induced
liver injury [DILI]), whereas herbal remedies are thought to be the primary malefactors
(herb-induced liver injury [HILI]) in developing countries, including those in Africa.?223
HILI is common worldwide, though is often not suspected for hepatotoxicity due to an
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assumption of safety?324 and denial of usage by patients.?? Diagnosis of HILI is further
problematic due to a variety of confounding factors, such as complex phytochemical
matrices, dependence on geographic variation, misidentification of plants, microbial
contamination or adulteration with potential toxins.?>2¢ In America?’ and Asia?? it is
estimated that HILI is responsible for approximately 9% and 55% of hepatotoxicity

cases, respectively, albeit these figures may be grossly underestimated.

Although hepatotoxicity is a multi-faceted disorder, several key processes have been
noted to be important in toxicity: generation of reactive oxygen species (ROS),
depletion of endogenous antioxidants (such as reduced glutathione [GSH]), loss of
mitochondrial integrity (such as alterations in mitochondrial membrane potential
[A¥m]) or induction of cell death pathways (either apoptotic or necrotic death)?! by
phytochemicals or their active metabolites. Reduction in hepatocellular viability
ultimately results in clinically significant hepatotoxicity with aggravation of morbidities
and possibly leading to mortality.?! These present in a variety of ways: hepatitis,
cholestasis, drug-induced autoimmunity, lesions, fibrosis, hepatosteatosis, veno-
occlusive disease or hepatic failure.?1?® Hepatotoxicity is generally either induced

through direct or idiosyncratic mechanisms.2°

Literature presents various in vitro or in vivo research, as well as case reports of HILI:
Polygonum multiflorum (fo-ti),>* Piper methysticum (kava),?® Chelidonium majus
(greater celandine),?® Dioscorea bulbifera (air-potato),?®> Symphytum officinale
(comfrey), Atractylis gummifera (kollies) and Sassafras albidum (sassafras).?
Literature is sparse concerning African remedies though, and is often limited to case
reports. In South Africa, reports of hepatotoxicity have been implicated with
administration of Senecio latifolius (noxious ragwort)3° or Callilepis laureola (Impila).?®
High concentrations of the pyrrolizidine alkaloids, senecionine and retrorsine, in S.
latifolius result in veno-occlusive liver disease,3%:3? while atractyloside in C. laureola
results in liver necrosis.?®3! Regardless of known hepatotoxic effects, both these
plants are still used to date for ethnomedicincal practices. Furthermore, these
poisonings are oftentimes only observed after irreversible hepatocellular damage has
occurred.®132 This further reiterates the importance of investigating the potential of

HILI pre-clinically.

4|Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

1.1.4. Herb-drug interactions

Polypharmacy, although having justified benefits in various treatment regimens, also
carry the risk of severe interactions. These can occur at various stages, either
influencing the pharmacokinetic or pharmacodynamic profiles.23 Bioactive constituents
may interact with each other and shift the concentration into a subtherapeutic or toxic
range (Figure 1) and thus decrease efficacy with subsequent treatment failure, or
increase risk of adverse effects.3® Pharmacokinetic herb-drug interactions can occur
at any stage during the absorption, distribution, metabolism and excretion (ADME)
phases (Figure 2).22 Systemically, pharmacokinetics may be affected by a myriad of
factors, such as changes in environmental pH, motility of the gastrointestinal tract,
transporter activity, metabolic conversion or plasma protein concentrations.34-36
Several recommendations have been made for pre-clinical drug-drug or herb-drug
interaction assessment, which includes alterations to i) drug absorption!3, ii) drug
distribution®” and iii) metabolism.*® For absorption and distribution, transporter
functionality (such as P-gp)*® and intestinal efflux}®* are generally measured.
Distribution of drugs may be affected by alterations in plasma protein binding,3” while
hepatic enzyme adjustments could affect metabolic clearance and bioactivation.3®

& Herb-drug >
interaction

+  Therapeutic
Index

Response
3

Subtherapeutic effect

Toxic effect

ED., TDy,
Dosage

Figure 1: The effect that herb-drug interactions may elicit on drug efficacy and toxicity; EDso = dose
that results in an effect in 50% of individuals; TDso = dose that results in toxicity in 50% of individuals.
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Altered absorption and
3 distribution via transporters (e.g.
PGP) and plasma protein binding
leads to irregular bioavailability

and plasma concentrations Altered plasma concentrations

result in reduced efficacy or

Altered metabolism of drugs via
enzymatic conversion (CYP450)
leads to changes in plasma
concentrations

Figure 2: Phases of the pharmacokinetic profile where herbs are capable of inducing drug interactions
(modifed from Markovsky et al.39).

Significant clinical interactions have been widely published for various drug classes:
angiotension-converting enzyme inhibitors and potassium-sparing diuretics
(hyperkalaemia), verapamil and macrolide antibiotics (hypotension), digoxin and
clarithromycin (digoxin toxicity), or warfarin and various drugs (increased bleeding
tendencies).*? Interactions are more likely to be significant when dealing with drugs
displaying narrow therapeutic indices.®” Although the abovementioned cases are
between allopathic medications, the list of drug-herb interactions is ever-increasing:
Citrus paradisi (grapefruit) and halofantrine (increased QT prolongation),*
Harpagophytum procumbens (devil's claw) and anticoagulants (bleeding
tendencies)*> and Hypericum performatum (St. John’s wort) and verapamil
(hypotensive treatment failure).** These studies generally focus on the more
popularised herbal remedies, thus few have detailed those more commonly used in

rural settings, like certain parts of Africa.
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1.2. Aim of the study

The aim of this study was to assess whether or not a panel of herbal remedies have
the potential to display phytotoxicity through in vitro investigation of their i) hepatotoxic
response in a model of hepatotoxicity, and ii) ability to interact with mechanisms of

pharmacokinetic interactions.

1.3. Objectives
The main objectives of the study were to:

1.3.1. Determine the in vitro hepatotoxic potential of selected crude extracts by
addressing several key hepatotoxic parameters.

1.3.2. Determine the in vitro potential of selected crude extracts to induce drug-herb
interactions through measurement P-gp activity, nevirapine efflux and CYP450

activity.
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Chapter 2

Extraction and crude phytochemical screening of herbal remedies

2.1. Literature review

2.1.1. Extraction of herbal remedies

Herbal remedies are used in high frequency by the populace in developing countries,
especially in the rural setting. Use in developed countries is increasing as well.
Traditional healers, even within the same location, compile their own pharmacopeias
of medicinal plants with specific uses attributed to each part.#* This ultimately makes
it difficult to accurately establish a database of medicinal uses and dosages, as most

differ in their methods of preparation and administration.

Typically aqueous or alcoholic liquids are used by traditional healers due to the lack
of accessibility to lipophilic solvents.> Validation of ethnomedicinal claims would
require that extraction procedures mimic that of traditional healers as closely as
possible, such as the preparation of decoctions, infusions or teas. Although these
methods are more typical in a traditional setting, industries have access to higher
quality instrumentation and reagents and thus often use different methods of
pharmaceutical extraction, such as alcoholic extraction.*®> Apart from infusion or
decoction preparations, other extractions are used including vapour inhalation,

enemas, douches, eye drops or poultices.*

When assessing herbal remedies for bioactivity, numerous factors need to be taken
into account to ensure accurate interpretation. Although traditional healers have
ascribed certain ethnomedicinal uses to different herbal remedies and their respective
parts, bioactivity might not be apparent during in vitro assays for several different
reasons: i) incorrect collection, storage or preparation methods, ii) combinations may
be required, iii) their use may be for downstream symptoms of the disease, iv)
bioactivation of phytochemicals may be required, or v) geographical and seasonal
variation of the plant leading to fluctuations in phytochemical levels.*¢ Understandably,

this would also reflect in the phytotoxicity profile of the herbal remedies.
8|Page
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The National Cancer Institute (NCI) states that plant screening protocols for crude
extracts define an upper limit for activity at 30 pg/mL, and although this is often taken
with regards to cytotoxicity and anticancer activity,*’ this can be extrapolated to other
areas as well. It is important to note that this is merely an empirical level to measure
a cut-off of activity. Thus with respect to all assays performed, the potential to inflict

bioactivity was set at ~30 ug/mL for all assays.

2.1.2. Phytochemical matrices and allelochemicals

Plants synthesize a diverse range of secondary metabolites (=100 000), which are
generally stored at high concentrations (1 — 3% dry weight) in different cellular
systems. These vary from nitrogen-containing or deficient molecules, creating a
complex array of phytochemicals that can exist in different species and genera of
plants. Furthermore, within the same species the phytochemical matrix may appear in
different ratios depending on geographical variation.*®4° As plants do not possess the
typical panel of anti-predatory defence mechanisms that animals do, these secondary
metabolites enable them to survive against harsh environmental stressors and

predation from insects, herbivores and others.4849

Allelochemicals are defined as chemicals, such as secondary metabolites, that are
able to exert bioactivity in other organisms than the synthesising host. Subsequently
these may elicit a positive or negative allelochemical effect by alleviating disease
states or inducing toxicity, respectively.*® It has long been known that some animals
frequently employ plants to help protect them or treat ilinesses, but can easily result in
toxicity as well.*® Extracts containing secondary metabolites can be used in various

areas of biotechnology such as flavourants, medicines and perfumes (Figure 3).%®

2.1.3. Phytochemical classes

As stated earlier there are thousands of secondary metabolites. These are generally
grouped based on their biosynthetic origin: terpenoids, alkaloids and

phenylpropanoids (and associated phenolics).5052
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Phytotherapy

Extracts

containing secondary
metabolites

Stimulants Organism
and poisons and
hallucinogens pesticides

Figure 3: Uses of extracts (adapated from Wink?*3).

2.1.3.1. Alkaloids

Although too simplistic a definition to encompass the vastness of its groups, alkaloids
are nitrogen-containing components that generally present with pharmacological
activity, and are biosynthesised from amino acid sources.>%%! Alkaloids perform an
ecochemical function in plants, and as such prevent predation.>! This can be seen in

the potent physiological alterations that they induce in organisms.%°

Alkaloids, such as the benzylisoquinoline- (morphine) and tropane-types (atropine),
are routinely used in medicine, though it is well-known that they all elicit severe toxicity
if misused. Notable poisons throughout the ages have been identified as alkaloidal in
nature.5! Pyrrolizidine alkaloids, often found in Asteraceae family are highly toxic to
mammals, especially when biotransformed by the CYP450 enzyme system®° to
pyrrolic esters.®! Several are well-known hepatotoxins.>* Steroidal glycoalkaloids,
such as those present in the Solanaceae family, have been linked to several adverse
effects and poisonings, such as haemolysis and cytolysis, cardiomyopathy and
neuropathy.®! Steroidal glycoalkaloids may cause necrotic cell death with
inflammatory responses.®! a-Solanine, for example, is thought to be involved in the

teratogenicity induced after ingestion of sprouting potatoes.>°
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2.1.3.2. Phenolic acids and flavonoids

Phenolic compounds are aromatic metabolites that contain, or previously contained,
acidic hydrophilic groups attached to the aromatic arene.*® Synthesis occurs through
the shikimic acid or malonate/acetate pathway.®®© These compounds are often
conjugated to sugars and other chemical moieties.>* The group is typically divided into
flavonoid and non-flavonoid entities.® Flavonoids are diverse polyphenolic
compounds that include anthocyanins, proanthocyanidins/condensed tannins and
isoflavonoids. Phenolic compounds typically act as feeding deterrents, defensive

agents, structural support and signalling molecules.>°

Polyphenolic compounds are well-known antioxidant compounds.>? These are
molecules that assist in the reduction of oxidative sources or free radicals that may
deteriorate physiological systems.>%53 It is important to note that free radicals, in
homeostatic levels, function as important signalling molecules and do not always
induce detriments, unless at high levels.>* Antioxidants have important functions to
ensure that free radicals do not overburden the system, and as such induce a state
known as oxidative stress. During this state, endogenous antioxidants may not be able
to attenuate the production of pro-oxidants, and thus attack on biological systems,
such as proteins, lipids and nucleic acids may occur.%?°3 Thus the need for exogenous
antioxidant supplementation may be required.>® Under specific conditions,

polyphenols may shift to pro-oxidant activities and induce production of free radicals.>?

Coumarins are phenolic compounds®%%° that are widespread in the plant kingdom.5° It
is thought to act as defensive molecules against predation and microbial
contamination.>® Many coumarins and/or their metabolites may result in toxicities such
as bleeding (dicoumarol) or dermatitis (psoralen),°5 which are considered

undesirable.5?

2.1.3.3. Terpenoids

Terpenoids, also known as terpenes or isoprenoids, form due to repetitive assimilation
of branched Cs-units (referred to as isoprene units), of which the primary precursors
are isopentenyl diphosphate and dimethylallyl pyrophosphate.>® Terpenoid moieties

are commonly found in other secondary metabolite classes.*5! Terpenoids are
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classified according to the number of isoprene units: monoterpenes (Cio),
sesquiterpenes (Cis), diterpenes (Czo), triterpenes (Cso), tetraterpenes (Caso) and

polyterpenes (Csa0).50:5?

Monoterpenes are well-known volatile constituents of essential oils, and are often used
in perfumes and flavourants.>® Sesquiterpenes are also found in essential oils, and
often act as phytoalexins.>® Diterpenes act as plant hormones, resins and
phytoalexins, though are well-known pharmacologically-active compounds as well,
such as taxol (anticancer) and forskolin (anti-glaucoma).>° Ubiquinone is a polyterpene

that acts as an electron carrier and is important in energy production. 505

Saponins are oxygenated triterpenoid glycosidic structures that have detergent-like
properties®® and cause foaming in aqueous solutions.>* These compounds present
with toxicity towards various organisms, including vertebrates,®® and may result in
disruption of membranes with subsequent cytolysis.>! This is due to its surface-active
properties related to its polar (sugar) and non-polar (steroid or triterpenoid) moieties
that allow for binding to phospholipids, membrane proteins and cholesterol.%®

2.1.4. Panel of herbal remedies chosen for this study

The selection of plants for this study was done based on their popularity and
ethnomedicinal uses (Table 1, Figure 4). Furthermore, most of their uses fall within the
scope of symptoms that could present during the wasting phase of HIV/AIDS, including

wounds, microbial infections and other factors that would reduce feelings of well-being.

2.1.5. Aim of extraction and phytochemical screening

The aim of the extract and phytochemical screening was to prepare crude extracts of
seventeen herbal remedies, as well as to determine some phytochemical parameters.

The objectives were to:

¢ |dentify phytochemical classes in crude extracts.
e Determine flavonoid, phenolic and saponin content of crude extracts.

e Determine of antioxidant activity of crude extracts.
12| Page
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Table 1: Plants investigated in this study, including ethnomedicinal use and botanical information.

Family Plant Vernacular Part Voucher Ethnomedicinal use
number
Boophane disticha (L.f.) Poison bulb (E) . . -
Herb. Ibhade (2) Bulbs SANBI gift Wounds, rheumatism and pain
Crinum bulbispermum Orange river lily (E)
Amaryllidaceae | (Burm.f.) Milne-Redhead & 9 y Roots SANBI gift | Aching joints, wounds, kidney and bladder infections®
. Umnduze (Z)
Schweickererdt
Scadoxus puniceus (L.) Snake lily (E) . . . 7
| Eriis & | Nordal Umgola (2) Bulbs SANBI gift Coughs, gastrointestinal problems
. Karee (E) . m
Anacardiaceae Rhus lancea L. Hlokoshiyne (2) Leaves SANBI gift Papules, pustules, coughs
Acokanthera oppositifolia E_;ushman s poison (E) Root-bark LTO0019 Pain, snake bites, anthrax and parasitic infections®®
(Lam.) Codd inHlungunyembe (Z)
) Quinine tree (E) . . "
Apocynaceae Rauvolfia caffra Sond. umKhadluvungu (2) Bark LTOO07 Epilepsy, eye sickness
Tabemaemontana elegans Toad tree (E) Roots NH1920 Tuberculosis, wounds, venereal diseases*
Stapf umKhadlu (Z)
Callilepis laureola DC. Ox-eye_da|sy (E) Tubers Mai Mal Emetic, vermifuge, cough remedy3!
Impila (Z) market
Asteraceae Noxious ragwort (E)
Senecio latifolius DC. g Stems ovc Wounds, burns, abortifacient®?
lyeza lasekhaya (X)
Terminalia sericea (Roxb.) Silver cluster-leaf (E) Roots and . 4
Combretaceae Wight & Arn. amaNgwe-amhlope (2) leaves NH1878 Diarrhoea, gonorrhoea
Burkea africana Hook Wild syringa (E) Bark LT0015 Heavy menstruation, abdominal pain, inflammation®
Fabaceae Mundulea sericea (Willd.) Cork bush (E) - 60
A Chev. umsindandlovu (2) Roots LT0025 Pregnancy tonic
Lamiaceae Leonatis leonurus (L.) R.Br. WI'E\?O?/%Q?X()E) Leaves SANBI gift Tuberculosis, bronchitis, flutt
Moringaceae Moringa oleifera Lam. Horseradish tree (E) Leaves Umversﬂy Diabetes, inflammation, m.'”gzb'a' infections, wound
of Pretoria healing
Piperaceae Piper capense L.f Wild pepper (E) Root-bark LTO016 Anthelmintic®3
. . Buffalo thorn (E) : 64
Rhamnaceae Ziziphus mucronata Willd. umPhafa (X) Roots NH1809 Pain, coughs, dysentery, lumbago
Solanaceae Solanum aculeastrum Soda nightshade (E) Fruits LTOO017 Breast cancer, jigger wounds and gonorrhoea®®
Dunal ltunga (X)

SANBI — South African National Botanical Institute, OVC — Onderstepoort Veterinary Campus, Pretoria; E — English, X — Xhosa, Z - Zulu
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Figure 4: Plants investigated during the study. A) A. oppositifolia,®® B) B. disticha,®” C) B. africana,®® D).C. laureola,®® E) C. bulbispermum,” F) L. leonurus,”
G) M. olefeira,”? H) M. sericea,”® I) P. capense,’ J) R. caffra,”® K) R. lancea,’® L) S. puniceus,’”” M) S. latifolius,”® N) S. aculeastrum,” O) T. elegans, 8 P) T.
sericea®! and Q) Z. mucronata®?
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2.2. Materials and Methods

Ethical approval to carry out this study was obtained from the University of Pretoria
Research Ethics Committee (276/2013, Appendix Il). A detailed list of all reagents
used in the study, as well as the preparation thereof, is provided (Appendix I11).

2.2.1. Preparation of crude extracts

2.2.1.1. Collection and preparation of plant material

Plant material (parts provided in Table 1) was either collected in the wild by Mr
Lawrence Tshikudo (LT) or Dr Norbert Hahn (NH), provided by the South African
National Botanical Institute (SANBI) or provided by Prof ES du Toit from the
Department of Plant Production and Soil Science (University of Pretoria). Plant
material was cleaned, air-dried at ambient temperature, finely ground (YellowLine
Grinder, Merck) and stored in air-tight, amber bottles. Voucher specimens are stored
at the Department of Toxicology (Onderstepoort Veterinary Institute, Pretoria, South
Africa) and Soutpansbergensis Herbarium (Makado) for those noted with LT and NH,

respectively.

2.2.1.2. Crude extraction of plant material

2.2.1.2.1. Hot water extraction

Hot water extracts were prepared by soaking 10 g plant material in 100 mL boiling
distilled water. Extracts were stirred for 15 min to simulate the brewing of tea, and

allowed to cool to room temperature.

2.2.1.2.2. Methanol extraction

Methanol extracts were prepared by sonicating (Bransonic 52, Branson Cleaning
Equipment Co.) 10 g plant material in 100 mL absolute methanol for 30 min, after
which it was agitated for 2 h and incubated for 16 h at 4°C. Methanol was decanted
and replenished, the process repeated thrice from agitation and the supernatants

pooled.
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2.2.1.2.3. Extract concentration

All extracts were centrifuged (1000g, 5 min) and filtered (0.22 um). Extracts were
concentrated through lyophilization (Freezone® Freeze Dry System, Labconco) or
rotary-evaporation (Biichi Rotovapor R-200, Buchi) for hot water and methanol
extracts, respectively. Methanol extracts were further reconstituted in distilled water
completely and lyophilized to yield a dry mass for storage. Extraction yields were
determined gravimetrically. Aliquots of 25 mg/mL (dry extract weight/volume) were
prepared in dimethyl sulfoxide (DMSO) or phosphate-buffered saline (PBS) for
methanol and hot water extracts, respectively. The latter were filter-sterilised (0.22 um)

and aliquots stored at -80°C.

2.2.2. Phytochemical screening
2.2.2.1.

Crude phytochemical classes were identified using thin-layer chromatography (TLC)

Thin layer chromatography

with various mobile phases and spray reagents (Table 2). TLC silica gel F254
aluminium-backed plates were loaded with 10 pg crude extract (diluted with methanol)
or respective positive controls, allowed to develop in saturated TLC chambers and
visualised under short-wave (254 nm) and long-wave (366 nm) ultraviolet light before

and after spraying with respective spray reagents.

Table 2: TLC parameters used for identification of crude extracts, as obtained from Bolliger et al.83

Phytzf;sesmlcal Mobile phase Spray reagent Positive control
Alkaloids ChIoroform:Met'har?ol:Form|c acid Dragendorff’s Galanthamine
(25:70:5) reagent
Anthrones - ) 5% methanolic -
Athraguinones Distilled vE/f.tzecr).)MethanoI potassium -
Coumarins ' hydroxide Dicoumarol
. Chloroform:Acetone:Formic acid 1% Aluminium .
Flavonoids (60:60:10) trichloride Rutin
. Chloroform:Methanol:Formic acid 20% antimony C
Glycosides (188:12:1) trichloride Digoxigenin
Phenolic acids Chloroform:Acetone:Formic acid Folin-Ciocalteau Gallic acid
(60:60:10) reagent
) I 1% vanillin (in
Saponins ChIoroform.M(<a8t(r)1.a1r12(.)zlg.;:)|stllled water sulphuric Diosgenin
T acid:ethanol 4:1)
Tannins Chloroform:Acetone:Formic acid 1% methanolic Catechin
(60:60:10) vanillin
5 —
. Chloroform:Methanol:Formic acid 1% vanllllr_1 (in . .
Terpenoids (188:12:1) sulphuric Oleonolic acid
T acid:ethanol 4:1)

© University of Pretoria
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2.2.2.2. Total flavonoid content

The aluminium trichloride assay was used to determine the total flavonoid content of
the crude extracts as described by Dewanto et al.8 Rutin hydrochloride was used to
prepare a standard curve of O to 100 pg/mL in reaction. Into a 96-well plate was
pipetted: 20 pL rutin (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 mg/mL) or crude
extracts (1 mg/mL), followed by 60 pL sodium nitrate solution (1.25% wi/v), 60 pL
aluminum trichloride solution (0.4% wi/v) and 60 pL sodium hydroxide solution (1 M).
Absorbance was measured at 765 nm (ELx800 Universal Microplate Reader, Bio-Tek
Instruments, Inc.) and results expressed as rutin equivalents (RE mg/g extract) as

determined by the following equation:

cCXV
RE =

m
where, ¢ = concentration obtained from standard curve (in mg/mL); v = volume of

extract in assay (in mL); and m = mass of extract in assay (in g).

2.2.2.3. Total phenolic content

The Folin-Ciocalteau assay was used to determine the total phenolic content of the
crude extracts as described by Slinkard and Singleton.?®> Gallic acid was used to
prepare a standard curve of O to 100 pg/mL in reaction. Into a 96-well plate was
pipetted: 20 yL gallic acid (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 mg/mL) or
crude extracts (1 mg/mL), 90 uL Folin-Ciocalteau reagent (10% v/v) and after 8 min
incubation 90 pL sodium carbonate solution (7% wi/v). Plates were incubated for 1 h
in the dark and the absorbance measured at 765 nm (ELx800 Universal Microplate
Reader, Bio-Tek Instruments, Inc.). Results are expressed as gallic acid equivalents

(GAE mg/g extract) as determined by the equation in Section 2.1.2.2.

2.2.2.4. Total saponin content

The vanillin-sulphuric assay was used to determine the total saponin content of the
crude extracts as described by Makkar et al.>¢ Diosgenin was used to prepare a
standard curve of 0 to 100 ug/mL in reaction. Into a 96-well plate was pipetted: 20 pyL
diosgenin (0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1 mg/mL) or crude extracts
(2 mg/mL), followed by 20 pL ethanolic vanillin (250 mg/mL) and 160 pL aqueous
sulphuric acid (75%). Plates were incubated for 10 min at 50°C, after which it was

cooled to room temperature in the dark. Absorbance was measured at 570 nm and
17 |Page
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results expressed as diosgenin equivalents (DE mg/g extract) as determined by the

equation in Section 2.1.2.2.

2.2.25. 2,2’-azinobis-(3-ethyl benzothiazoline 6-sulfonic acid) radical
scavenging assay

The ABTS** scavenging assay was used to determine the antioxidant activity of the
crude extracts.®6 ABTS** (7.46 mM) was prepared in distilled water and oxidized using
2.5 mM potassium peroxidisulfate at 4°C for 16 h. The oxidized solution was diluted
with distilled water to an absorbance of 0.70 £ 0.02 at 734 nm (Lambda UV/VIS
Spectrophotometer, Perkin Elmer). Trolox was used to prepare a standard curve of O
to 10 yg/mL in reaction. Into a 96-well plate was pipetted: 20 pyL Trolox (dilutions of
0.1 mg/mL), crude extracts (half-log dilutions of 1 mg/mL) or various known
antioxidants (half-log dilutions of 1 mg/mL) followed by 180 yL ABTS**. Absorbance
was measured at 405 nm after 15 min incubation in the dark. Results are expressed
as the half-maximal inhibitory concentration (ICso) and Trolox equivalents (TE) as
determined by the following equation:

B slope(T)
~ slope(S)

where, slope(T) = slope of Trolox standard curve; slope(S) = slope of sample curve.

2.2.3. Statistics

All experiments were performed using at least three technical and biological replicates.
Results were compiled using Microsoft Excel 2010 (Microsoft) and analysed
statistically using GraphPad Prism 5.0 (GraphPad Software). All results are expressed
as the mean * the standard error of the mean (SEM). The ICso was determined through
non-linear regression (normalized variable slope). TE was calculated through linear
regression and expressed as the ratio of the sample slope to the Trolox slope.

Phenolic, flavonoid and saponin content was interpolated from a standard curve.

18| Page
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2.3. Results

2.3.1. Extraction yields

The majority of extracts displayed a higher extraction yield with methanol as solvent
(Table 3), except for the extracts of B. disticha, C. bulbispermum, L. leonurus, R.
lancea and T. elegans. High extraction yields were noted for the methanol extract of
B. africana, M. sericea and S. aculeastrum, as well as both extracts of C. laureola and

M. oleifera.

Table 3: Extraction yields of crude hot water and methanol extracts of plants investigated.

Plant Hot water extracts (%) Methanol extracts (%)
A. oppositifolia 6.1 8.1
B. disticha 15.5 9.5
B. africana 15.9 32.4
C. laureola 23.0 26.6
C. bulbispermum 6.7 6.4
L. leonurus 13.0 12.0
M. oleifera 22.6 26.1
M. sericea 4.8 24.5
P. capense 4.8 8.7
R. caffra 5.9 6.7
R. lancea 7.5 5.6
S. puniceus 15 5.5
S. latifolius 9.0 21.8
S. aculeastrum 13.8 19.5
T. elegans 10.9 7.4
T. sericea 7.6 13.3
Z. mucronata 4.8 6.8

2.3.2. Phytochemical screening

Qualitative TLC-based visualisation was employed to identify phytochemical classes
in crude extracts. Alkaloids, anthrones, flavonoids, glycosides, phenolic acids and
saponins were present in most of the extracts, while anthroquinones, coumarins,

tannins and terpenoids were absent from the majority of extracts (Table 4).

Quantitative analyses were performed to determine the relative abundance of
flavonoids, phenolic acids and saponins in crude extracts (Table 5, Figures 5 - 7). It
should be noted that these contents are expressed relative to that of a standard, and

thus is a representative value and not a true quantitation. It is therefore possible for
19| Page
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extracts to contain greater phytochemical content where cumulative potency exceeds
that of the standard. High variability was apparent for the total saponin content assay.
In the majority of cases the methanol extract possessed a greater flavonoid, phenolic
acid and saponin content than the hot water extract, but exceptions did exist for the i)
flavonoid content of L. leonurus, ii) phenolic content of A. oppositifiolia and L. leonurus,
and iii) saponin content of B. disticha, C. laureola, P. capense and R. lancea. Although
all extracts displayed a measurable phenolic content at 100 pg/mL, both extracts of B.
disticha, C. laureola, C. bulpispermum, P. capense, S. puniceus and T. elegans, as
well as the hot water extract of M. sericea and R. lancea did not possess a high enough
flavonoid content to be determined. This was also true for the saponin content of both
extracts of S. puniceus, as well as the hot water extract of M. oleifera and T. sericea.
Overall, B. africana, T. sericea and Z. mucronata possessed the highest quantities of
the three phytochemicals tested. The greatest flavonoid content was found in B.
africana, followed by Z. mucronata and T. sericea. Phenolic content was highest in T.
sericea, followed by B. africana and Z. mucronata. Z. mucronata possessed the
highest saponin content, followed by B. africana and T. sericea. Interestingly enough,

the hot water extract of T. sericea did not possess any determinable saponin content.

2.3.3. Antioxidant activity

The antioxidant activity of the crude extracts was determined as a measure of their
ABTS** scavenging abilities. Both the ICso and TE of the crude extracts were
determined, as well as a panel of known antioxidant standards for comparison (Table
6, Figure 8). All comparisons were made with regards to the slope of Trolox, which
was taken as the comparative standard — thus TE<1 is weaker than Trolox, while a
value >1 displays higher antioxidant activity. In all cases, except for A. oppositifolia, B.
disticha and L. leonurus, the methanol extract displayed higher antioxidant activity

than the hot water extract.
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Table 4: Phytochemical classes detected in crude extracts using TLC screening.

© University of Pretoria

Plant Extract Alkaloids Anthrones A’.“h“" Coumarins Flavonoids | Glycosides PhenO“C Saponins Tannins Terpenoids
quinones acids
A. oppositifolia Hot water X X X X X X
Methanol X X X X X X
L Hot water X X X
B. disticha Methanol X X X X X X
B. africana Hot water X X X X X X X
Methanol X X X X X X X
C. laureola Hot water X X X X
Methanol X X X X
C. bulbi Hot water X X
- DUTDISpEIMUM e thanol X X X X X X X
L. leonurus Hot water X X X X
Methanol X X X X X X X X X
M. oleifera Hot water X X X X
Methanol X X X X X X X
M. sericea Hot water X X X
Methanol X X X X X X
P. capense Hot water X X X
Methanol X X X
R. caffra Hot water X X X X X X X X
Methanol X X X X X X X X
R Hot water X X X X X
-lancea Methanol X X X X X X X
S. puniceus Hot water X X X
Methanol X X X X
S latifolius Hot water X X X X X X
Methanol X X X X X
S. aculeastrum Hot water X X X X X X X
Methanol X X X X X X X
T. elegans Hot water X X X X X
Methanol X X X X X X X
T sericea Hot water X X X X X
Methanol X X X X X
7 mucronata Hot water X X X X X X
Methanol X X X X X X X
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Table 5: Quantitative analyses (n = 9) of flavonoids, phenolic acids and saponins in crude extracts.

Plant Extract Flavonoids Phenolic acids Saponins
(RE mg/g extract) | (GAE mg/g extract) | (DE mg/g extract)
A. oppositifolia Hot water 130.32 +7.84 46.27 + 1.63 21.09 + 31.76
Methanol 167.34 + 8.66 40.48 + 0.99 167.81+14.2
B disticha Hot water Negl?g?ble 14.99 £ 0.19 41.58 + 136.87
) Methanol Negligible 15.56 +1.18 0.61 + 67.04
B africana Hot water 805.11 +12.14 481.30 + 13.20 2704.42 + 378.63
' Methanol 1350.01 + 15.76 624.33 £ 8.30 4877.51 + 616.21
C. laureola Hot water Negl?g?ble 13.55+0.42 69.82 + 67.94
Methanol Negligible 12.61 £ 0.27 37.70 + 32.03
C. bulbispermum Hot water Negl?g?ble 16.59 + 0.77 11.13 +£139.29
Methanol Negligible 16.36 £ 0.73 33.27 £94.86
L leonurus Hot water 70.13+4.11 33.98+1.34 107.46 + 32.17
Methanol 50.75 + 3.38 30.16 + 0.50 291.83 + 60.01
M. oleifera Hot water 12.35+3.37 25.43 +0.42 Negligible
) Methanol 36.57 +7.29 27.00+1.44 98.61 + 26.81
M. sericea Hot water Negligible 18.34 £ 0.71 282.97 +131.09
) Methanol 11.31 +3.71 29.41 +1.48 756.90 £ 63.13
P. capense Hot water Negligible 8.37 £ 0.29 22.76 + 82.60
) Methanol Negligible 12.02 £ 0.45 0.06 + 124.61
R caffra Hot water 61.27 + 5.64 39.25+0.45 499.45 + 131.28
) Methanol 94.34 +5.84 49.10+1.13 769.08 + 107.31
R. lancea Hot water Negligible 24.48 +1.38 114.66 + 45.83
) Methanol 5.78 £ 3.34 34.54 +0.44 104.14 + 65.66
S. puniceus Hot water Negligible 11.34 £ 0.76 Negligible
' Methanol Negligible 22.03+1.34 Negligible
S, latifolius Hot water 474+ 231 19.33+0.29 2.27 + 33.34
' Methanol 29.65 + 8.38 23.80+1.13 163.38 + 18.56
S. aculeastrum Hot water 5.08 + 3.38 25.64 + 0.59 58.19 + 59.60
' Methanol 233.42 £8.29 48.58 + 1.44 277.99 £ 119.24
T. elegans Hot water Negligible 17.11 +3.15 91.41 +131.29
' Methanol Negligible 23.42 + 3.55 177.22 + 150.92
T sericea Hot water 363.55 + 5.09 837.94 + 25.66 Negligible
' Methanol 799.47 £56.7 2840.44 + 39.99 1467.69 + 257.32
7 mucronata Hot water 306.92 +11.13 239.78 £12.32 2296.10 + 246.28
) Methanol 994.53 + 37.24 438.09 + 16.38 4934.60 + 404.65

Negligible levels refer to values that fall outside of the calibration curve, and could thus not be quantified.
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Figure 5: Total flavonoid content of crude extracts, arranged by increasing relative abundance. HW —

hot water extract; MeOH — methanol extract.

Figure 6: Total phenolic content of crude extracts, arranged by increasing relative abundance. HW —

hot water extract; MeOH — methanol extract.
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Figure 7: Total saponin content of crude extracts, arranged by increasing relative abundance. HW —
100-

hot water extract; MeOH — methanol extract.
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Figure 8: Antioxidant activity, expressed as the ICso, of the crude extracts arranged from strongest to
weakest activity (black dashed line represents the active threshold). Antioxidant activity at 100 pg/mL

represents a value >100 pg/mL. HW — hot water extract; MeOH — methanol extract.
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Table 6: ABTS* scavenging activity of crude extracts and standards.

Plant Extract ICs0 £ SEM (ug/mL) TE £ SEM (ratio)
A. oppositifolia Hot water 16.17 + 1.03 0.15+0.00
Methanol 26.39 +1.02 0.11 +0.00
B. disticha Hot water 4454 +1.02 0.05+0.00
' Methanol 69.85+1.03 0.04 + 0.00
B. africana Hot water 3.86 + 1.05 0.56 + 0.01
' Methanol 290+ 1.06 0.58 + 0.03
C. laureola Hot water 56.71 + 1.03 0.05+0.00
) Methanol 47.71 +£1.03 0.05+0.00
C. bulbispermum Hot water >100 0.02 + 0.00
) Methanol >100 0.02 + 0.00
L leonurus Hot water 22.24 +1.02 0.12 £ 0.00
' Methanol 26.64 +1.02 0.11 +0.00
M. oleifera Hot water 27.38 £ 1.05 0.11 £0.01
' Methanol 24.82 +1.03 0.12 + 0.00
M. sericea Hot water 55.14 £ 1.03 0.05 £ 0.00
) Methanol 26.72+1.14 0.12+0.01
P. capense Hot water >100 0.02 £ 0.00
) Methanol >100 0.03 +0.00
R. caffra Hot water 12.52 +1.03 0.24 +0.01
) Methanol 9.82 +1.05 0.29+0.01
R. lancea Hot water 24.24 +1.03 0.12 +0.00
' Methanol 20.50+1.03 0.13 +0.00
S. puniceus Hot water >100 0.02 £ 0.00
) Methanol >100 0.02 + 0.00
S latifolius Hot water 42.98 + 1.03 0.06 £ 0.00
' Methanol 35.83+1.03 0.06 + 0.00
S aculeastrum Hot water 33.89£1.04 0.09 £ 0.00
' Methanol 19.58 + 1.03 0.13 +0.00
T. elegans Hot water 60.68 £ 1.08 0.06 £ 0.01
Methanol 21.02 +£1.03 0.13+0.00
T. sericea Hot water 7.12+1.04 0.43+0.01
) Methanol 1.50+1.04 1.54 + 0.05
7 mucronata Hot water 6.46 + 1.04 0.44 +0.01
) Methanol 3.20+ 1.06 0.56 + 0.02
Ascorbic acid 2.80+1.03 1.19+0.04
Caffeic acid 2.04 +£1.03 1.30 £ 0.04
Catechin 1.02+1.02 3.18 + 0.08
p-Coumaric acid 1.83+1.04 2.36+0.11
Curcumin 4.49 + 1.05 0.84 + 0.03
Antioxidant standards Feru!ic agid 1.11+1.04 3.00 + 0.08
Galllic acid 0.61 +1.03 4.08 +0.10
Quercetin 0.92+1.03 3.79+0.14
Rutin 8.67 + 1.04 0.35+0.02
Sinapic acid 2.17+1.04 1.08 £ 0.04
Syringic acid 2.08 +1.03 2.31+0.08
Tannic acid 1.42+1.04 2.35+0.08
Trolox 2.73+1.01 1.00+0.01

Only two antioxidant standards did not match or exceed the activity of Trolox, namely
curcumin (TE 0.85) and rutin (TE 0.35). The only crude extract to display higher activity
than Trolox was the methanol extract of T. sericea with a TE of 1.57. Nineteen extracts,

which comprise of hot water and methanol extracts of eight plants (A. oppositifolia, B.
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africana, L. leonurus, M. oleifera, R. caffra, R. lancea, T. sericea and Z. mucronata),
as well as the methanol extracts of M. sericea, S. aculeastrum and T. elegans
displayed high antioxidant activity, albeit not as potent as Trolox. The most potent
antioxidant activity was displayed by the methanol extract of T. sericea (1.5 pg/mL),

both extracts of B. africana (3 — 4 pg/mL), and Z. mucronata (3 — 6 pg/mL).

2.4. Discussion

Although crude screening does not identify specific phytochemicals, it does lead to a
broad indication of the groups that are present within an extract. Phytochemical
classes have specific characteristics ascribed to them, and thus it is possible to make
inferences based on bioactivity observed. An antioxidant 1Cso of 30 pg/mL was
selected as a noteworthy cut-off point for bioactivity,*” while <100 mg/g, 100-500 mg/g
and >500 mg/g was selected as cut-off points for low, moderate and high content,
respectively. The latter three ranges were selected as a representative zone of activity
based on experimentation. As observed from the total saponin content, large variation
was found, which may indicate the relative non-selectivity of the vanillin-sulphuric acid
method. Due to the diverse selection of plants, discussion is done based upon family
groupings. Although direct phytochemical detection was not done, inferences are
made based on phytochemical literature available, and correlating this to the
phytochemical screening performed in the project.

2.4.1. Amaryllidaceae

Research in plants from the Amaryllidaceae-family are generally focussed on the
range of isoquinoline alkaloids specific to the family (colloquially known as the
Amaryllidaceae-type alkaloids).8” These have been described as being neuro- and
cardioactive, as well as highly toxic.®® These alkaloids are largely classified into three

groups: the lycorane-, galanthamine- and crinane-types.88

Both crude extracts of B. disticha (Figure 4B) were found to contain anthrones and

phenolic acids, while only the hot water extract tested positive for saponins, and the
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methanol extract for alkaloids, coumarins, glycosides and terpenoids (Table 4).
Flavonoid content was considered negligible, while low levels of phenolic acids were
detected, as well as low of saponins in the hot water extract, and negligible
concentrations in the methanol extract (Table 5). It has been estimated that the fresh
bulb contains up to 0.31% alkaloids.?” Twelve alkaloids have been isolated from the
bulbs, including buphenadrine (the major constituent and toxin),2”-# undulatin,
buphanisine, buphanamine, nerbowdine, crinine, distichamine, crinamidine,
acetylnerbowdine, lycorine and buphacetine,®” and recently 6a-hydroxycrinamine.®?
Distichamine, acetylnerbowdine and buphacetine appear to be specific to B. disticha.®
Antioxidant activity, which is correlated to phenolic and flavonoid content,>® was not
seen as highly active (Table 6), and is supported by the low content screening and
literature (ABTS** ICs0>125 pg/mL).%° Other organic compounds that have been
isolated include furfuraldehyde, acetovannilone, chelidonic acid, laevulose,

pentatriacontane, phytosterols, ipuranol and fatty acids.®!

C. bulbispermum (Figure 4E) crude extracts were found to contain phenolic acids
(albeit low levels) and saponins (more concentrated in the methanol extract), however
in the methanol extract alkaloids, anthrones, coumarins, glycosides and terpenoids
were identified (Tables 4 and 5). Flavonoid content was considered negligible for both
extracts (Table 5). C. bulbispermum contains Amaryllidaceae-type alkaloids: crinine,®?
powelline, lycorine,5”92 crinamine, bulbispermine, acetylcaranine, ambelline,
crinasiadine, crinasiatine, galanthamine, heppeastrine,®” norbelladine,®?> 11,12-
dehydrolycorine, trishaeridine, vittatine, crinane acetate, 11-12-
didehydroanhydrolycorine, buphanidrine, undulatine, macronine, crinimadine,
bowdensine.?® No antioxidant activity was detected (Table 6), although literature does

describe low-to-moderate activity (ABTS** ICs0 = 68.5 pug/mL).%

S. puniceus (Figure 4L) crude extracts tested positive for anthrones and phenolic acids
(low levels), while only the hot water extract contained tannins, and the methanol
extract alkaloids and glycosides. Negligible flavonoid and saponin content was found
(Tables 4 and 5). Haemanthamine, haemanthidine,>”% and 6-hydroxycrinamine®
have been detected in extracts. The lack of antioxidant activity (Table 6) is supported

by literature, although being from a different solvent extract system.%

27 |Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

2.4.2. Anacardiaceae

R. lancea (Figure 4K) crude extracts tested positive for alkaloids, glycosides, phenolic
acids, saponins (low-to-moderate levels, slightly higher in the hot water extract) and
tannins, while anthroquinones and flavonoids were only present in the methanol
extract (Tables 4 and 5). Flavonoid content, although low, may contain kaempferol,
quercetin and myricetin, as well as 7,4’-di-O-methylmyricetin and its galactoside,
which have been isolated from ethanolic leaf extracts.% Essential oils consisting of a-
pinene, benzene, &-3-carene, isopropyl and trans-caryophyllene have been identified
in leaves.®” The presence of phenolic acids, flavonoids, gallotannins and condensed
tannins is supported by literature.®® Antioxidant activity was observed (ICso’s < 25
png/mL), which was slightly higher in the methanol extract (Table 6). This is supported
by the higher phenolic content identified in the methanol extract, compared to the hot

water extract.

2.4.3. Apocynaceae

Plants belonging to the Apocynaceae family are known to be toxic, which is oftentimes
ascribed to the presence of potent cardiac glycosides.®® Both crude extracts of A.
oppositifolia (Figure 4A) tested positive for alkaloids, anthrones, flavonoids,
glycosides, phenolic acids and saponins (Table 4). Flavonoid content was moderate,
with a greater content in the methanol extract. The hot water extract contained more
phenolic acids than the methanol extract. The methanol extract possessed moderate
levels of saponins, ~8-fold the amount of the hot water extract. Overall, flavonoid
content was greater than phenolic content (Table 5), a trend that was described in a
previous study.’® Acokanthera species are reported to contain the cardenolide
cardiac glycosides,®”19 ouabain and acovenoside A.5192 Antioxidant activity was
considered high relative to the majority of extracts, especially in the hot water extract,
which may be due to the higher phenolic content (Table 6). Antioxidant activity has
been ascribed to the extracts of A. oppositifolia,'®® but not to the extent seen in the

present study. Geographical variation may potentially be responsible for this.

Alkaloids, anthrones, coumarins, flavonoids, glycosides, phenolic acids, saponins and

terpenoids were found to be present in the crude extracts of R. caffra (Figure 4J),
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however were devoid of anthroguinones and tannins (Table 4). Low levels of
flavonoids and phenolic acids were present, with moderate levels of saponins (Table
5). The presence of alkaloids, terpenoids, saponins and cardiac glycosides in the
stem-bark is supported by literature.1%* Twenty-eight alkaloids have been identified:
corynane, strictamine, sarpagan, akuammicine, pleiocarpamine, indolenine,
dihydroindole, peraksine, heteroyohimbine, hydroxyheteroyohimbine, oxindole, 2-
acyl-indole, suaveoline and yohimbine types. Ajmaline, norajmaline, ajmalicinine,
ajmalicine, geissoschizol, pleiocarpamine and heteroyohimbine are considered the
main alkaloids.'% Notable antioxidant activity was present in the crude extracts of R.
caffra (Table 6), which is supported by literature pertaining to the stem-bark and

leaves.104

While both crude extracts of T. elegans (Figure 40) contained alkaloids, coumarins,
glycosides, phenolic acids and saponins, only the methanol extract tested positive for
tannins and terpenoids (Table 4). The presence of alkaloids, amines, essential oils,
phenolic acids, saponins and sterols/steroids has been reported.t%1% Flavonoid
content was negligible, with low levels of phenolic acids. Low and moderate levels of
(an approximate ~2-fold increase from hot water to methanol) was present in the hot
water and methanol extracts, respectively (Table 5). Alkaloids of T. elegans have been
extensively researched!?’ leading to the identification of 3-oxo-isovoacangine, 3-R/S-
hydroxyisovoacangine, coronaridine, isositsirikine, geissoschizol, tabernaemontanine,
vobasine,1971%8  vobasinol,  apparicine,  16-hydroxy-16,22-dihydroapparicine,
tubotaiwine, 3-R/S-hydroxyconodurine, monogagaine,'®’ dregamine,196:1% elaganine
A, B-carbolines (tabernines A-C),1%¢ alosmontamine A,%° voacangine,'% 16-
epidregamine and tabernaelegantinine B.11° The hot water extract displayed low levels
of antioxidant activity, while the methanol extract presented with noteworthy activity
(Table 6). The hot water extract’s lack of activity has been described in literature.!

2.4.4. Asteraceae

Both crude extracts of C. laureola (Figure 4D) tested positive for alkaloids, glycosides,
phenolic acids and saponins (Table 4). The main diterpenoid glycosides that have
been identified are atractyloside and carboxyatractyloside (which thermally

decomposes to the former). These are considered as the primary phytotoxins.3.111
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Previously phenolic acids, phytosterols, flavonoids, reducing sugars and gums have
been detected.’*? In the present study flavonoid content was negligible, while low
levels of phenolic acids and saponins were identified. In both cases the hot water
extract contained a greater content than the methanol extract (Table 5). Moderate
antioxidant activity was present, which was greater in the methanol extract (Table 6).
Antioxidant activity has been attributed to C. laureola extracts, but only at high

concentrations.13

Alkaloids, flavonoids, glycosides, phenolic acids and saponins were present in both
crude extracts of S. latifolius (Figure 4M), although anthrones were only present in the
methanol extract (Table 4). A number of alkaloids have been isolated from S. latifolius
which includes sceleratine, sceleratine-N-oxide, merenskine, merenskine-N-oxide,
retronecine,  sceleranecic  bislactone, retrorsine, isatidine, isatinecine,
chlorodeoxysceleratine, 4 senecifolidine and senecifoline.''® Flavonoid and saponin
content was low in the hot water extract, albeit ~2- and 72-fold higher in the methanol
extract, respectively. Phenolic acid content was relatively low for both extracts (Table

5), as was antioxidant activity (Table 6).

2.4.5. Combretaceae

Flavonoids, glycosides, phenolic acids and tannins were found to be present in both
crude extracts of T. sericea (Figure 4P), while alkaloids and saponins were only
detected in the hot water and methanol extract, respectively (Table 4). Phenolic and
flavonoid compounds, such as ellagic acid derivatives, ellagitannins, gallic acid,
catechins, stilbenes!'® and resveratrol,’*” as well as hydroxystilbene glycosides (3'5'-
dihydroxy-4-[2-hydroxy-ethoxy) resveratrol-3-O-B-rutinoside!!” and reseveratrol-3-O-
B-D-rutinoside!'® have been isolated previously. Furthermore, lignans (anolignan B1*°
and termilignan B*?%) and sterols (B-sitosterol''?, B-sitosterol-3-acetate, stigma-4-ene-
3-one'?! and stigmasterol''’) have been reported. Although not identified using TLC,
T. sericea is known to contain the triterpenoids sericic acid, sericoside,'?? terminoic
acid,'?? arjunic acid,*?® arjugenin,!*” and lupeol.*?* While negligible saponin content
was observed in the hot water extract, all other phytochemical quantities were high,
increasing greatly from the hot water to methanol extract (Table 5). Potent antioxidant

activity was observed for both extracts, with the methanol extract exceeding the
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activity of the positive control (Trolox). The antioxidant activity observed in the present
study (Table 6) is supported by previous studies,®*124-126 and correlates with tannin
content.1?® This was observed in a cellular system where the neutrophil respiratory

burst was reduced by methanol extracts of T. sericea.'?’

2.4.6. Fabaceae

Both crude extracts of B. africana (Figure 4C) tested positive for alkaloids, anthrones,
flavonoids, glycosides, phenolic acids, saponins and tannins (Table 4). The presence
of alkaloids, flavonoids, glycosides, phenolic acids, saponins®®!?® and tannins is
known.'?® Very high levels of flavonoids, phenolic acids and saponins were observed,
which in all cases were greater in the methanol extract (Table 5). With regards to
phenolic acids and flavonoids, these may consist of proanthocyanidins such as
fisetinidol-(4a-8)-catechin 3-gallate and bis-fisetinidol-(4a-6,4a-8)-catechin 3-gallate,
as well as catechin and epicatechin.'?® Potent antioxidant activity was observed for
both crude extracts (Table 6), which corresponds to literature.5%128-130 This activity has
also been displayed in a cellular model exposed to 2,2’-azobis(2-amidinopropane
dihydrochloride) (AAPH)-mediated oxidation.>®

Glycosides, phenolic acids and saponins were identified in both extracts of M. sericea
(Figure 4H). Only the methanol extract contained alkaloids, coumarins and flavonoids.
Low flavonoid and phenolic content was detected, while mild-to-moderate levels of
saponins were identified (Table 5). Phytochemical content was greater in the methanol
extract than hot water extract. Flavonoids (mundulone, munetone and sericetin),'3!
rotenoids (deguelin, tephrosin, [-]-13a-hydroxytephrosin and [-]-13a-hydroxydeguelin),
chalcones (munsericin, 4-hydroxylonchocarpin)®? as well as phytosterols, have been
isolated from the bark.’®! Low antioxidant potential was observed for the hot water
extract, which was higher in the methanol extract (Table 6).

2.4.7. Lamiaceae

The crude extracts of L. leonurus (Figure 4F) contained flavonoids, phenolic acids,

saponins and tannins, while only the methanol extract was found to possess alkaloids,

31|Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

anthrones, anthroquinones, glycosides and terpenoids (Table 4). Flavonoid, phenolic
and saponin content was moderate, low-to-moderate and high, respectively (Table 5).
Flavonoids isolated from L. leonurus include apigenin 6-C-a-arabinoside-8-C-f3-
glucoside, apigenin 8-C-B-glucoside, apigenin 7-O-B-glucoside, luteolin 7-O-B-
glucoside, luteolin 7-O-B-glucoside-3’-methyl ether, apigenin 7-O-(6’-O-p-coumaroyl)-
B-glucoside, 6-methoxyluteolin-4’-methyl ether, luteolin 3’-methyl ether, luteolin and
apigenin.®3 Aqueous extracts have been shown to contain alkaloids, saponins,
tannins, 34135 phenolic acids, flavonoids,'3>1%6 and glycosides.’®®> As with the
methanol extract, other organic extracts of the leaves have been reported to contain
flavonoids, phenolic acids and terpenoids.'3” The labdane diterpenoids'®® leonurun,
premarrubiin, marrubiin,'*® leonurenones A-C, luteolin 7-O-B-glucoside and luteolin14°
have been isolated. Moderate antioxidant activity was observed in the present study,
which appears to be greater than that found in other studies (Table 6). Low antioxidant
activity has been described for both aqueous®6:141.142 gnd methanol extracts.4? This

may be attributed to difference in geographical location and extraction procedure.

2.4.8. Moringaceae

M. oleifera (Figure 4G) crude extracts were found to contain alkaloids, flavonoids,
phenolic acids and saponins. Additionally anthrones were detected in the hot water
extract, and anthroquinones, glycosides and terpenoids in the methanol extract (Table
4). Low concentrations of flavonoids, phenolic acids and saponins were detected,
however saponin levels were moderately increased in the methanol extract (Table 5).
The presence of alkaloids, glycosides, terpenoids, saponins, flavonoids and phenolic
acids in the leaves, as well as carbohydrates, tannins and fat stores have been
confirmed.'#3-148 Phenolic and flavonoid compounds previously detected include
catechin, caffeic acid, epicatechin, rutin, ferulic acid, ellagic acid, chlorogenic acid,
gallic acid, quercetin, myricetin, kaempferol and vanillin.1**151 The alkaloid,
trigonelline'>2 and various glycosides (niazirin, niaziridin,’>® niazarin (4-(a-L-
rhamnopyranosyloxy)phenylacetonitrile, pyrrolemarumine 4”-0O-a-L-
rhamnopyranoside, = marumoside A, marumoside B, methyl 4-(a-L-
rhamnopyranosyloxy)-benzylcarbamate, benzyl B-D-glucopyranoside, benzyl B-D-

xylopyranosyl-(1->6)-p-D-glucopyranoside, kaempferol 3-O-B-D-glucopyranoside and
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guercetin 3-O-B-D-glucopyranoside!®) have been described, as well as protease
inhibitors.15>1% Moderate antioxidant activity was observed (Table 6), which is

supported by literature both in cell-free!5157.158 gnd cellular systems.159:160

2.4.9. Piperaceae

Both extracts of P. capense (Figure 4l) tested positive for glycosides and phenolic
acids. The hot water and methanol extract contained saponins and alkaloids,
respectively (Table 4). Phenolic and saponin content were low (Table 5). The presence
of phenolic acids.®* Roots have been found to contain lignans and neolignans,61.162
sequiterpenes (capentin),®® amides (piperine and 4,5-dihydropiperine),163.164 essential
oils,'85 and quinones (plumbagin) have been reported.'%¢ No antioxidant activity was
observed in the present study (Table 6), although organic extracts of P. capense have
been described to contain low-to-moderate activity.%41% This could be explained by

the relatively low phenolic content found in the prepared extracts.

2.4.10. Rhamnaceae

Whereas only the crude methanol extract of Z. mucronata (Figure 4Q) contained
coumarins, both extracts possessed alkaloids, flavonoids, glycosides, phenolic acids,
saponins and tannins (Table 4). Flavonoid and phenolic content was moderate-to-
high, while saponin content was very high, exceeding that of the standard (diosgenin)
used (Table 5). In all cases the methanol extract contained higher levels of
phytochemicals than the hot water extract. The presence of flavonoids, glycosides,
phenolic acids, saponins and tannins is supported by literature.®*167-16° Flavonoid and
phenolic acid concentrations were found to be lower than in other studies,®*167.168
whereas high saponin content has been described in literature.'®® Z. mucronata is
known to contain cyclopeptide alkaloids (numerous mucronines and
abyssenines),®4170 phenolic acids,'”* quonones, flavonoids, anthocyanins and
terpenoids.'’2 High antioxidant activity was observed (Table 6), which is supported by

other studies.94.167-169
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2.4.11. Solanaceae

Both crude extracts of S. aculeastrum (Figure 4N) contained alkaloids, anthrones,
flavonoids, glycosides, phenolic acids, saponins and terpenoids (Table 4). Flavonoid
content in the hot water extract was relatively low, while moderate in the methanol
extract. Phenolic acid content was low in both extracts, while saponin content was
moderate in the methanol extract (Table 5). The fruits have been reported to be rich
in steroidal glucosaponins and glucoalkaloids,'”® which includes the steroidal alkaloids
(B-solamarine, solamargine,'’* solanine, solasonine,'’”® solasodine,'’>7® and
tomatodine.'’® Antioxidant activity was noteworthy in the methanol extract (Table 6),

which is supported by literature.’”

2.5. Conclusion

The objectives of the chapter were met. An all-encompassing conclusion is provided
in Chapter 6. The presence of phytochemical classes will aid in the discussion of the
results of the subsequent biological assays. It was observed that the solvent extraction
system allowed for differential extraction of phytochemical classes, although there
were some similarities. Relative quantitative analyses provided an indication of the
phytochemical content of phenolic acids, flavonoids and saponins. It should be noted,
however, that the saponin content displayed high levels of variability, most likely due
to method non-specificity.
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Chapter 3

Preliminary phytotoxicological assessment of herbal remedies in
the HepG2 hepatocarcinoma and Caco-2 colon carcinoma cell lines

3.1. Literature review

3.1.1. Cytotoxic processes

Although widely used, the safety of most herbal remedies is generally not researched.
Patients are frequently admitted with suspected poisoning due to herbal remedy
usage. These remedies are often not well-described by traditional healers, or specific
administration details are omitted, which makes diagnosis problematic.** With regards
to their medicinal usage, plants (or their respective parts) should be used that have
minimal toxic effects attributed to them.> Herbal poisoning was listed as one of the 20
most common causes for infant mortality in South Africa between 1997 and 2007
during a 2012 Medical Research Council report.1’® Mortality rates due to herbal and

traditional medicine use appear to be higher in children.1”®

Herbal remedies carry direct (intrinsic) and indirect (extrinsic) risks of toxicity with their
usage. Direct risks include inherent phytochemical toxicity, incorrect preparation or
misidentification of plant material. Indirect risks refer to, amongst others, the potential
of herbal remedies to interact with other medicinal preparations, with subsequent
adverse effects due to altered pharmacokinetic and pharmacodynamic profiles.&

Phytotoxicity mainly manifests as damage to the kidneys, liver and heart.1&

Plant species have, through evolution, adopted numerous defensive mechanisms
against predatory attacks, including the de novo synthesis of chemical entities. Plants
that accumulate toxic phytochemicals have been used as toxins for arrows or darts,
or even the surreptitious murdering of individuals.®® However, as much as their toxicity
is often highlighted through their cultural uses or even their naming, they remain highly

regarded as medicinal preparations.®?

Allelochemicals can act as toxins through interactions with various molecular targets,

which amongst others include the cellular membrane, proteinaceous structures (such
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as receptors, transporters and structural units) and nucleic acids.8! These compounds
often mimic that of endogenous substances (such as neurotransmitters), allowing
them the ability to alter physiological pathways necessary for survival of the organism.
In high enough quantities, these can ultimately perturb physiological homeostasis with

resulting adverse effects.!8!

The cellular membrane is mostly affected by lipophilic or amphiphilic molecules (such
as saponins and terpenoids), resulting in potential interactions with membrane
channels, transporters, receptors or the inner lipophilic core. This allows for potential
alteration of membrane functionality, including destabilization and degradation.8!
Subsequent destruction of the cell can occur due to loss of structural integrity.>! These
types of interactions are often not selective, and can therefore result in non-specific

toxicity across different taxa and species.*8!

As proteinaceous structures require a highly specific conformation to maintain
bioactivity, any changes to this can greatly diminish their functionality. Secondary
metabolites, such as reactive polyphenolic molecules and certain terpenoids, are
capable of binding to the functional groups of proteins. Effects may include attenuated

enzyme activity, structural changes or degradation of proteins.51,56.181

Nucleic acid alkylations or chelations result in alteration of genetic material, resulting
in altered expression of endogenous substances and potential downstream toxicity.>*
As such these can result in mutations which can be highly detrimental if not

corrected.181

3.1.2. Aim of phytotoxicological assessment

The aim of the phytotoxicological assessment was to determine the cytotoxic potential
of the panel of crude extracts using the HepG2 and Caco-2 cell lines in order to
determine which extracts would be assessed during further mechanistic studies. The

objective was to:

e Determine the cytotoxic potential of the crude extracts in the HepG2 and Caco-2

cell lines with the selected cytotoxicity assay.
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3.2. Materials and Methods

A detailed list of all reagents used in the study, as well as the preparation thereof, is

provided (Appendix Il1).

3.2.1. Cell culture, seeding and exposure of cells to crude extracts

In vitro cytotoxic assessment has a wide panel of potential confounding factors, and it
is thus imperative to determine the most applicable model to be used. The two cell
lines chosen for this study have well-described uses as cytotoxicity and interaction
models. The Caco-2 cell line is a commercially available colorectal adenocarcinoma
cell line (American Type Tissue Collection [ATCC] #HTB-37) originally isolated from a
72-year old male.® The cell line is widely researched and used for in vitro studies on
intestinal absorption. Monolayers are able to differentiate to structurally- and
functionally-similar cells that simulate small intestinal epithelium, making them
appropriate for intestinal absorption studies.'3184 On the other hand, the commonly
used HepG2 hepatocellular carcinoma cell line (ATCC #HB-8065) was originally
isolated from a 15-year old male.'8 HepG2's are a well-characterised model for
hepatotoxicity, although they do succumb to certain disadvantages, such as being
metabolically incompetent and cancerous. This does present the potential of not taking

into account enzymatic bioactivation during induction of hepatotoxicity.1®

The HepG2 and Caco-2 cell lines were maintained in Eagle’s Minimum Essential
Medium (EMEM). Medium was supplemented with 10% foetal calf serum (FCS) and
grown in 75 cm? flasks at 37°C and 5% CO:zin a humidified incubator. Once flasks
reached a confluence of 75%, cells were detached using Trypsin/Versene solution for
5 min. Detached cells were harvested through centrifugation (200g, 5 min), counted
using the trypan blue exclusion assay (0.1%) and a haemocytometer, and diluted to 2
x 10° cells/mL (HepG2) or 1 x 10° cells/mL (Caco-2) in 10% FCS-supplemented
medium. Cells (100 pL) were seeded into sterile, clear 96-well plates at 2 x 104
cells/well (HepG2) or 1 x 10* cells/well (Caco-2), and incubated for 24 h at 37°C and
5% COz in a humidified incubator to allow for attachment. Blanks containing 200 uL

FCS (5%)-supplemented medium alone was used to account for background noise
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and sterility. After attachment, cells were exposed to 100 uL medium (negative
control), DMSO (0.8%; vehicle control), crude extracts (2, 6.4, 20, 64 and 200 ug/mL)
or tamoxifen (2, 6.4, 20, 64 and 200 uM; positive control) prepared in FCS-negative
medium for 72 h at 37°C and 5% CO:2in a humidified incubator.

3.2.2. Effect of crude extracts on cellular status

Although various assays exist for the determination of cellular viability and cytotoxicity,
a few have gained popularity. These generally entail the generation of a coloured or
fluorescent product either through metabolic conversion!®” or staining of cellular
components.'® These can then be compared to untreated cultures to give relative
estimations of cellular viability or survival. Ultimately an assay should be cost-effective,
reproducible, inert, indicate an accurate representation of viable cells, not interfere

with test samples, offer high-throughput use and not add to potential cytotoxic activity.

3.2.2.1. Sulforhodamine B staining assay

Cell enumeration assays, such as sulforhodamine B (SRB),*®® aim to quantify the
cellular elements through staining in a stoichiometric fashion. SRB is a pink
aminoxanthene dye with two sulfonic groups. It associates with basic amino acid
functional groups of trichloroacetic acid-fixed proteins under acidic conditions, while
dissociating under basic conditions. Such an assay is considered inert, as compounds
very rarely result in interactions with staining substrate.® Care must be taken though

to ensure compounds themselves do not result in staining of cellular elements.

Cell density was determined by staining fixed protein elements with SRB in the HepG2
and Caco-2 cell lines as described by Vichai and Kirtikara® with minor modifications.
Cells were fixed with 50 pL trichloroacetic acid (TCA; 50%) for 16 h at 4°C, washed
thrice with slow-running tap water and stained using 100 pL SRB solution (0.057% in
1% acetic acid) for 30 min. Stained cells were washed thrice with 100 pL acetic acid
(1%), air-dried and the stain solubilized using 200 yL Tris-buffer (10 mM, pH 10.5).
Absorbance was measured at 510 nm with a reference of 630 nm (Synergy 2, Bio-Tek
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Instruments, Inc.) and adjusted by subtracting the blank. Percentage cell density

relative to the negative control was expressed using the following equation:

As
Cell density (% relative to negative control) = ic x 100

where, As = the blank-adjusted absorbance of the sample, and Ac = the blank-

adjusted average absorbance of the negative control.

3.2.2.2. Neutral red staining assay

Neutral red is a red weakly cationic dye that accumulates in lysosomes through
electrostatic hydrophobic binding.®® Cell number as a function of lysosome integrity
was determined by the staining of lysosomes with neutral red in the HepG2 cell line
as described by Repetto et al.'® with minor modifications. After incubation with the
extracts, as described in Section 3.2.1., medium was aspirated and replaced with 100
png/mL neutral red-supplemented EMEM. Plates were incubated for 4 h, after which
they were washed thrice with PBS (200g for 5 min). Dye was extracted from stained
cells through the use 200 pL neutral red eluent (distilled water:ethanol:acetic acid
[50:49:1]). Absorbance was measured at 540 nm with a reference of 630 nm and

lysosome integrity determined as described in Section 3.2.2.1.

3.2.2.3. MTT conversion assay

Conversion assays utilize cellular metabolism to enzymatically convert a substrate
(preferably colourless) to a differently coloured product.’®® Due to the need for
unperturbed enzymes, only viable cells are able to convert the dye.'®® The 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay allows for the
conversion of yellow tetrazolium salt to purple formazan crystals.1® MTT is popular as
a cell enumeration assay to support cytotoxicity testing.®” Although being useful for
indicating the metabolic activity of cells, they do suffer from a number of limitations.
Cells which have reached confluence may undergo contact inhibition with attenuated
metabolic function, thus conversion may be decreased.'®’ Furthermore, these dyes

are often susceptible to interactions, either through direct conversion by the sample
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(such as seen with reducing compounds) or through alterations in metabolic efficiency,
resulting in inaccurate determination of cellular viability.'8” An increased conversion
may then give a false indication that cells are still functional and living, or might even

be misconstrued as a proliferation.

Metabolic activity was determined by the conversion of yellow MTT to insoluble purple
formazan crystals in the HepG2 cell line as described by Mosmann!®® with minor
modifications. After incubation with the extracts, as described in Section 3.2.1., an
aliquot of 20 pl MTT (5 mg/mL) was added to all wells and allowed to incubate for 3 h.
Plates were washed thrice with PBS (200g for 5 min) and the pelleted formazan
crystals dissolved with 200 uL DMSO. Absorbance was measured at 570 nm with a

reference of 630 nm and metabolic activity determined as described in Section 3.2.2.1.

3.2.2.4. Resazurin conversion assay

The resazurin conversion assay is similar to the MTT assay, as blue/purple resazurin
is converted to pink resorufin.’®” Metabolic activity was determined in the HepG2 cell
line as described by Riss et al.'®” with minor modifications. After incubation with the
extracts, as described in Section 3.2.1., medium was aspirated and replaced with 100
pL resazurin (10 uM in PBS). Plates were incubated for 2 h after which the
fluorescence was measured at Aex = 544 nm and Aem = 590 nm. Percentage metabolic

activity relative to the negative control was expressed using the following equation:

Fls
Metabolic activity (% relative to negative control) = Tl x 100

where, FIs = the blank-adjusted fluorescence of the sample, and Flc = the blank-

adjusted average fluorescence of the negative control.

3.2.3. Statistics

All experiments were performed using at least three technical and three biological
replicates. Results were compiled using Microsoft Excel 2010 and analysed
statistically using GraphPad Prism 5.0. All results are expressed as the mean + SEM.

The I1Cs0 was determined using non-linear regression (normalized variable slope).
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3.3. Results

3.3.1. Comparison of cytotoxicity assays

A panel of four plants (eight extracts) were initially screened for their effects on HepG2
cellular viability to determine which cytotoxicity assay would be most applicable to the
study. The comparison (in terms of the ICso) is presented in Table 7. The resazurin
assay under-estimated cytotoxicity (as no ICso could be determined <100 pg/mL),
whereas the neutral red staining and MTT conversion assays offered the highest
sensitivity for both extracts of two plants (B. disticha [17.17 — 33.16 pg/mL] and S.
aculeastrum [11.28 — 34.16 pug/mL]) in comparison to SRB (B. disticha [45.45 — 69.32
pg/mL] and S. aculeastrum [21.87 — 63.41 ug/mL]). For all other extracts cytotoxicity
data compared well amongst the MTT, neutral red and SRB assays. The SRB and

resazurin assays proved to offer the least technical and biological variability.

The largest difference between resazurin and the other assays was found for the
methanol extract of T. elegans, where no ICso could be determined for the former
(Table 7 and Figure 9). Furthermore, a slight increase in metabolic activity was noted
for the methanol extract of T. elegans in the resazurin assay at lower concentrations
(=32 pg/mL) (Figure 9).

Table 7: Comparison of four cytotoxicity assays using eight crude extracts.

© University of Pretoria

ICs0 (ug/mL) £ SEM
Plant Extract -
Resazurin SRB Neutral red MTT
S Hot water >100 13.86 + 1.05 9.59 + 1.07 11.52+1.12
A. oppositifolia
Methanol >100 26.63 £ 1.05 30.19 +£1.00 22.20+1.10
o Hot water >100 69.32 £ 1.08 32.77 £1.15 33.16 £1.17
B. disticha
Methanol >100 45.45 +1.07 18.07 +1.12 1717 +1.21
Hot water >100 63.41 +£1.02 22.02+1.11 34.16 £1.10
S. aculeastrum
Methanol >100 21.87 £1.10 11.28 +1.05 15.93 + 1.06
Hot water >100 >100 >100 >100
T. elegans
Methanol >100 3.57 +£1.09 2.86 +1.00 476 £1.13
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Figure 9: Comparison of the effect of the methanol extract of T. elegans on metabolic activity and cell
density using the A) resazurin and B) SRB assays, respectively.

From the results obtained for the resazurin assay, it was decided to incubate the crude
extracts with resazurin in the absence of cells to determine whether a spontaneous
conversion was taking place. It was found that fluorescence was only slightly
increased by the extract at 100 pg/mL, and largely by the positive control (1 mg/mL
ascorbate) (Figure 10).

:

A. oppositifolia HW
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B. disticha HW
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S. aculeastrum MeOH
T. elegans HW
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L
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Figure 10: The effects of crude extracts on resazurin conversion in absence of cells; HW — hot water,
MeOH — methanol; NC — negative control; PC — positive control (1 mg/mL ascorbate)

As resazurin was unable to detect cytotoxicity in the panel of crude extracts, and the
MTT and neutral red assays proved to be more expensive, laborious, variable and
presented with similar results for most of the extracts, it was decided that the SRB

assay would be used to determine cytotoxic effects for the remainder of the study.
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3.3.2. Determination of cytotoxic effects of crude extracts

The positive control, tamoxifen, induced a dose-dependent decrease in cell density
(Figure 11), with an ICso of 6.18 pg/mL (16.63 pM) and 10.67 pg/mL (28.71 uM) in the
HepG2 and Caco-2 cell lines, respectively (Table 8). Furthermore, the observed
cytotoxicity had a narrow cytotoxicity index with a sharp decrease in cell density
between 10 and 32 pg/mL (Figure 11).

Thirteen and twelve of the thirty-four extracts resulted in the inhibition of cell density
by more than 50% at the highest concentration tested in the HepG2 and Caco-2 cell
lines, respectively (Table 8). These crude extracts induced a dose-dependent
decrease in cell density in both HepG2 (Figure 12) and Caco-2 cells (Figure 13). The
crude extracts of M. sericea (Figure 12E and Figure 13D) and S. aculeastrum (Figure

12G and Figure 13G) presented with a narrow toxicity index similar to that of

tamoxifen.
A B
120 1201
S 100 100 e
=
23 80 80-
§ e
o 60 60-
=2
3% 40 40-
2
= 20 20+
c 1 1 L ﬁ. c T 1 L ?
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Log concentration (M) Log concentration (uM)

Figure 11: The effect of tamoxifen on A) Caco-2 and B) HepG2 cells
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ICs0 = SEM (ug/mL)

© University of Pretoria

Plant Extract HepG2 Caco-2
A. oppositifolia Hot water 13.86 + 1.05 2.32+1.05
) Methanol 26.63 + 1.05 3.14 +1.06
B disticha Hot water 69.32 +£1.08 18.72 + 1.05
) Methanol 4545 + 1.07 13.36 + 1.05
B. africana Hot water >100 >100
) Methanol 68.81 + 1.07 >100
C. laureola Hot water >100 >100
) Methanol >100 >100
C. bulbispermum Hot water >100 64.25 + 1.03
) Methanol 67.24 £ 1.06 31.20 £ 1.05
L Hot water >100 >100
- |eonurus Methanol >100 >100
M. oleifera Hot water >100 >100
) Methanol >100 >100
M. sericea Hot water 19.82 + 1.08 >100
) Methanol 6.78 + 1.05 15.43 +1.03
P. capense Hot water >100 >100
) Methanol >100 72.94 £ 1.09
R caffra Hot water >100 >100
) Methanol >100 >100
R. lancea Hot water >100 >100
) Methanol >100 >100
S. puniceus Hot water >100 >100
) Methanol 30.40 £ 1.06 30.75 £ 1.03
S latifolius Hot water >100 >100
) Methanol >100 >100
S aculeastrum Hot water 63.41 +£1.02 40.24 + 1.05
) Methanol 21.87+1.1 22.23+1.43
T. elegans Hot water >100 >100
) Methanol 3.57 +1.09 3.41+1.06
T sericea Hot water >100 >100
) Methanol >100 >100
2 mucronata Hot water >100 >100
) Methanol 82.08 +1.04 >100
Tamoxifen (UM) 16.63 + 1.07 28.71+1.10
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Figure 12: The effect of crude extracts of A) A. oppositifolia, B) B. disticha, C) B. africana, D) C.
bulbispermum, E) M. sericea, F) S. puniceus, G) S. aculeastrum, H) T. elegans and I) Z. mucronata on

the cell density of HepG2 cells. e hot water extracts, o methanol extracts.
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Figure 13: The effect of crude extracts of A) A. oppositifolia, B) B. disticha, C) C. bulbispermum, D) M.
sericea, E) P. capense, F) S. puniceus, G) S. aculeastrum and H) T. elegans on the cell density of
Caco-2 cells. e hot water extracts, o methanol extracts.
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With the exception of the crude extracts of A. oppositifolia, the methanol extracts were
more cytotoxic than the hot water extracts. Cytotoxicity was generally higher in the
Caco-2 cell line (nine extracts) than HepG2 cell line (four extracts). In the HepG2 cell
line both extracts of M sericea, and the methanol extracts of B. africana and Z.
mucronata were more cytotoxic than for the Caco-2 cell line. Both extracts of A.
oppositifolia, B. disticha, C. bulbispermum and P. capense, as well as the hot water
extract of S. aculeastrum, were more cytotoxic to the Caco-2 cell line than the HepG2

cell line.

The potential for cytotoxicity is defined as high when an ICso <30 ug/mL is obtained.*’
In the HepG2 cell line high cytotoxicity was present for both extracts of A. oppositifolia
(14 — 27 pg/mL) and M. sericea (7 — 20 pg/mL), as well as the methanol extracts of S.
puniceus (30.4 pg/mL), S. aculeastrum (21.9 pg/mL) and T. elegans (3.57 pg/mL)
(Table 8, Figure 14). In the Caco-2 cell line this was noted for both extracts of A.
oppositifolia (2 — 3 pg/mL) and B. disticha (13 — 19 ug/mL), as well as the methanol
extracts of C. bulbispermum (31.2 pg/mL), M. sericea (15.4 ug/mL), S. puniceus (30.8
pHg/mL), S. aculeastrum (22.2 pg/mL) and T. elegans (3.4 ug/mL) (Table 8, Figure 14).

Four extracts increased cell density slightly in the Caco-2 cell line: both extracts of B.
africana (Figure 15A, ~10%), and the methanol extracts of R. caffra (Figure 15B,
21.00%) and S. latifolius (Figure 15C, 28.88%). However, this increase was only dose-
dependent for the extract of S. latifolius (Figure 15C).
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Figure 14: Cytotoxicity, expressed as the ICso, oOf the crude extracts arranged by reduction of cell
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Figure 15: The effect of crude extracts of A) B. africana, B) R. caffra and C) S. latifolius on Caco-2
an accurate dose-response fit using stimulatory non-linear regression.
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3.4. Discussion

3.4.1. The selection of cytotoxicity assay

A hormetic effect was evident in the resazurin assay when cells were exposed to the
methanol extract of T. elegans, where metabolic activity increased at lower
concentrations. This could indicate an adaptive, metabolic change within the cells to
counteract the phytotoxicity of the crude extracts. To assess whether the extracts were
directly converting resazurin to resorufin, cell-free assays were performed for further
elucidation. Although a slight dose-dependent increase in fluorescent activity was
found, this was not considered significant enough to explain the interference noted.
As cells were necessary for this interaction to occur, it can be inferred that an
upregulation of metabolic enzyme activity is needed for the conversion of resazurin.

No correlation between the interaction and solvent type was present.

The interaction observed appeared to be specific towards the metabolic conversion of
resazurin, as MTT was unaffected. As many mitochondrial and cytosolic enzymes are
involved in the metabolic conversion,'®! it is possible that any of them may have been
influenced without allowing for an overlap with MTT conversion. In support of the
specific effect that may take place, glycolysis inhibitors have been shown to influence
MTT conversion without altering resazurin.'®®> Thus some substrate-specificity may be
involved in the conversion, even though similar enzyme systems are involved.
Spontaneous conversion of resorufin to non-fluorescent dihydroresorufin does occur,
but only after a prolonged incubation period,*®! and thus this was not considered a
likely possibility taking into consideration the time-course of the experiment. Although
few compounds have been reported to alter resazurin conversion, many have been
implicated in interference with MTT, such as dicoumarol,'®3 epigallocatechin gallate,%
various antioxidants, phytoestrogens and different plant extracts.'®® To the best of the
authors knowledge, no literature was present describing phytochemical interference
with resazurin, though it has been reported for some redox cycling compounds (that
increase ROS production)!®® and nanoparticles'®’. As only the HepG2 cell line was

studied, it is possible that a different scenario may be apparent in other cell lines.

The SRB and resazurin assays proved to be less variable than the MTT and neutral

red assays. Cytotoxicity was underestimated for the resazurin assay, while the MTT
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and neutral red offered higher sensitivity for four of the extracts. This could be due to
potential selective toxicity against mitochondria or lysosomes, respectively, and brings
to light the importance of multiple assessment criteria. As SRB proved to be
reproducible and offered high sensitivity, which is also supported by literature, 88 it was

chosen for the remainder of cytotoxicity testing.

3.4.2. Effects of crude extracts on the HepG2 and Caco-2 cell lines

Preliminary cytotoxicity screening using the HepG2 and Caco-2 cell lines was
performed to determine which plants would be selected to undergo further hepatotoxic
evaluation, and to account for possible confounding factors in future drug-herb
interaction assays. Three groups of plants were subsequently selected: i) those
presenting with a mixture of high hepatotoxic potential (A. oppositifolia, S. aculeastrum
and T. elegans), ii) moderate cytotoxicity (B. disticha) and iii) those presenting with
low cytotoxic potential and beneficial health effects as supported by literature (M.
oleifera, T. sericea and Z. mucronata). These three groups were selected to provide
toxicological information on the spectrum of toxicity. These results will be discussed
separately in Chapter 4.

Phytotoxicology with regards to hepatic and intestinal cytotoxicity is poorly described
in literature, and as such the results obtained aim to increase the toxicological
knowledge of the plants investigated. It is important to note that the cell lines used in
this study are of cancerous origin, and thus may present with an altered response
towards cytotoxins, though they do provide a model for further assessment. In general
cytotoxicity was more prominent in the Caco-2 cell line, indicating a potential selective
cytotoxicity for intestinal cells, rather than for those of hepatic origin. As an area of
main absorption for oral administered drugs, this may incur gastrointestinal
irregularities and toxicity. A discussion on the cytotoxicity will be approached from the
perspective of the different plant families. Cytotoxicity data that could be obtained for

the plants discussed in this chapter have been summarised in Table 9.
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Table 9: ICso’s of plants selected for study (excluding those discussed in Chapter 4) as obtained from literature.

Cytotoxicity

© University of Pretoria

Family Plant Part Extract Cell line used assay Time point | 1Cso (Mg/mL) References
Ethyl acetate - >100
Bulbs y SH-SY5Y SRB 72 h 198
Methanol neuroblastoma 46.18
Flowering Ether fraction of 73
] bulbs alkaline extract
C. bulbispermum Non- , N/A Brine shrimp 24 h 92
. Butanol fraction of
flowering - 63.10
acidic extract
bulbs
Roots Ethyl acetate SH-SY5Y MTT /NR 72 h 10.71-12.53 200
neuroblastoma
Ethyl acetate SH-SYSY SRB 72 h 37.40 108
neuroblastoma
_ MCF—? breast >100
Amaryllidaceae carcinoma
Hot water MDA-MB-231 >100
breast carcinoma
SK—Br—_3 breast >100
. carcinoma .
S. puniceus Bulbs SRB 72 h Appendix IV
MCF-7 breast
. 13.27
carcinoma
Methanol MDA-MB-231 23.95
breast carcinoma
SK—Br—_3 breast 56.78
carcinoma
Methanol SH-SY5Y SRB 72h 20.75 108
neuroblastoma
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Cytotoxicity

Family Plant Part Extract Cell line used assay Time point | 1Cso (pg/mL) References
Hexane >5000
Bark Methanol N/A Brine shrimp 24 h >5000 201
Water 3900
MCF-7 breast 16.66*
carcinoma
Fruits Dichloromethane TK10 renal SRB 48 h 15* 202
carcinoma
ncheAI;:n%i"nza 13.33%
Anacardiaceae R. lancea
Hexane >5000
Leaves Methanol N/A Brine shrimp 24 h 1000 201
Water 600
MCF-7 breast 19.12*
carcinoma
Stems Dichloromethane TKlQ renal SRB 48 h 14.71* 202
carcinoma
UACC62 13.56*
melanoma
Apocynaceae R. caffra Roots Dichloromethane L6 murine skeletal RZN 68 h 46.60 203
myocyte
HepG2 111
Asteraceae C. laureola Roots Aqueous . MTT 24 h 3500#
hepatocarcinoma
3T3-L1 pre-
adipocytes 84.50
. my(élzo%}azsts 42.50
Fabaceae B. africana Bark Aqueous NR 72 h 59
Normal human >100
dermal fibroblasts
U937 monoblastic >100
cells
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Family Plant Part Extract Cell line used Cyt;);g;;mty Time point | 1Cso (ng/mL) References
3T3-L1 pre-
adipocytes 28.50
c2C12 16
myeloblasts
i Bark Methanol NR 72 h 59
B. africana Normal human >100
dermal fibroblasts
U937 monoblastic >100
cells
Stem Ethanol N/A Brine shrimp 24 h 87.24 204
MCF—? breast 64.34
Fabaceae carcinoma
Hot water MDA-MB-231 >100
breast carcinoma
SKc:r:uigrrne: B 36.44
M. sericea Roots SRB 72 h Appendix IV
MCEF-7 breast
. 2.39
carcinoma
Methanol MDA-MB-231 9.25
breast carcinoma
SK-Br—.S breast 19.28
carcinoma
Brine shrimp Brine shrimp 24 h >1000
Aqueous K562 142
myelogenous MTT 20 h >1000
leukaemia
. H460 lung
Lamiaceae L. leonurus Flowers carcinoma >10
HCT116 colon
Hydro-methanol carcinoma SRB 48 h >10 133
HelLa _cerwcal >10
carcinoma
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Cytotoxicity

Family Plant Part Extract Cell line used assay Time point | ICso (Mg/mL) References
HepG? ~10
hepatocarcinoma
Hydro-methanol MCF-7 breast SRB 48 h >10 133
carcinoma
Flowers U251 brain >10
tumour
Brine shrimp Brine shrimp 24 h >1000
Methanol K562
myelogenous MTT 20 h >1000
leukaemia 142
Brine shrimp Brine shrimp 24 h >1000
Aqueous K562
myelogenous MTT 20 h >1000
leukaemia
' Dichloromethane- | L6 murine skeletal 203
Lamiaceae L. leonurus Leaves methanol myocyte RZN 68 h 14.10
Brine shrimp Brine shrimp 24 h >1000
Methanol K562 142
myelogenous MTT 20 h >1000
leukaemia
A-549 lung >500
epithelial
HL-60 acute
promyelocytic >500
in- leukaemia
Roots Tannin-free MTT 25h 205
aqueous HT-29 colon
; >500
adenocarcinoma
K562 chronic
myelogenous >500
leukaemia
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Cytotoxicity

Family Plant Part Extract Cell line used assay Time point | ICso(g/mL) References
Tannin-free MCF-? breast MTT 25 h >500
agueous carcinoma
A-549 lung 269.02
epithelial
HL-60 acute
promyelocytic 262.09
leukaemia
Lamiaceae L. leonurus Roots . 205
Tannin-free HT-29 colon MTT 25 h 327 46
methanol adenocarcinoma )
K562 chronic
myelogenous 62.47
leukaemia
MCF—? breast 145.90
carcinoma
) Chloroform >50
Aerial THP-1 monocytes PI 72 h 206
Methanol >50
A375 malignant 76
melanoma
Fruits Essential oils HCT116 colon MTT 72 h 22.70 207
carcinoma
. MDA-MB-231
Piperaceae P. capense breast carcingma 26.30
C2C12 43.89
myeloblasts
PHA-stimulated
Root-bark Acetone human MTT 72 h 28.13 166
lymphocytes
Resting human 16.82
lymphocytes
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Family Plant Part Extract Cell line used Cytg;g;;cny Time point | ICso (ng/mL) References
Chloroform KB oral
partition of epidermoid SRB 72 h >20 46
methanol extract carcinoma
Cc2C12 301
myeloblasts
PHA-stimulated
Hexane human 0.62
lymphocytes
Resting human
lymphocytes 1.64
c2c12
K myeloblasts 11.94
Root-bar PHA-stimulated
Methanol human MTT 72 h 28.42 166
lymphocytes
g "
Piperaceae P. capense ymp
c2Cc12
144.44
myeloblasts
PHA-stimulated
Water human 52.30
lymphocytes
Resting human
lymphocytes 49.74
AML12 RZN 48 h >40 208
hepatocytes
CCRF-CEM 209
leukaemia MTS 48 h 7.03
Seeds Methanol CCRF-CEM RZN 48h 6.95 208
leukaemia
CCRF-
CEM/ADRS000 MTS 48h 6.56 208
resistant
leukaemia
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Cytotoxicity

Family Plant Part Extract Cell line used assay

Time point | 1Cso (pg/mL) References

HCT116 p53-/-
resistant colon 4.62
carcinoma

HCT116 p53+/+
colon carcinoma
HepG2
hepatocarcinoma RZN

HL-60 acute
promyelocytic 8.16
leukaemia
HL-60/AR
resistant 11.22
leukaemia
Human umbilical
Piperaceae P. capense Seeds Methanol vein epithelial MTS 48 h >80 208
cells
MDA-MB-231
breast carcinoma

MDA-MB-231- RZN 48 h 208
BCRP resistant 19.45
breast carcinoma
Mia PaCa2

prostate MTS 48 h 8.92 208
carcinoma
UB7MG 13.48

glioblastoma
US7MGAEGFR RZN 48 h 208

resistant 7.44

glioblastoma
N/A — not applicable; SRB — sulphorhodamine B protein staining assay; MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide conversion assay;

4.64

48 h 16.07 208

4.17

NR — neutral red lysosome staining assay; RZN — resazurin conversion assay; Pl — propidium iodide; MTS - 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium conversion assay. * — total growth inhibition values; # — concentration deemed as dried plant material
per mL diluent
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3.4.2.1. Amaryllidaceae

The hot water extract of C. bulbispermum displayed little cytotoxicity in the HepG2 cell
line (42.67% at 100 pg/mL), while its methanol counterpart was more active (ICso =
67.24 pg/mL). The Caco-2 cell line (hot water ICso = 64.25 pg/mL; methanol = 31.20
pHg/mL) was more susceptible to cytotoxic effects. It is apparent that moderate
cytotoxicity is induced by organic extracts of C. bulbispermum.*®® The methanol extract
of the bulbs induced moderate cytotoxicity in the SH-SY5Y neuroblastoma cell line
(Table 9).1% The ethyl acetate extract of the bulbs displayed no cytotoxic potential,1%
while the ethyl acetate extract of the roots displayed prominent cytotoxicity (Table
9).19 Ether and butanol fractions of pH-adjusted extracts of the flowering and non-
flowering bulbs, respectively, induced moderate toxicity in the brine shrimp assay
(Table 9).°2 While the hot water extract of S. puniceus was not highly cytotoxic in the
HepG2 and Caco-2 cell lines (18.76% and 11.34% cell death at 100 pg/mL,
respectively), the methanol extract induced similar cytotoxicity in both cell lines (ICso
= ~30 pg/mL). This may imply a non-specific mechanism of cytotoxicity. The low
cytotoxic potential of the hot water extract (Appendix IV), and greater cytotoxicity of
the organic extracts has been described in literature!®® (Appendix V).

C. bulbispermum and S. puniceus belong to the Amaryllidaceae family, and the
isoquinoline-alkaloids (Error! Not a valid bookmark self-reference.) are believed to
be responsible for toxicity due to their poisonous nature.®” The phytochemicals most
likely responsible for the reduction in cell density observed after exposure to C.
bulbispermum may be bulbispermine,?® 6-hydroxycrinamine,®® lycorine?11-?15 and
vittatine.?1® Buphanidrine?!’ and caranine?!? appear to be less active. Lycorine may
serve as the main contributor to the effects seen. Mechanistically lycorine incurs
greater antiproliferative activity than cytotoxicity, as do many other Amaryllidaceae
alkaloids.?'? Lycorine may induce a GO/G1-?'3 or G2/M-arrest,?** with subsequent
apoptosis through either the intrinsic or extrinsic pathway.?'! As alkaloids were only
identified in the methanol extract, it may shed some light on lack of cytotoxicity present
in the hot water extract, as lycorine and associated alkaloid content might have been
too low to induce significant cytotoxic effects. The membrane-rupturing capabilities of
saponins are well-known. 28219 Saponins appear to generally have low bioavailability

due to poor intestinal absorption,?!® and thus may exert a much more potent effect in

57 |Page

© University of Pretoria



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

the intestine. Supporting this is the higher potency seen for C. bulbispermum and B.
disitcha
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Table 10: Summary of the cytotoxic properties of Amaryllidaceae-type isoquinoline alkaloids that have been identified in the studied pants

© University of Pretoria

Alkaloids Present in Cell line used Cyt:stcs);;cny Time point | 1Cso (MM) Additional effects References
A549 lung >10
carcinoma
OE21
oesophageal 86
sguamous
carcinoma
Ambelline C. bulbispermum Hs 683 glioma >10 Inactivity due to B-ethano bridge 212
U373 >10
asatrocytoma
SKMEL
melanoma >10
B16F10 murine >10
melanoma
HL-60 acute Activity related to C-33-methoxy
Bulbispermine C. bulbispermum promyelocytic MTT 17.80 group and hydrogenation of double 210
leukaemia bond beween -1 and C2
A549 lung 72 h >10
carcinoma
OE21
oesophageal >10
sgquamous
carcinoma
Buphanamine B. disticha Hs 683 glioma >10 Inactivity due to B-ethano bridge 212
U373 >10
asatrocytoma
SKMEL >10
melanoma
B16F10 murine >10
melanoma
CEM leukaemia >50
Buphanidrine C. bulbispermum K562 Calcein-AM - 21
myelogenous >50
leukaemia
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Alkaloids Present in Cell line used Cytgst::;mty Time point | ICso (HM) Additional effects References
MCF—? breast >50
carcinoma
I : Hela cervical . 17
Buphanidrine C. bulbispermum carcinoma Calcein-AM >50 -
G-361 melanoma >50
BJ fibroblast >50
A549 lung >10
carcinoma
OE21
oesophageal 97
squamous
carcinoma
Buphanisine B. disticha Hs 683 glioma >10 Inactivity due to 3-ethano bridge
U373
asatrocytoma >10
SKMEL
melanoma 7921 >10
B16F10 murine >10
melanoma 212
A549 lung MTT >10
carcinoma
OE21
oesophageal >10
squamous
carcinoma .
Caranine C. bulbispermum Hs 683 glioma >10 Inactivity due to lrzﬁk of C-2 hydroxy
U373 group
>10
asatrocytoma
SKMEL >10
melanoma
B16F10 murine >10
melanoma
Distichamine B. disticha CEM leukaemia | Calcein-AM 4,50 DOse-degsgsgt]itc:c;ai/txi-t?/IOCk and 217
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Cytotoxicity

Alkaloids Present in Cell line used assay Time point | ICso (HM) Additional effects References
K562
myelogenous 410
leukaemia
MCF-7 breast 230
Distichamine B. disticha carcinoma '
HelLa F:erwcal 220
carcinoma
G-361 melanoma 14.70
BJ fibroblast 10.50
CEM leukaemia | Calcein-AM >50 - 217
K562
myelogenous >50
leukaemia
. . MCF-7 breast
Galanthamine C. bulbispermum carcinoma >50
HelLa perwcal S50
carcinoma
G-361 melanoma 792h >50
BJ fibroblast >50
A54_9 lung 4.50
carcinoma
OE21
oesophageal
squamous 6.80
carcinoma Cytostatic effect observed with
Hs 683 glioma MTT 7.00 videomicroscopy, no cytotoxicity. 212
U373 Activity due to a-ethano bridge
. . 7.70
Haemanthamine S. puniceus asatrocytoma
SKMEL 8.50
melanoma
B16F10 murine 6.80
melanoma
CEM leukaemia 2.10
K562 . i 217
myelogenous Calcein-AM 3.40
leukaemia
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Cytotoxicity

Alkaloids Present in Cell line used assay Time point | ICso (HM) Additional effects References
MCF—? breast 8.10
carcinoma
Hela cervical . 17
carcinoma Calcein-AM 7.00
G-361 melanoma 3.70
BJ fibroblast 2.70 i
Caco—_2 colon 0.99
carcinoma
: HT-29 215
Haemanthamine gastrointestinal 0.59
carcinoma
FHs 74 Int 19.50
HL-60 acute
promyelocytic 2.00
leukaemia
HSC-2 oral
squamous cell 33.20 L
S. puniceus carcinoma. 72 h Activity related to C—:_%B—methoxy ,
HL-60 acute group and hydrogenation of double 10
: bond beween -1 and C2
promyelocytic 2.00
leukaemia MTT
HSC-2 oral
squamous cell 13.30
carcinoma
A54_9 lung 4.00
carcinoma
Haemanthidine OE21
oesophageal 3.70
squamous ' Cytostatic effect observed with
carcinoma videomicroscopy, no cytotoxicity. 212
Hs 683 glioma 4.30 Activity due to a-ethano bridge
U373
asatrocytoma 3.80
SKMEL 4.20
melanoma
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Cytotoxicity

Alkaloids Present in Cell line used assay Time point | ICso (HM) Additional effects References
. Cytostatic effect observed with
Blﬁlzllaong]nﬁgne 3.10 videomicroscopy, no cytotoxicity. 212
Activity due to a-ethano bridge
Caco-2 colon 3.30
Haemanthidine S. puniceus carcinoma MTT '
HT-29 215
gastrointestinal 1.70
carcinoma -
FHs 74 Int 11.60
B. disticha
Hydrox ?:-rinamine C. bulbispermum net?rgje:(s?gma MTT and NR 56?15?0_ ”
y Y S. puniceus '
A549 lung 4.90
carcinoma
OE21
oesophageal 4.50
ig:‘g:;n o?rl:; 72 h Cytostatic effect observed with
Hs 683 glioma MTT 6.90 wdeomproscopy, no cytotoxicity. 212
U373 Unmodified C-ring and C/D-ring
7.60 junction important for activity
asatrocytoma
B. disticha mseg\r/]lgnha -
Lycorine c bu.lbis ermum B16F10 murine 6.30
' P melanoma '
CEM leukaemia 1.60
K562
myelogenous 3.60
leukaemia
MCF-7 breast . 17
carcinoma Calcein-AM 13.00 -
HelLa _cerV|caI 10.60
carcinoma
G-361 melanoma 5.00
BJ fibroblast 1.90
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Cytotoxicity

Alkaloids Present in Cell line used assay Time point | ICso (HM) Additional effects References
Hey1B ovarian Alamar Blue 46 h 1.20 Dose-dependent G2/M-block 214
carcinoma
Caco—.2 colon 0.99
carcinoma
HT-29 - 215
- gastrointestinal MTT 2h 1.20
Lycorine E'lg.ISt'Cha carcinoma
C. bulbispermum FHs 74 Int 22.70
K562 GO0/G1-block as a result of histone
myelogenous CCK-8 N/S deacytelase inhibition, and 213
leukaemia 48 h upregulation of p53 and p21
KM3 multiple GO0/G1-block, and apoptotic activity 211
MTT 1.25 AT e
myeloma from intrinsic and extrinsic pathway
HT-29 cqlon 2191 )
adenocarcinoma
H460 non-small
Vittatine C. bulbispermum cell lung SRB N/S 15.88 - 216
carcinoma
RXF393_ renal cell 29 57 )
carcinoma

CCK-8 — Cell Counting Kit-8; MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide conversion assay; N/S — not stated; NR — neutral red staining
assay; RZN — resazurin conversion assay; SRB — sulforhodamine B staining
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Haemanthamine,?10:212.215217  haemanthidine?!0212215 and to a lesser extent, 6-
hydroxycrinamine,®® have been described to elicit cytotoxicity. These three
phytochemicals have previously been identified in S. puniceus and reported in
literature. Haemanthamine and haemanthidine are active in the low micromolar range,
and furthermore appear to offer more of a cytostatic than a cytotoxic effect 2*2. As with
C. bulbispermum, no alkaloids were present in the hot water extract, which was devoid
of a cytotoxic effect. Thus it can be summised that alkaloidal presence is required for

cytotoxicity.

3.4.2.2. Anacardiaceae

Both extracts of R. lancea presented with negligible cytotoxicity, only inducing between
6.34% and 11.17% at 100 pg/mL in both cell lines. The low cytotoxic potential of the
bark and leaves has been described in literature (Table 9),22° while cytotoxicity

appears to be confined to the stems and fruits (Table 9).292

3.4.2.3. Apocynaceae

Neither extracts of R. caffra displayed prominent cytotoxicity in the HepG2 and Caco-
2 cell lines, inducing between 6.06% to 14.42% reduction of cell density at 100 pg/mL.
Furthermore, the methanol extract increased cellular density by up to 21.00% in the
Caco-2 cell line. Apart from a study indicating moderate cytotoxic effects in the L6
murine skeletal myocyte cell line by a dichloromethane extract of the root, no other

reports could be found (Table 9).2%3

3.4.2.4. Asteraceae

The extracts of C. laureola did not induce any alteration in cell density in the HepG2
cell line, while in the Caco-2 cell line approximately 13% reduction of cell density
occurred. Although no significant changes in cell density were noted in the present
study, research highlights the cytotoxic effects of C. laureola (although the

concentration tested was not stated).??! A decoction at 10 mg/mL (based on root
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powder per mL of diluent) induced approximately 80% cellular death in HepG2 cells
after 24 h, though concurrent treatment with n-acetylcysteine reduced this significantly
to 40%. Also, GSH concentrations were adversely affected in a time-dependent
manner, which could be the mechanism behind its hepatotoxic response.??!
Furthermore, in HuH-7 hepatoma cells it was shown that a decoction induced slight
apoptosis and G2/M cell cycle arrest, as well as destruction of cytoplasmic tubulin,
and nuclear condensation.''? Although not inducing cytotoxicity in human peripheral
blood mononuclear cells, C. laureola at 10 mg/mL (dried plant material per mL diluent)
induced slight genotoxicity as a hot water extract (1.4-fold), but significantly more for

the methanol extract (2.8-fold).113

C. laureola is known as a highly toxic plant,'°* so much so that a suggestion for its ban
by the KwaZulu-Natal Provincial Department of Health was made in 1995.222 |t
contains diterpenoid toxins, though its major toxic phytochemical is thought to be the
kaurene glycoside atractyloside and carboxyactractyloside.>’”1! |t is possible that the
lack of metabolic competence in the HepG2 cell line may have decrease conversion
to carboxyatractyloside, and thus may have contributed to the lack of effects observed.
C. laureola has been implicated in sporadic reports of hepatotoxicity, though the role
of atractyloside in this has been subject to controversy.?® Mitochondrial toxicity, with
subsequent activation of apoptotic or necrotic pathways may be incurred by high
enough concentrations of atractyloside in some hepatic cell lines,''* which may also
be inactive in other cells.??! It appears that atractyloside acts as a potent nephrotoxin,3!

thus the true hepatotoxin may still be unidentified.

While the hot water extract of S. latifolius displayed slight reduction of cell density at
100 pg/mL (6.59% and 14.30% in the HepG2 and Caco-2 cell line, respectively), the
methanol extract induced no alteration in the HepG2 cell line and a 28.88% increase
in the Caco-2 cell line. The latter increase was dose-dependent. Hot water decoctions
(10 mg/mL) have been shown to reduce HepG2 cell viability (approximately 40% after
6 h exposure) due to a depletion of GSH and induction of apoptosis.3? The cytotoxicity
was shown to be attenuated through the use of n-acetylcysteine and caspase inhibitor
IDN-1965, further highlighting the involvement of GSH and caspases in the induction
of S. latifolius-induced apoptosis.3? Furthermore, a hot water retrorsine-containing
extract was found to induce cellular death through apoptosis, with cytoskeletal and

nuclear damage.??®> The high concentrations used in the published studies could
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explain the lack of cytotoxicity seen in the current project. The slight increase in Caco-
2 cell density induced by the methanol extract may be an indication of a proliferative
ability, though this would need to be ascertained using validated proliferation studies.
Whether or not this can be considered a carcinogenic activity is debatable. Retrorsine
and S. latifolius supplementation (albeit a hot water extract) was found to alter nuclear
morphology in HuH-7 hepatoma, which may be downstream carcinogenicity.?23 If this
would result in increased proliferation, it may elude to the mechanism behind the
increase in cell density.

Pyrrolizidine alkaloids are commonly found in many plant families, including the
Asteraceae, of which a large quantity are classified as hepatotoxins. Otonecine- and
retronecine-type pyrrolizidine alkaloids are considerably more cytotoxic when
metabolised by the liver to pyrroles, which may then bind to cellular proteins.??* The
macrocyclic pyrrolizidine alkaloids, retrorsine and istaidine, display strong liver
carcinogenicity and mutagenicity,??® and elicit cytotoxicity in HepG2 cells (although at
high concentrations)3?224 and rat hepatocytes.??® As the cytotoxicity of many of these
pyrrolizidine alkaloids, such as retrorsine,??” are dependent on metabolic activation
which may be reduced in the metabolically incompetent HepG2 cell line, it is proposed
that the lack of effect seen in the present study may either be low concentrations of

the alkaloids, or a lack of pyrrole formation.

3.4.2.5. Fabaceae

While the hot water extract of B. africana presented with cytotoxicity (50.63% at 100
png/mL) in the HepG2 cell line, the methanol extract was significantly more cytotoxic
(ICso = 68.81 pg/mL). No cytotoxicity was apparent in the Caco-2 cell line
(approximately 110% cell density for both extracts), which indicates selective
cytotoxicity towards liver cells. The higher cytotoxic potential of the methanol extract
is supported by literature in which 3T3-L1 pre-adipocytes and C2C12 myoblast cells
were affected to a greater extent than in the current study (Table 9).5* Alcoholic
extracts of stems also appear to offer a certain degree of cytotoxicity (Table 9).204
However, the absence of cytotoxicity seen in the Caco-2 cell line is supported by the
results obtained in U937 monocytic and normal human dermal fibroblast cells (Table

9).% It is thus apparent that alcoholic extractions are more cytotoxic, though the

67 |Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

phytochemical matrix is selective in cytotoxicity, and does not appear to offer broad

detrimental effects.

Cytotoxicity was more prominent in the HepG2 cell line for extracts of M. sericea. While
the hot water extract failed to induced cytotoxicity in the Caco-2 cell line (25.11%), its
effect was greater in the HepG2 cell line (ICso = 19.82 pg/mL). Cytotoxicity was more
prominent in the HepG2 than the Caco-2 cell line, with ICso’s of 6.78 pug/mL and 15.43
png/mL, respectively. The methanol extract has previously been found to display
greater cytotoxicity than the hot water extract, though the latter does appear to offer
moderate cytotoxicity in different cell lines (Appendix V).

M. sericea is a well-known fish poison, which may also induce toxicity in humans.
Rotenoids are inhibitors of the mitochondrial respiratory chain, and thus reduce cellular
respiration and energy production.??® Rotenoids (deguelin), flavonoids (munetone),
and chalcones (munsericin) have been shown to reduce ornithine decarboxylase-
mediated cellular proliferation when stimulated with various cancerous
agents.132229230 Qrnithine decarboxylase is a rate-limiting enzyme required for the
synthesis of polyamines, essential components for cellular proliferation.?>® Thus
inhibition of this enzyme will ultimately induce an antiproliferative effect and reduction
of cancerous growth.'®? Furthermore, deguelin attenuates the glycogen synthase-3
B/B-catenin,?3! epidermal growth factor?®? and nuclear factor-kappa B (NF-kB)
pathway,?3® which reduces proliferation, and promotes apoptotic pathways. Of
concern is the fact that the hot water extract of M. sericea induced a prominent
hepatotoxic effect, which although it supports its use as a fish poison, highlights the

possibly of poisoning during use.

3.4.2.6. Lamiaceae

The extracts of L. leonurus were not cytotoxic to either cell line. The hot water extract
(12.51%) induced a greater effect in the HepG2 cell line than the methanol extract
(3.67%) at 100 ug/mL. Reduction of cell density was slightly higher in the Caco-2 cell
line, with the methanol extract (30.09%) inducing more cytotoxicity than the hot water
extract (17.73%). The low cytotoxic potential of the leaves,'*? flowers33142 and
roots?°®> are supported by literature (Table 9). It is important to note though that the
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flowers were not tested at concentrations greater than 10 pg/mL.*32 Only two reports
could be found of high to moderate cytotoxicity of leaves?°® and roots?% (Table 9). The
cytotoxicity presented for the former was seen in a slightly less polar extract,?°3 thus it
is conceivable that non-polar moieties from L. leonurus are more detrimental to cellular
health and may thus explain why this was not seen in the present study. However, a
in vivo Wistar rat study described potential toxicity with regards to haematological, liver
and kidney parameters at moderately high concentrations,?®® thus caution is
suggested when used.

3.4.2.7. Piperaceae

Both extracts of P. capense displayed negligible cytotoxicity in the HepG2 cell line
(between 5.70% and 26.54% at 100 pg/mL), as well as the hot water extract in the
Caco-2 cell line (16.15% at 100 pg/mL). The methanol extract however displayed
moderate cytotoxicity with an 1Cso of 72.94 pg/mL in the Caco-2 cell line. The low
cytotoxic potential of the aerial parts has been described in literature,?°® though
moderate to high cytotoxicity has been ascribed to the essential oil of the fruits,20’
organic extracts of the root-bark'®® and methanol extracts of seeds?®® (Table 9).
Although water extracts of the root-bark did induce cytotoxicity, it was to a lower extent
than the organic counterparts (Table 9),16¢ which is similar to what was found in the
current study. Conflicting evidence is present with regards to the tumour selectivity of
the root-bark and seed extracts compared to primary cell lines (Table 9),462%° thus it is
uncertain whether or not the extract displays a non-selective cytotoxic effect.
Mechanistically methanol extracts of the seeds induced cytotoxicity through G0/G1
cell cycle arrest, mitochondrial toxicity and apoptosis,?°° though no evidence is present

to suggest that the methanol extract of the root-bark inflicted this.

Slight cytotoxicity has been noted for components of the aerial parts in the THP-1
monocytic carcinoma cell line: kaousine (ICso= 34 pg/mL) and apigenine dimethylether
(ICs0 = 17 pg/mL), while less from Z-antiepilepsirine (ICso >50 pg/mL).234 Furthermore,
the cytotoxicity displayed by the essential oils of fruits did not seem to be attributed to
B-pinene nor (E)-caryophyllene.?%’ Piperine has been shown to promote cytotoxicity in
various cell lines,?3>23%¢ which may be due to pro-apoptotic activity.?®®> In colon

carcinoma cell lines, piperine was found to induce pro-apoptotic activity, GO/G1-arrest
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and free radical generation,?*” which may explain why the only cytotoxicity seen was
in the methanol extract in the Caco-2 cell line. Plumbagin displayed high cytotoxic
activity in C2C12 fibroblast cells, as well as resting and stimulated lymphocytes, with
a reduction of metabolic activity at concentrations 23.2 yg/mL of between ~45% and
~80%:.1%6 |t's cytotoxicity has been confirmed in other studies as well.238239 |t is
possible that cytotoxicity would have been more pronounced if this had been extracted
in higher quantities, but as the extracts tested negative for quinones, it is possible that
too little was present to elicit an effect.

3.4.3. Risk of cytotoxic effects in the intestinal and systemic compartments

If one assumes oral administration of the extracts studied, then a risk of intestinal and
hepatic enzyme inhibition is possible. Taking into account the low volume of the
intestinal tract, which at fasting is approximately 105 mL,?%° it would be much easier
to obtain a high concentration of the crude extracts compared to a larger compartment
such as the systemic circulation (5 L). Systemically, if one would assume full
absorption and distribution into 5 L of blood, then much higher administrations would
be required to reach these concentrations, and thus physiologically-relevant
concentrations would be less likely to occur. To identify such a risk, an ICso <30 pg/mL
and <100 yg/mL was chosen as a risk factor for systemic circulation and intestinal
circulation, respectively. To determine the amount of extract needed, calculations were
done taking into considerations the ICso’s obtained, the compartmental volumes and
extraction yields. It is important to mention that such extrapolations are however
speculative and based on the assumption of full absorption and dissolution of the
extracts within the defined compartments. This is not a likely scenario as the
absorptive profiles of each phytochemical would be different, however, it does present

with a worst-case situation that may occur.

A total of seven (Table 11) and twelve (Table 12) extracts are identified as having a
risk of hepatotoxicity and intestinal cytotoxicity, respectively. The highest risk of
hepatotoxicity appears to be the methanol extract of T. elegans, where an oral dose
of as little as 17.85 mg is required to reach the ICso. Both extracts of A. oppositifolia,
as well as the methanol extract of T. elegans, requires less than 0.36 mg to obtain the
ICso.
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Table 11: Plants that carry a risk of exerting cytotoxic activity in the systemic circulation on liver cells,
including amount of extract and plant material required (assuming full dissolution and absorption).

Extract needed to reach ICsg Plant material needed to
(mg) reach mass (mg)

A. oppositifolia Hot water 69.30 1141.68
Methanol 133.15 1641.80

M. sericea Hot water 99.10 2077.57
Methanol 33.90 138.59

S. puniceus Methanol 152.00 2783.88
S. aculeastrum Methanol 109.35 559.91
T. elegans Methanol 17.85 242.53

Table 12: Plants that carry a risk of exerting cytotoxic activity in the intestinal compartment, including
amount of extract and plant material required (assuming full dissolution and absorption).

Extract needed to reach ICspo Plant material needed to
(mg) reach mass (mg)

A. oppositifolia Hot water 0.24 4.01
- OPP Methanol 033 4.07
.. Hot water 1.97 12.66

B. disticha Methanol 1.40 14.78

. Hot water 6.75 101.45

C. bulbispermum ) - hanol 3.28 50.95
M. sericea Methanol 1.62 6.62

P. capense Methanol 7.66 88.13

S. puniceus Methanol 3.23 59.13

s. aculeastrum Hot water 4.23 30.62
’ Methanol 2.33 11.95
T. elegans Methanol 0.36 4.86

3.5. Conclusion

The objectives of the chapter were met. An all-encompassing conclusion is provided
in Chapter 6. The SRB staining assay was chosen as the representative cytotoxicity
assay due to its higher accuracy, reproducibility and lack of interference. The resazurin
assay proved to be ineffective in accurate determination of cytotoxicity, which was
published as a peer-reviewed article. There is a high risk of inducing cytotoxicity in
intestinal cell lines, while there is less in hepatic cells. The methanol extract of T.
elegans displayed the greatest potency, however, cytotoxicity appeared to be non-
selective between the Caco-2 and HepG2 cell lines. Of the crude extracts assayed,
seven plants were selected to undergo mechanistic evaluation for underlying causes

of cytotoxicity in HepG2 cells.
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Chapter 4

In vitro assessment of hepatotoxic potential of herbal remedies

4.1. Literature review

4.1.1. Hepatotoxicity induced by xenobiotics

The liver is a key determinant in the maintenance of physiological responses and
homeostasis in the body, which includes lipid,?*' carbohydrate, fat and protein
metabolism,?42 xenobiotic detoxification?*3 and biliary secretion.?#? Since xenobiotics
and their metabolites pass through the liver via the hepatic artery, portal vein or
lymphatic system, the liver is highly exposed to such compounds.?** Xenobiotic
metabolism aims to produce less reactive metabolites that are easier to eliminate from
the body, and it thus functions as an aid to protect the body from foreign

molecules.?43.244

Although drug metabolism pathways are discussed in more detail in Chapter 5, a brief
overview is provided for background. Metabolism occurs as phase | and Il reactions,
and although not necessary for all xenobiotics, they often work together to increase
the hydrophilicity of compounds to aid in their elimination. Phase | reactions primarily
expose vulnerable sites of compounds so that phase Il reactions can occur
unhindered. Phase | reactions are mostly mediated by the CYP450 enzyme system,
but others do assist in oxidative mechanisms. Phase Il reactions conjugate phase |
metabolites, or those amenable to conjugation, through sulfation, glucuronidation and
glutathione systems to form large, hydrophilic compounds.?*> Unfortunately, due to its
role as primary metaboliser, the liver is susceptible to hepatotoxic effects from high
xenobiotic exposure.?*® Both phase | and phase Il metabolites have been implicated
in hepatic adverse effects due to their involvement in the production of reactive
metabolites.?*® These reactions may deplete GSH, leading to subsequent
susceptibility to oxidative stress.?*6 Most drugs that are metabolised by more than 50%

by the liver have been suggested to present with a risk of hepatic side effects.?46

DILI accounts for significant drug attrition.?4” Apart from the financial loss that

pharmaceutical companies incur, the detrimental effects on patients can result in
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reduced quality of life, as well as increased morbidity and mortality.247.248
Problematically, DILI is oftentimes discovered late in drug development or during post-
marketing. DILI may be a rare occurrence for certain drugs, and thus may only appear
in susceptible individuals, making it difficult to diagnose or identify.24%:250 Although HILI
is less well-described, its frequency is ever-increasing, with detrimental effects similar
to DILL19 It is important to note that although HILI specifically refers to herb-induced

toxicity, it is still referred to under the broader term DILI.

Drug-induced hepatotoxicity has been implicated as one the major causes of acute
liver failure.?*® Combination therapy may increase the risk of patients developing DILI
or HILI.?*® Herbal remedies/dietary supplements were suspected in 9.3% of potential
DILI cases in an American study in 2003, of which green tea was reported in 21.4% of
those cases.?>! Due to a lack of international standards which address diagnosis, it is
difficult to attribute an accurate value on DILI incidences.?48249.252 The Drug Induced
Liver Injury Network (DILIN) is a cooperative agreement between National Institutes
of Health, academic clinical centres and data coordinating centres to establish an

accurate record of DILI, as well as diagnostic and management systems.?5!

Hepatotoxicity is categorised as intrinsic (predictable), or idiosyncratic
(unpredictable).?>® While the former presents itself in a large proportion of the
population in a dose-dependent manner, the latter which occurs only in susceptible
individuals, does not follow dose-dependent toxicity and has variable latency
periods.?#8:253 Clinically, DILI symptoms are often initially non-specific, and include
nausea, fatigue, fever and abdominal pain. As severity increases several other
features may present, such as jaundice, pruritis, ascites, encephalopathy and possibly
immune reactions.?>? Discontinuation of the assaulting therapy (albeit it drug or herb)
may result in varying results. In most cases liver function improves after cessation of

use, but certain types of hepatotoxicity may persist or worsen for some time.248

DILI and HILI are difficult to diagnose since liver disease is most often
indistinguishable from drug/herb-induced hepatotoxicity. Furthermore, no clear
biomarker exists to identify whether or not a xenobiotic can be implicated in liver
dysfunction.?49253 Assessment of DILI or HILI requires careful scrutiny of the treatment
regimen, appearance of adverse effects and co-morbidities. Factors, such as alcohol

usage or viral hepatitis, must be taken into account to accurately determine whether
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or not DILI or HILI has occurred. At best DILI or HILI can be defined as present, absent
or possible based upon an exclusion-based diagnosis.?*®24% Various criteria have
been implemented to determine this, but most have been scrutinized for lack of
accuracy or reliability, such as the Roussel Uclaf Causality Assessment Method.?4®

Numerous cases of HILI have been published or documented, however the accuracy
of these reports are debatablel?25425 since HILI can present in a predictable or
unpredictable fashion.'® Hepatotoxicity has been linked to various herbal preparations,
either single or polyherbal preparations, where toxicity most often presents as
jaundice, elevated liver markers, localised pain, pruritis and acute hepatitis (Table 13).
In several case reports it has been indicated that patients did not disclose or denied

use of herbal preparations.2°6-260

Table 13: Case reports where HILI was noted or suspected.

© University of Pretoria

Herbal Clinical Recovery upon Probable .
. . ; hepatotoxic Reference
preparation presentation cessation? )
constituent

Acute hepatitis with

inflammation
Aloe tablets Jaundice and . - 258
(Aloe vera) pruritis Yes None identified

Elevated liver

markers
Andawali Jaundice Furanoditerpenoids
(Tinospora Elevated liver Yes ! P : 261

. from Tinospora crispa

crispa) markers
Bakuchi Jaundice

Pruritis Psoralens from 262
(Psoralea : Yes .

o Elevated liver Psoralea coryfolia

corylifolia)

markers

Cholestasis with
Black cohosh necrosis
(Cimicifuga Jaundice Yes None identified 260
racemosa) Elevated liver

markers

Acute hepatitis with

inflammation and
Black cohosh necrosis Successful liver
(Cimicifuga Jaundice and None identified 263

. transplant

racemosa) ascites

Elevated liver

markers
Buchu-
Rooibos tea Jaundice and
(Agathosma pruritis Yes None identified 264
sp. and Elevated liver
Aspalathus markers
linearis)
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Herbal Clinical Recovery upon | Probable Reference
preparation presentation cessation? hepatotoxic
constituent
25 individual cases
Chinese r]/hxed' or acute Majority Anthroquinones from
epatitis recovered, one :
knotweed Most often successful liver Chinese knotweed 265
(Polygonum jaundice transplant and (Polygonum
multiflorum) Elevated liver one death multiflorum)
markers
Impila Centrilobular zonal
(Callilepis engorgement and No None identified 266
laureola) necrosis
50 individual cases
Impila Acute _hepatitis _
(Callilepis Jaundice Majority not Atractyloside from 267
laureola) Confusmni Callilepis laureola
Elevated liver
markers
Acute hepatitis with
Impila necrosis .
(Cgllilepis Jaundice No Atractyloside from 26
. Callilepis laureola
laureola) Elevated liver
markers
Impil_a . Jaundice . Atractyloside from
I(Callllep|s Elevated liver Yes Callilepis laureola 256
aureola) markers
Chronic hepatitis
Jin Bu Huan with inflammatio_n
(Lycopodium Moderate fibrosis Yes None identified 268
serratum) and steatosis
Elevated liver
markers
Venoocclusive liver
disease High mortality - .
Muti Jaundice rate, though fF;g:}rqolSlilg;nC?Oa!;almds 257
Elevated liver some recovered '
markers
Acute hepatitis,
cholestasis and
Noni juice inflammation
(Morinda Zonal necrosis Yes None identified 269
citrifolia) Jaundice
Elevated liver
markers
Polyherbals Jaundice
Bu-gu-zhi and Elevated liver Yes Psoralens from 270
Qu Bai Ba Bu Psoralea coryfolia
Qi Pian markers
Intrahepatic
cholestasis
Polyherbal Portgl hypertension Anthracene glycosides
Cascara and inflammation Yes from Cascara -
sagrada Jau_ndlce and buckthorn (Rhamnus
ascites purshiana)
Elevated liver
markers
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In South Africa, hepatotoxicity induced by C. laureola is commonplace. It is suspected
that a large majority of centrilobular zonal liver necrosis in African patients is due
ingestion of C. laureola,?%® especially in children.?6” The hepatotoxicity induced by C.
laureola is thought to be as a result of atractyloside ingestion, an inhibitor of oxidative
phosphorylation. However, research seems to be controversial with regards to its
involvement and thus the main hepatotoxin may still be undiscovered.?** A second
primary contributor to HILI in South Africa is Senecio spp. poisoning. This genus
contains pyrrolizidine alkaloids, which can result in the development of veno-occlusive
liver disease after chronic ingestion. Mortality rates have been shown to be as high as

40% in suspected poisonings, with children being most at risk.?>’

4.1.2. Mechanisms underlying hepatotoxicity
4.1.2.1. Mitochondrial functioning and toxicity

Mitochondria are energy-producing organelles?’? that produce the largest quantity of
ATP, especially in times of fasting.?*” Morphologically, mitochondria contain an outer
and inner lipid bilayer separated by an intermembrane space. The inner mitochondrial
membrane encloses the hydrophilic matrix which contains mitochondrial DNA and
enzymes.?*"272 The inner membrane is folded upon itself to create cristae, which
increases the surface area. As the inner membrane is not freely permeable, transfer
of compounds into the matrix is highly protein-mediated and —regulated.?*”:?’3 The
membrane is embedded with protein systems, such as those of the electron transport
chain complexes (including ubiquinone), ATP synthase and the adenine nucleotide
translocator (ANT).272273 The matrix side of the inner mitochondrial membrane is
negatively charged and slightly alkaline. As a result of this mitochondria can
accumulate positively charged lipophilic compounds and certain acidic compounds,

which explains the selective mitochondrial toxicity some compounds elicit.?"2

Cells require energy to maintain their survival and functionality.?’* In mitochondria,
energy is produced from the conversion of dietary carbohydrates and fats to reducing
equivalents.?”®> Synthesis of energy in the form of ATP occurs through oxidative
degradation of compounds, which includes pyruvate, fatty acids and amino acids.

Pyruvate (from glycolysis) and fatty acids (from lipolysis) are ultimately converted to
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acetyl-coenzyme A (CoA) under aerobic conditions in the mitochondria by pyruvate

dehydrogenase and B-oxidation, respectively.?47.274.275

The process of B-oxidation is a complex enzymatic cascade which progressively
oxidizes free fatty acids to acetyl-CoA (Figure 16). This occurs in most tissues, with
the exception of the CNS and erythrocytes.?*” Although short- and medium-chain fatty
acids can cross the mitochondrial membrane passively, long-chain fatty acids require
active transport. Carnitine-palmitoyltransferase 1 catalyses the transport of long-chain
fatty acids across the membrane with the aid of CoA and L-carnitine.?*” The latter
occurs during fasting conditions in ketogenic organs, such as the liver. The products
serve as substrates for oxidative energy production in extra-hepatic tissues (such as
the kidneys, muscles and brain).?47274 Alternatively, fatty acid oxidation of long-chain
and very long-chain fatty acids can occur via extra-mitochondrial enzyme systems,
though this may result in mitochondrial dysfunction and increased free radical
production.?*’” Acetyl-CoA enters the Krebs-cycle to form several intermediaries,
including reduced nicotinamide adenine dinucleotide (NADH), which donates

electrons to the respiratory chain to produce ATP during oxidative phosphorylation.2”®

Due to electrogenic proton pumping, mitochondria generate an electrochemical
gradient, also referred to as the A¥Ym.24272 Mitochondria produce ATP from the A¥m
by transporting protons through the FO portion of ATP synthase (complex V) back into
the matrix, which releases energy. The F1 portion uses released energy for the
phosphorylation of adenosine diphosphate (ADP) to ATP.?4” Matrix-generated ATP is
transported across the membrane through the ANT, in exchange for ADP, for use by
cellular systems.?”3 This potential is necessary for the electrophoretic or protonophoric
transport of several different substrates.?*’ The A¥Ym is produced from an electrical
membrane potential (generally between -180 and -200 mV) and a pH gradient (A0.4 —
0.6 U) across the inner mitochondrial membrane. Respiration is linked to AYm, thus a
high A¥Ym results in decreased respiration, and vice versa. Low A¥Ym can translate to

an increase in metabolic respiration and oxygen consumption.?72
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Figure 16: Schematic representation of the mitochondrial fatty acid B-oxidation and oxidative
phosphorylation pathways in liver mitochondria (reproduced from Begrich et al. with permission).247;
ACS — acyl-CoA synthetases; acyl-CoA — acyl-conenzyme A; CPT — carnitine palmitoyltransferase;
LCFA — long-chain fatty acids; MRC — mitochondrial respiratory chain; mtDNA — mitochondrial DNA

Mitochondrial toxicity can arise from multiple points, including i) uncoupling of the
respiratory chain by lipophilic or slightly acidic compounds, ii) disruption of electron
shuffling from mitochondrial respiration to oxygen, iii) altered redox cycling, iv) opening
of the mitochondrial permeability transition pore (MPTP) with resultant calcium influx
or oxidative stress, v) impaired fatty acid oxidation or vi) inhibited mitochondrial DNA
synthesis.?’® Mitochondrial dysfunction can result in downstream toxicities, including
oxidative stress, energy shortages, steatosis, cell cycling disturbances, alterations in
differentiation and cellular death.?*”272 The intermembrane space contains pro-

apoptotic factors, which upon release may activate cell death pathways.?’3

Damage to the mitochondrial membranes may result in structural and functional loss,
with increased membrane permeability. Except for mitochondrial membrane rupturing,
another factor that decreases membrane stability involves the opening of the MPTP.
The MPTP complex is an association of several proteins located on the outer and inner

membrane of the mitochondrion that assemble upon stimulation and allows for
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increased permeability.?4”:273 It is primarily formed from the two most abundant
proteins in the outer and inner membrane, namely the voltage-dependent anion
channel (VDAC) and ANT, respectively. The pore is formed between the outer and
inner membrane proteins, which also involves the association of the peripheral
benzodiazepine receptor (PBR) on the outer membrane, creatine kinase in the
intermembrane space, hexokinase Il linked to VDAC on the cytosolic portion of the
outer membrane, cyclophilin D in the matrix, as well as Bax and Bcl-2.24:273 As
interactions occur between these proteins, modulation of either may affect the activity
of the other, and thus influence MPTP formation.2’2 Depolarization of the mitochondrial
membrane (evident by a reduced A¥m) is thought to be indicative of MPTP opening.?’’
Mediators of mitochondrial membrane permeabilisation have differential effects on the
outer and inner mitochondrial membrane. This may be followed by matrix swelling and

rupture, but it is not necessarily a definite response.?”?

Mitochondrial toxicity has been implicated as a centralised component in the induction
of DILIL.?%° This can be induced through different mechanisms, such as alterations to
mitochondrial DNA, altered mitochondrial proteins, disruption of mitochondrial
membranes or induction of oxidative stress.?*° Various drugs, directly or indirectly,
inhibit mitochondrial respiration or B-oxidation, reducing formation of ATP or producing
oxidative stress.?>® Respiration may be blocked through inhibition of the respiratory
chain protein complexes, or critical enzymes involved in it, such as ATPase.?*
Moderate inhibition may result in cellular dysfunction, but at a larger scale hepatocyte

necrosis may occur, with induction of cholestatic or fibrotic outcomes.?%°

4.1.2.2. Oxidative stress and antioxidant systems

ROS are amongst the most abundant and important free radical species produced in
the physiological system. ROS are produced through various mechanisms, including
disruptions of the mitochondrial respiratory chain, metabolic activity of the CYP450
enzyme system (particularly in the liver during detoxification of xenobiotics) and its
reductases, and by intracellular oxidases.?*1?27® Mitochondria are responsible for a
large percentage of ROS formation due to leakage of electrons from complex | and Il
from the mitochondrial respiratory chain, which react with oxygen through one-electron

reduction to become superoxide anions radicals.?4250.275 Homeostasis of ROS is
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important for proper cellular functioning, thus diminished or excessive production may
influence proliferation or viability.?”® Macromolecules may be affected in such a way
as to inactivate or alter protein function, peroxidise lipid membranes thus altering

membrane stability or resulting in DNA damage or strand breaks.?”®

ROS at low concentrations act as second messengers or signalling molecules by
altering the cellular redox state and its redox-sensitive proteins, which may activate or
inhibit pathways.?®® As hydrogen peroxide has a relatively long half-life, exhibits
membrane permeability and can reach high cellular concentrations, it is generally
considered one of the main reactive signalling molecules of ROS.?®° ROS has been
implicated in the modulation of mitogen-activated protein kinase (MAPK) pathways,
which in turn activates cell proliferation, differentiation, survival and apoptosis.?®° The
concentration of ROS is pertinent to the type of cellular effect that will be elicited upon

activation.280

Although biological systems are equipped with endogenous antioxidants to combat
free radical production, oxidative stress will occur once a physiological excess of ROS
is present and insufficient levels of endogenous scavengers or antioxidants are
available to combat this.?”>27® ROS are capable of damaging macromolecules, for
example through protein and lipid peroxidation, and nucleic acid degradation. Damage
can vary from slight alterations to severe structural and functional loss.?76278 Lipid
peroxidation occurs once lipids and membrane components undergo oxidation to form
reactive intermediates. In ROS-induced liver injury, lipid peroxidation has been
implicated as one of the most likely mechanisms of cell death, though it may be a
consequence of liver injury as well. Ultimately it is thought that high levels of lipid
peroxidation is required for significant clinical toxicity, and may require specific
conditions (such as decreased antioxidant protection) to elicit severe damage.?’®
Oxidative stress depletes endogenous antioxidants, thus cells are unable to withstand
hydrogen peroxide formation. Accumulation of hydrogen peroxide is linked to
increased mitochondrial dysfunction and MPTP opening, activation of MAPK

pathways and ultimately cell death.?*’

Several antioxidant systems are available to combat oxidative stress. GSH is an
abundant biomolecule containing a free thiol group in its cysteinyl residue, which
allows it to act as a free radical scavenger.?8? GSH is synthesised in an energy-
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dependent fashion, with ATP being used to power the process.?8? Although the cytosol
contains approximately 80 — 85% of the cellular GSH pool, the mitochondrial GSH
concentration is similar to that of the cytosol (9 — 12 mM).281.282 This is due to the lower
mitochondrial volume compared to the cytosol. In hepatocytes, the cytosolic GSH
concentration is approximately 10 mM. Mitochondrial GSH enters the cytosol through
transport mechanisms, where it is mainly kept in the matrix by the inner mitochondrial
membrane. The fluidity of this membrane alters the ability of GSH to exit the
mitochondria, thus an increased microviscosity allows for greater mitochondrial GSH
depletion (such as seen in alcoholic liver diseases).?8%282 The ratio of GSH to oxidized
glutathione disulphide (GSSG) helps maintain redox homeostasis in cells, and also
assists in the proper functioning of signalling cascades, enzymatic processes and
survival pathways. As GSH is approximately 100 to 10 000-fold greater than other
reducing couples, such as oxidized nicotinamide dinucleotide phosphate
(NADP*)/reduced nicotinamide dinucleotide phosphate (NADPH) and thioredoxin, it is
the major determinant of intracellular redox potential.?®1282 GSH quenches ROS by
acting as a hydrogen donor to glutathione peroxidase, and thereby maintains an
environment free of excessive oxidation. Proteins with an exposed cysteine become
susceptible to redox reactions once the sulfhydryl group becomes deprotonated to a
thiolate form. GSH coupling allows proteins to be protected against such redox
reactions, and assists in regulation of their functionality. GSH may also conjugate to
xenobiotics through glutathione-S-transferase to assist in the efflux of compounds out
of the intracellular compartment.?®! Oxidative stress may induce genetic transcription
at the antioxidant response element (ARE), which increases GSH and glutathione-S-
transferase levels. This implies that higher levels of free radicals can be cleared, and

oxidative stress attenuated.?%0

Cellular GSH concentrations regulate several signalling pathways. Some, such as the
c-Jun N-terminal kinases (JNK) pathway, involve a very tightly controlled redox
status.?81283 Generation of reactive metabolites from Xxenobiotics is a common
occurrence in the liver, and is primarily removed through detoxification or conjugation
to GSH. The depletion of GSH has long been known to be a marker of hepatotoxic
events.?’s Formation of reactive, toxic metabolites is known to be one of the primary
malefactors of DILI. These toxic metabolites may be conjugated by GSH for removal

from the hepatic system, or may result in degradation of hepatic macromolecules
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leading to inflammatory responses.?°%282 GSH depletion leaves cells vulnerable to
increasing concentrations of ROS and oxidative by-products, and interferes with
metabolism, survival and proliferation pathways.?®*  During mitochondrial
permeabilisation, uncoupling of the respiratory chain and release of cytochrome ¢ may
occur, which results in a higher burden of superoxide formation, reduced
concentrations of redox equivalents and subsequent ROS-mediated damage as

oxidative stress.2”3

4.1.2.3. Fatty acid accumulation and steatosis

Lipids are hydrophobic or amphipathic molecules essential for the maintenance of
cellular integrity, production of energy and are used for cellular signalling pathways.
Bioactive lipids act as signalling molecules in cell proliferation, growth, differentiation
survival and death pathways, and offers membrane integrity, thus alterations may
affect membrane permeability.?®* Fatty acids and lipoproteins deliver lipids to
hepatocytes through passive diffusion mechanisms. Free fatty acids are converted to
triglycerides, used in the synthesis of phospholipids, inflammatory mediators, and
transporters, or act as an energy source. Excess fatty acids are usually stored as
triglycerides until required as an energy source.?**28 |nhibition of enzymes or
substrates involved in (B-oxidation may result in accumulation of fatty acids to toxic
levels, and thus aid in the development of different pathologies, including
hepatotoxicity.?®* A number of drugs have been shown to induce steatotic

hepatotoxicity through these mechanisms.?>°

Steatosis is an accumulation of fatty acids and triglycerides in the liver, due to,
amongst others, an inhibition of B-oxidation.?*427¢ It may lead to steatohepatitis,
inflammatory and fibrotic lesions resulting from fatty acid accumulation and necrotic
events in the liver.?®0 Impaired B-oxidation of mitochondrial fatty acids results in
accumulation of fatty acyl-CoA and non-esterified fatty acids. These products are
esterified into triglycerides, which are stored within the liver giving rise to steatosis.?>°
Depending on the intensity or frequency of 3-oxidation impairment, micro-, macro- or
mixed-vesicular steatosis may occur.?%° Xenobiotics cause steatosis through inhibition
of acyl-CoA synthases, depletion of cytosolic or intramitochondrial CoA, deficiencies

in reducing factors such as oxidised nicotinamide adenine dinucleotide (NAD™*) or
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flavin adenine dinucleotide (FAD), as well as carnitine palmitoyl transferase (CPT) | or
acyl-CoA dehydrogenases.?°%274 Steatosis may also arise when fat transporting
systems aimed at removing fat from the hepatic tissues become dysfunctional.?°
Increased hepatic fatty acid synthesis, release of free fatty acids from adipose tissue
or uptake into the hepatic tissue also increases fatty acid accumulation.2*0 If coupled
to free radical exposure lipid peroxidation may occur, with toxic aldehyde formation as
a result (such as 4-hydroxynonenal [4-HNE] and malondialdehyde [MDA]). This may
in turn exacerbate mitochondrial dysfunction and increase the likelihood of xenobiotic-

induced hepatocellular cytotoxicity.?’®

4.1.2.4. The cell cycle and cellular kinetics

Eukaryotic cells follow a distinct, highly-regulated progression of cell growth and
division, which is known as the cell cycle.?®®> The cell cycle is largely categorized into
the interphase and mitotic phase. During interphase cells grow and replicate their DNA
in preparation for the mitotic phase. The mitotic phase allows for chromosomal
separation into daughter cells, and subsequent cytokinesis, relating to the division of
cells and cytoplasm into two daughter cells.?8528 The mitotic phase is shorter, only
lasting about 1 h of the typical 24 h for human cells to progress through the cell
cycle.?8® Rapidly proliferating cells generally have a cell cycle of 24 h, which is divided
into 11 h, 8 h, 4 h and 1 h for the post-mitotic gap (G1)-, DNA synthesis (S)-, pre-
mitotic gap (G2)- and mitosis (M)-phase, respectively.?8> The time required to
complete cycling is dependent on the cell type, as well as its environment. 22> The cell
cycle is divided into four discrete phases, each comprising of its own specific
characteristics and functions: G1, S, G2 and M (Figure 17).285287 Although growth is
continuously occurring, synthesis of DNA only occurs within one phase of the
interphase, after which the duplicated genetic material is equally distributed between
daughter cells.?® During the G1-phase cells grow and are metabolically active, but do
not replicate DNA. During the S-phase, DNA replicates after which it enters the G2-
phase, where growth continues and mitotic-dependent proteins are synthesised.
During the M-phase, cells divide and then generally undergo cytokinesis required for

division into daughter cells.?8
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Figure 17: The cell cycle (reproduced from Wikipedia with permission).288

The amount of DNA differs throughout the cell cycle, and as such they can be
classified accordingly. Cells in the G1-phase are diploid due to the presence of two
chromosomal copies (2N). As DNA replication occurs, cells become tetraploid (4N).
Thus cells in the S-phase contain a DNA content of 2N to 4N, while those in the G2-
and M-phase contain 4N. As cytokinesis occurs cells become diploid once again.?®
The cell cycle is highly regulated to ensure that cellular proliferation continues
unperturbed and damaged cellular material does not duplicate.?®> Cell cycle
progression is affected by different extracellular and intracellular factors.?®> As cells
undergo growth in the G1-phase, they reach a restriction point that controls movement
from G1- to S-phase. The restriction point assesses the availability of proliferation-
dependent growth factors. If not present, cells may undergo transition to a quiescent
GO-phase, where cells do not actively proliferate, though still remain metabolically
active. As soon as growth factors are supplied, cells may continue to move to the S-
phase.?®5289 Cells, such as those of the liver, may enter the GO-phase and only re-

enter the G1-phase once liver-injury has occurred or if repair is required.285286

Cell cycle checkpoints ensure that coordination of the different phases take place and

that sequential transition occurs,?®> and that genomic stability and the
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nucleocytoplasmic ratio stay within physiological range.?®© Cell cycle checkpoints
consist of an error-detecting sensor, a sensor-generated signal and a signal-induced
response element aiming to remedy the error.?®¢ An incomplete cell cycle phase
inhibits progression to subsequent stages.?® The checkpoints are categorised as
follows: DNA damage checkpoint (arresting cells in any phase until repair occurs);
DNA replication checkpoint (ensures cells do not divide until full chromosomal
duplication occurs); and the spindle assembly checkpoint (ensures all chromosomes
are attached to kinetochores on the spindle before mitosis occurs).286

DNA damage may arrest cells at the G1/S-checkpoint,?®® where repair can be done
before chromosomes are replicated with incorrect genetic material. This checkpoint is
primarily controlled by the p53 protein, which is rapidly induced by damaged DNA.28>
The G2/M-checkpoint in the G2-phase prevents transition to the M-phase until all
chromosomes have been duplicated fully and do not contain damaged DNA.??° Thus
cells undergo cell cycle arrest and are allowed to finalise or repair the S-phase DNA
replication before M-phase transition takes place.?®> At the end of the M-phase, a
metaphase/anaphase-checkpoint exists?®® that ensures chromosomes are aligned
correctly on the mitotic spindle. Without this checkpoint chromosomes may be
aberrantly distributed between daughter cells, and thus arrest may occur until
arrangement has been properly completed.?®> Minichromosome maintenance proteins
ensure that cells in the G2-phase do not enter the S-phase and thereby cause
chromosomal replication more than is needed. Binding of these proteins in the G1-

phase allows cells to undergo chromosomal replication in the S-phase.?8

Modulators of checkpoints may act as accelerators, inducing cell cycle progression
(e.g. growth factors, nutrients and appropriate size), or decelerators, inhibiting phase
transition (e.g. genomic instability).?°© Cell cycle progression is mainly controlled by
cyclin-dependent protein kinases (Cdks) and their individual regulatory subunits
(cyclins).?86:291 Cyclin-Cdk-complexes enzymatically catalyse the covalent binding of
ATP-derived phosphate groups to protein groups. This phosphorylation alters protein
functioning.?8® Each cyclin-Cdk complex is responsible for a different effect, though
slight overlap occurs and thus flexible control is granted.?®* Three general classes
have been suggested: G1 cyclin-Cdk complex (G1/S-phase transition), S cyclin-Cdk
complex (initiation and completion of DNA duplication), and M cyclin-Cdk complex

(initiates mitosis and blocks re-entry into the Gl-phase). Modulation of these
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complexes occurs via three primary routes, namely cyclin availability, stoichiometric
inhibition and inhibitory phosphorylation.?®%2% The cyclin-Cdk complex is the primary
modulator of its own regulatory processes, and thus feedback systems are created in
this manner.2% Stoichiometric inhibition occurs through inactivation by cyclin kinase
inhibitors (CKIs) which form inactive trimer complexes with cyclin-Cdks. Human cells
possess various CKIs, such as those originating from the p15/p16/p17'Nk4a p21CPl or

p27KiP families.2%°

The redox status of cells is a key determinant in cell cycle progression. Critical aspects
are controlled through regulated ROS bursts, which aim to shift the redox state in
accordance to cellular kinetics.?®? Depending on the state, this can either result in
progression or arrest of the cell cycle.?®? Intracellular ROS, in small quantities, act as
proliferation signals by activating mitogenic pathways and Cdks, as well as inactivating
retinoblastoma protein through phosphorylation to suppress its antiproliferative
properties.?®? As such GSH concentrations are lower during the initial G1-phase to
accompany the rise in ROS, and as progression occurs adaptive GSH synthesis takes
place to counteract oxidation.28? Distribution of intracellular GSH throughout the cell is
imperative in cell cycle control.?82 A low level oxidative state in the cytosol is necessary
for transition throughout the G1-phase, while a more reductive environment is required
to progress through the G2/M-phases.?®? Excessive oxidation may, however, damage
DNA, and activate DNA repair pathways such as the DNA damage response (DDR)

system,.282.:292

Lipid biosynthesis is critical for cell proliferation, and lipids may act as mitogenic
modulators. Similarly, various anticancer agents may produce cellular death or stasis
through interference with lipid metabolism.?®* Short-chain fatty acids may cause
growth arrest in certain cell types due to histone hyperacetylation.?8* Steatotic liver

cells present with cell cycle arrest.?%

4.1.25. Cell death

Cell death is a tightly regulated system that can deviate into several characteristic
types or mechanisms, such as apoptosis, necrosis, aponecrosis and autophagy.?7>2%

Although being functionally and morphologically different, all processes involve
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several overlapping mediators and it is thus possible for compounds to shift their
preference to either mechanism depending on the condition.?®* Cell death occurs in
several steps, involving the initiation, commitment and ultimate execution of cellular
decay.?®® Hepatic cell death may frequently appear as a mixture of apoptotic and

necrotic events.2%

Selective mitochondrial membrane permeability is a common occurence in activation
of cellular death.?”3 During permeabilisation of the mitochondrial membrane, several
specific steps occur. Cells initially accumulate mediators required for permeabilisation,
with subsequent reduced integrity of the membrane and release of catabolic
intermediaries necessary for cell degradation.?”® Depending on the pathway invoked,
permeabilisation of the membrane can either be sudden and large resulting in necrotic
death, or step-wise and more subtle inducing apoptotic events (Figure 18).2” The
mode of cell death thus depends on the level of mitochondrial toxicity and number of

mitochondria with open MPTP.247
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Figure 18: Differentiation between necrotic and apoptotic cell death (reproduced from Wikipedia?®” with
permission).
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4.1.2.5.1. Apoptosis

Apoptosis, or programmed cell death, is a controlled cellular death that under
physiological conditions systematically removes damaged or decayed cells without
severe repercussions,?*2% such as the inflammatory response.?®® As mitogenesis
occurs at a constant rate, damaged cells will be replaced by newer cells.294.2%8
Excessive or deficient apoptotic events have been linked to a large variety of
pathologies, and therefore the importance of a well-regulated apoptotic system is
further brought to light.?%* Uncontrolled or excessive apoptosis due to xenobiotics can
result in severe hepatic damage, including hepatitis and liver failure.?®
Morphologically, apoptosis is characterised by nuclear condensation and
fragmentation, compaction of cytoplasm and cellular organelles, subtle alterations to
plasma membranes (membrane blebbing and phosphatidul serine flipping), shrinkage
of cellular volume (due to formation of apoptotic bodies) and ultimately phagocytosis
of the apoptotic cells.?®® Intranucleosomal cleavage may occur at a late apoptotic
stage to degrade DNA,?% together with formation of apoptotic bodies which house
intact cytoplasmic organelles or nuclear fragments.?’”> During this event few
morphological changes are observed in the mitochondria, and ATP levels remain
relatively stable or high.?% All these changes occur with minimal alteration to the
barrier integrity of the cellular membrane, thus the cellular components remain housed
within the cytosol enclosed with an intact membrane.?®* These morphological changes
are primarily modulated through intracellular cysteine proteases, namely caspases.?%°

All caspases possess an active cysteine site and cleave substrates at aspartate
residues, though each caspase present with their own specificity.?®® Caspases are
synthesised as inactive proenzymes, which are then activated by initiator caspases
through cleavage of aspartate residues.?®®> Although apoptosis is mediated through
numerous modulators, caspases are the primary executioners of programmed cell
death. Caspases result in a sequential activation of themselves and other downstream
mediators. Specific cleavage of cellular structures accounts for characteristic apoptotic
morphological events such as cell shrinkage, membrane blebbing or loss of cellular
shape. Caspase-3, -6 and -7 are executioner caspases and are the most active of the
caspase cascade.?®® Caspases act either as upstream (extrinsic pathway) or
downstream (intrinsic) effectors of membrane permeabilisation.?”® Ultimately DNase

activation occurs through caspase-3 activity, resulting in intranucleosomal
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cleavage.?® Apoptotic cells undergo a translocation of phosphatidylserine residues
from the inner membrane leaflet to the outer surface of the plasma membrane
(referred to as the PS-flip). Phosphatidyl serine, and other surface molecules, are
recognised by neighbouring phagocytosing cells, such as immune cells, where they
are removed through phagocytosis to diminish the immune response.?7>3%
Hepatocytes undergoing apoptosis are mainly digested by Kupffer cells.?®® Although
caspases are of great importance in apoptotic cell death, it seems apparent that
programmed cell death may take place independent of caspase-activation.
Morphological features of programmed cell death in the absence of caspase activation

often resembles necrotic cell death more than the classical hallmarks of apoptosis.2%°

A variety of endogenous proteins act as amplifiers or inhibitors of apoptotic cell death,
aiding in the regulation of spontaneous or mediated apoptosis.?’® Non-protein pro-
apoptotic signals include excessive cytosolic calcium influxes (such as those seen with
mitochondrial rupturing), lipid mediators (such as saturated fatty acids or ceramide),
non-mitochondrial or mitochondrial ROS and lipid peroxidation byproducts (4-HNE)
which may result in mitochondrial membrane permeabilisation and subsequent

Apoptosis is generally divided into two largely independent pathways: the extrinsic
death-receptor or the intrinsic mitochondrial apoptotic pathways (Figure 19). While the
extrinsic pathway relies on complex formation of ligands and surface death-receptors,
the intrinsic pathway is mediated through mitochondria-derived pro-apoptotic
molecules released due to exposure to intrinsic cellular damage intermediaries.?®°
Although the extrinsic pathway does converge with the intrinsic pathway at the level
of caspase-3 activation, it is possible that involvement of the mitochondria during the

extrinsic pathway may take place.3%
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Figure 19: The intrinsic and extrinsic apoptotic pathways (reproduced from Wikipedia3®® with
permission); Apaf - apoptotic protease activating factor 1; DISC — death inducing signal complex; FasL
—Fas ligand; FasR — Fas receptor.

4.1.2.5.2. Necrosis

Unlike apoptosis, necrosis is a more destructive form of cellular death, resulting in
large scale effects and detriments.?®* During necrotic cell death the cytoplasm and
mitochondrial matrix swells, with subsequent rupturing of the cellular membrane and
leakage of intracellular contents. Organelle dysfunction and degradation occurs as
well. Release of the intracellular contents into the extracellular space is accompanied
by inflammatory responses.?®* Necrosis may occur through a death-receptor or
mitochondrial pathway, though requires different signalling cascades than those

present in apoptosis.?8

Whether or not the cell undergoes apoptotic or necrotic cell death is dependent on a
complex system of competing factors. Cells may undergo apoptosis when MPTP
opening is gradual, and allows for activation of caspases. If MPTP opening is too quick,
severe and widespread, mitochondrial lysis may occur due to rapid depolarisation and
uncoupling of the respiratory chain.?’2%* Opening of the MPTP results in the passive
re-entry of protons into the mitochondrial matrix, and thus ATP formation is hindered,
which may produce necrotic cell death.?>® As the mitochondria contain high calcium

concentrations, rupturing creates a large cytosolic calcium influx.?’” This bypasses
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activation of caspases and depletes ATP stores. The latter is due to failure of the
plasma membrane calcium ATPase, required for the efflux of calcium out of the
cell.?47:2%4 Necrotic events may follow under these conditions, with activation of the
inflammatory system. 275294 Necroptosis may occur when cells are programmed for
cellular death through apoptotic means, but some interference shifts the process into
a necrotic state, for example a sudden depletion of ATP or inhibition of pro-apoptotic
executioners.?®® This pathway is caspase-independent, though requires receptor
interaction with protein kinases.?®* Inhibition in any critical apoptotic step will allow

necrotic cell death to take preference.?®!

4.1.3. Plants selected for mechanistic evaluation of hepatotoxic potential

A. oppositifolia is a small tree with thick leaves, white flowers and red berries (Figure
4A). Itis commonly known as the Bushman’s poison due to aqueous decoctions of the
bark and root being used as an arrow poison. These have also been implemented as

an analgesic, in the treatment of snake bites, and against anthrax.5®

B. disticha is a highly poisonous psychoactive bulb that is either classified as
Boophone, Boophane, Buphane and Buphone (Figure 4B). The bulb is often used for
wounds, headaches, abdominal pains and various eye conditions, while the
psychoactive properties are used for divination properties.3%? It is a recognized
hallucinogen, and has been used as a means of suicide and arrow poisoning.8” One
study details mortal wounding of a person, as well as grievous injury of several others,
after an individual experienced severe hallucinations brought about by the bulb

extract.3°3 However, no hepatotoxic data has been established.

M. oleifera, otherwise known as the horseradish or miracle tree,'#3151,304.305 jg g
medium-sized tree3% that has been used by the Greeks, Romans and Egyptians since
ancient times (Figure 4G).3” M. oleifera is used to treat various diseases and
disorders, including inflammatory, hepatorenal and cardiovascular pathologies,3° but
is also considered versatile and nutritious.3°°31° Extracts of M. olefeira have not
indicated potential risk for hepatotoxicity, and thus due to its proposed safety and great
commercial value, it was considered a non-hepatotoxic control. However one can

never assume safety without assessment of mechanistic parameters.
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S. aculeastrum, or the goat bitter apple, is a thorny, perennial plant with white flowers
and lemon-shaped berries found in the Limpopo, Mpumulanga, KwaZulu-Natal,
Western and Eastern Cape provinces (Figure 4N).3!1 Berries become yellow-green
when ripened, and are used as a treatment for jigger wounds and gonorrhoea.3'?
Extracts of berries are rich in steroidal glucosaponins and steroidal
glucoalkaloids.”3174 Solanum spp. are described as poisonous due to the presence
of steroisal glucoalkaloids, and was thus included based on the cytotoxicity observed
in the phytotoxicity testing phase of the project.

T. elegans, or the toad tree, is a small tree that is distributed throughout tropical and
subtropical regions, including Africa (Figure 40).1%° Ethnomedicinal uses include the
treatment of pulmonary disorders, cancers, heart disease and as an aphrodisiac.®
Bioactivity has mostly been ascribed to the presence of potent indole alkaloids.*% Due
to the potent cytotoxic effects observed in the phytotoxicity testing phase of the project,
T. elegans was included as a high risk of hepatotoxicity.

T. sericea, or the silver cluster leaf,3!3 is a tree widespread in Africa (Figure 4P). It
ethnomedicinal uses include the treatment of tuberculosis, diabetes, diarrhoea and
gonorrhoea.?!“ Due to relatively low cytotoxicity that were observed in the phytotoxicity

testing phase of the project, T. sericea was included as a low cytotoxic risk.

Z. mucronata, also known as the buffalo thorn tree, is used ethnomedicinally for the
treatment of pain, skin infections, dysentery and coughs (Figure 4Q).%* Z. mucronata
displayed a moderate-to-low risk of inducing cytotoxic effects in the phytotoxicity

testing phase of the project, thus was included for further assessment.

4.1.4. Aim of hepatotoxicity assessment

The aim of the hepatotoxicity assessment was to determine to the effect of the selected
herbal remedies on various hepatocellular parameters that could elucidate the

mechanism of phytotoxicity. The objectives was to:

e Determine the effect of selected herbal remedies on hepatocellular parameters

relevant to hepatotoxicity.
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4.2. Materials and Methods

A detailed list of all reagents used in the study, as well as the preparation thereof, is
provided (Appendix Ill). Preparation of rrude extracts has been described in Chapter
2.

4.2.1. Determination of hepatotoxicity using a single-plate method

A rapid, repeatable, sensitive and affordable multi-endpoint, single microplate method
has been developed in our department which allows for the determination of in vitro
hepatotoxicity in hepatocytes from an immortalized cell line.?! Further optimization of
the established model has allowed for the assessment of pre-clinical toxicity with
regards to: intracellular ROS concentration, depletion of GSH, impairment of
mitochondrial stability (through determination of changes in A¥m), induction of
apoptosis (through measurement of caspase-3/7 activity), reduction of cellular viability
and potential steatotic changes (through determination of fatty acid accumulation).
These parameters are recognized indicators of pre-lethality?’® and therefore serve as
a basis for pre-clinical assessment of hepatotoxicity. Based on the predicted results,
it is pertinent to also assess the involvement of lipid peroxidation and fluctuations of
ATP levels, which may give further indication of the effects on cellular viability and

cellular kinetics.

4.2.1.1. Seeding of cells and exposure to crude extracts

HepG2 cells (100 pL) were seeded into sterile, white 96-well plates at 2 x 10 cells/well
(Figure 20). Plates were incubated for 24 h at 37°C and 5% COz2 in a humidified
incubator to allow for attachment. Blanks (200 pL) consisting of 5% FCS-
supplemented EMEM alone were included to assess background noise and sterility.
Cells were exposed to 100 uL DMSO (0.8%, negative vehicle control), crude extracts
(2, 6.4, 20, 64 and 200 pg/mL) or the respective positive control prepared in FCS-
negative EMEM for 72 h. Hepatotoxic parameters were determined after the

designated exposure time as described hereafter.
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Figure 20: Plate template used for the determination of hepatotoxicity (CD — cell density, ROS — ROS
concentration, GSH — GSH concentration, MMP — A¥Ym, FA —fatty acid concentration, CAS-3/7 —
caspase-3/7)

4.2.1.2. Cell density

The SRB assay has been described in Chapter 3. Initially the resazurin conversion
assay was idealised for its fluorescent activity and high sensitivity, but unfortunately
the high level of interaction between the crude extracts and the dye made this assay
incompatible.3> Cell density was determined by protein staining using SRB as
described in Chapter 3. Staurosporine (10 uM in reaction) was used as positive
control. Aliquots of solubilized dye (100 pL) were transferred to a clear 96-well plate

and the absorbance measured spectrophotometrically.

4.2.1.3. Reactive oxygen species concentration

Oxidative stress can be measured fluorometrically by wusing 2,7'-
dichlorodihydrofluorescein diacetate (H2.-DCFDA). The dye enters the cell passively
where it is hydrolysed by intracellular esterases to remove the diacetate. The resultant
2’ 7’-dichlorodihydrofluorescein (H2-DCF) is capruted intracellularly and oxidized by
free radicals to the highly fluorescent dichlorofluorescein (DCF).276

Intracellular ROS concentration was determined using the enzymatic conversion and

activation of H2-DCF-DA to the highly-fluorescent DCF.31¢ Potassium peroxidisulfate
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(150 uM in reaction) was used as positive control. Medium was replaced with 100 pL
H2-DCF-DA (10 uM in PBS) for 2 h and the fluorescent intensity measured at Aex = 485
nm and Aem = 520 nm (gain 750) (FLUOstar Optima, BMG Labtech). The SRB assay
was performed post-measurement to account for sample-induced cell death.
Fluorescent intensity was adjusted by subtracting the blanks, standardised according
to the cell density and the fold-change of the intracellular ROS concentration relative

to the negative control expressed using the following equation:

FlIs

Intracellular ROS concentration (fold — change) = Tl

where, FIs = the standardised, blank-adjusted fluorescent intensity of the sample, and
Flc = the standardised, blank-adjusted average fluorescent intensity of the negative

control.

4.2.1.4. Reduced glutathione concentration

Monochlorobimane is a non-fluorescent molecule that diffuses readily into cells and
undergoes enzymatic conjugation to GSH through glutathione-S-transferase. Once
conjugated the monochlorobimane adduct fluoresces intensely, and thus alterations
in intensity would either indicate GSH depletion (lower intensity) or de novo

synthesis/supplementation (higher intensity).3%’

Intracellular GSH concentration was determined using the conjugation of
monochlorobimane to GSH to form a fluorescent adduct.>® n-Ethylmaleimide (10 uM
in reaction) was used as positive control. Medium was replaced with 100 pL
monochlorobimane (16 uM in PBS) for 2 h and the fluorescent intensity measured at
Aex = 355 nm and Aem = 460 nm (gain 1250). The fold-change of the intracellular GSH
concentration was determined as described in Section 4.2.1.3.

4.2.1.5. Mitochondrial membrane potential

The mitochondrial-selective, lipophilic  dye, 5,5’,6,6-tetrachloro-1,1’,3,3’-
tetraethylbenzimidazolylcarbocyanine iodide (JC-1), exists in two forms, either as its
monomer or aggregates of itself which exhibits intense green or red fluorescence,
respectively.16 In healthy cells JC-1 preferentially accumulates in mitochondria (A¥Ym

-180 — 200 mV) and undergoes aggregation to J-aggregates. In compromised or
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apoptotic cells JC-1 remains in its monomer form in the cytosol due to an increase in
A¥Ym (= 0 mV). The mitochondrial selectivity of JC-1 is only dependent on the AWYm,
and thus other factors such as size, shape and density are not taken into account. By
determining the red-to-green fluorescence ratio the effect of compounds on the
mitochondrial stability can be determined, where a decrease reflects mitochondrial
depolarization (an increase in aggregate formation due to decreased A¥m), while an
increase indicates hyperpolarization (a decrease in aggregate formation due to

increased A¥m).316

MMP was determined by expressing the ratio of red fluorescent J-aggregates (healthy
cells) to green fluorescent JC-1 monomers (unhealthy cells).3'6 Rotenone (100 nM in
reaction) was used as positive control. Medium was replaced with 100 pL JC-1 (10 uM
in PBS) for 2 h and the fluorescent intensity measured at Aex = 492 nm and Aem = 590
nm (gain 1000) and Aex = 485 nm and Aem = 520 nm (gain 1000), respectively.
Fluorescent intensity was adjusted by subtracting the blanks and the ratio of JC-1
monomers to J-aggregates determined. The fold-change of AYm relative to the

negative control was expressed using the following equation:

Rs
A¥m (fold — change) = Re

where, Rs = the ratio of blank-adjusted fluorescent intensity of the sample, and Rc =
the ratio of blank-adjusted average fluorescent intensity of the negative control.

4.2.1.6. Fatty acid concentration

Nile red is a lipophilic dye that generally does not fluoresce when in a polar solvent,
though when dissolved in lipid-rich media it emits intense red fluorescence. The dye
accumulates within lipid droplets, and thus cells containing high quantities of
intracellular fatty acids will fluoresce strongly.3!® In HepG2 cells this will occur during

fatty acid accumulation, and thus may be an indication of steatosis.

Intracellular fatty acid concentration was determined using cellular accumulation of
nile red as a measure of steatosis.3!° Oleic acid (200 yM in reaction) was used as
positive control. Medium was replaced with 100 uL nile red (1 uM) for 2 h and the
fluorescent intensity measured at Aex = 544 nm and Aem = 590 nm (gain 1000). The
fold-change of the intracellular acid concentration was determined as described in
Section 4.2.1.3.
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4.2.1.7. Apoptosis

Acetyl Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC) is a synthetic
tetrapeptide substrate that is cleaved by activated caspases-3/7 to free the bound
fluorogenic 7-amido-4-coumarin (AMC).3%6 Intracellular caspase-3/7 is released from
cells through the use of membrane lytic solutions where it can be exposed to the
selective substrate. As caspase-3/7 is only activated through pro-apoptotic pathways,

fluorescence indicates an induction of programmed cell death.36

Apoptosis was determined using the enzymatic cleavage of Ac-DEVD-AMC by
activated caspase-3/7 to release the fluorescent AMC molecule.®'® Staurosporine (10
MM in reaction) served as positive control. Medium was replaced with 25 ul cold lysis
buffer and incubated for 15 min on ice. After lysis, 100 uL caspase-3/7 substrate buffer
containing Ac-DEVD-AMC was added. Plates were incubated for 4 h at 37°C, and a
further 16 h at 4°C. The fluorescent intensity was measured at Aex = 355 nm and Aem =
460 nm (gain 750). Fluorescent intensity was adjusted by subtracting the blanks,
standardised according to the relative cell density and the fold change of the caspase-

3/7 activity relative to the negative control expressed using the following equation:

Fls
Caspase — 3/7 activity (fold — change) = I

where, Fls = the standardised, blank-adjusted fluorescent intensity of the sample, and
Flc = the standardised, blank-adjusted average fluorescent intensity of the negative

control.

4.2.2. Determination of lipid peroxidation

The TBARS assay functions as a measure of lipid hydroperoxide formation, which
occurs during oxidation and thus suggests oxidative stress. These products include
MDA, which binds to thiobarbituric acid to form a fluorescent adduct. Increased

fluorescence would then suggest of oxidative stress.32°

Lipid peroxidation was determined using the TBARS assay.3?° HepG2 cells were
seeded into sterile, clear 96-well plates and exposed as described in Section 4.2.1.1.
AAPH (500 pM in reaction) was used as positive control. Medium (200 pL) was

aspirated into 5 mL tubes, after which cells were chemically detached using 100 pL
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Trypsin/Versene and added to the respective supernatant. To each tube was added:
100 pL TCA (16.5%) and 100 pL thiobarbituric acid (2.5% in 0.1 M sodium hydroxide
and 50 pM ethylenediaminetetraacetic acid [EDTA]). Tubes were vortex-mixed and
placed in a warm waterbath (95°C) for 20 min, after which 250 pL butanol was added.
Tubes were vortex-mixed once more, and left to separate into an aqueous and organic
layer. Aliquots (100 uL) of the organic layer were transferred to a white 96-well plate
and the fluorescent intensity measured at Aex = 544 nm and Aem = 590 nm (gain 750).
The fold-change of the intracellular lipid peroxidation levels were determined as
described in Section 4.2.1.3.

4.2.3. Determination of ATP levels

Chemiluminescent signalling relies on the production of light from a bioluminescent
source. Luciferase catalyses the interaction between the substrate luciferin and ATP,
which yields significant flash of light production. This can then be measured using a

luminometer, and thus gives a proportional indication of ATP content within a cell.32?

ATP levels were determined using the ApoSENSOR™ ATP cell viability
chemiluminescence kit.3?! HepG2 cells were seeded and exposed as described in
Section 4.2.1.1 in sterile, white 96-well plates. Saponin (1% in reaction) was used as
positive control. Medium was replaced with 100 yL nucleotide releasing buffer and
incubated for 5 min on a shaker. After lysis, 10 yL ATP monitoring enzyme was added,
and plates measured immediately using a chemiluminescence protocol. End-point
luminescent intensity was adjusted by subtracting the blanks, standardised according
to the relative cell density and the fold change of the ATP level relative to the negative

control expressed using the following equation:

Lls
ATP level (fold — change) = e

where, LIs = the standardised, blank-adjusted luminescent intensity of the sample, and
Lic = the standardised, blank-adjusted average luminescent intensity of the negative

control.
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4.2 4. Determination of cellular kinetics and mode of cell death

4.2.4.1. Synchronisation of HepG2 cells for cellular kinetics

Assessment of the cell cycle requires that the majority of cells be synchronised into
one cellular phase to limit variability that can occur from asynchronicity.3?? From this a
more accurate picture can be drawn with regards to the type of effects that are elicited
on cellular kinetics. Methods range from low to high cell manipulation which upon
removal will theoretically allow for cells to continue cycling in a synchronised fashion
for a defined period of time.3?? Although traditional synchronisation methods have
been scrutinised as not producing truly synchronised populations,3?® their use in
literature is widely employed. Serum deprivation is an often-used technique to induce
a Gl-phase arrest, as cells require several growth factors to proceed into the
subsequent phases.??? The withdrawal of serum, however, has been shown to reduce
cellular viability,3?? and a higher level of baseline cytotoxicity can be observed upon
experimentation. In-house experimentation has shown that a variety of cell lines,
including the HepG2 cell line, undergo detachment and DNA fragmentation when
deprived of serum for 24 to 48 h (data not shown), making this method unsuitable. The
mitotic shake-off method is based on the principle that cells undergoing division
display low adhesion to the culture surface, and thus can be dislodged upon
agitation.®** This however produces a low yield of synchronised cells, thus
exceptionally large populations need to be used initially to obtain an adequate amount
of synchronised cells.??> The method ultimately utilised for experimentation in the
current project was the double thymidine block method. Through sequential treatment
with excessive thymidine concentrations, cells are arrested in the S-phase through a

feedback inhibition of DNA replication by affecting ribonucleotide reductase.322:324

HepG2 cells were synchronised into the S-phase of the cell cycle using the double
thymidine block as described by Chiang et al.3? for determination of cellular kinetics.
HepG2 cells were maintained in EMEM supplemented with 10% FCS and grown in 75
cm? flasks at 37°C and 5% CO:2in a humidified incubator till 75% confluent. Cells were
rinsed with PBS and incubated for 16 h in 3 mM thymidine-fortified EMEM
supplemented with 10% FCS, after which flasks were rinsed and incubated for 10 h in
EMEM supplemented with 10% FCS. After incubation, cells were rinsed once more
and incubated for a further 16 h with 3 mM thymidine-fortified EMEM supplemented

with 10% FCS. Cells were detached using Trypsin/Versene solution and counted using
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the trypan blue exclusion assay as described in Chapter 3. An aliquot of the

synchronised cells were fixed as described in Section 4.2.4.3. to follow.

4.2.4.2. Seeding of cells and exposure to crude extracts

Synchronised and non-synchronised HepG2 cells were used for determination of
cellular kinetics and mode of cell death, respectively. HepG2 cells (600 pL) were
seeded into sterile, clear 24-well plates at 1 x 10° cells/well. Plates were incubated for
24 h at 37°C and 5% CO:zin a humidified incubator to allow for attachment. Cells were
exposed to 600 yL EMEM (negative control), crude extracts (2 x 1Cso, or 200 pg/mL if
no ICso was obtained) or the respective positive control prepared in FCS-negative
EMEM for both 24 h and 72 h.

4.2.4.3. Determination of cellular kinetics using cell cycle analysis

The incorporation of fluorescent or radioactive DNA markers has been the staple of
cell cycle analysis, and different methods are available. Propidium iodide, an analogue
of ethidium bromide, is a double stranded DNA and ribonucleic acid (RNA)
intercalating agent that displays increased fluorescence (20 — 30-fold) once bound to
a nucleic acid.?8” As propidium iodide is unable to permeate intact cellular membranes,
fixation and lysis is required for successful staining to occur.?®” To ensure only DNA is
stained during sample preparation, RNA can be degraded through the addition of
RNase A.287326 As cells in each phase contain different DNA content, fluorescent
activity will differ throughout. As such a flow cytometric histogram is created (Figure
21), displaying the distribution of cells in each phase. Utilizing propidium iodide
staining allows for four distinct phases to be presented, namely the sub-G1-, G1-, S-
and G2/M-phase. The sub-Gl-phase refers to DNA content <2N, thus represents
hypodiploid cells with fragmented DNA, an indicator of potential apoptotic cell death.3?’
As DNA content of the G2- and M-phases are similar, it is not possible to differentiate
between the two using the proposed method. Statistical analysis of the cell cycle can
be achieved by incorporating deconvolution software to the collected data if a large
enough number of cells have been counted, which utilizes Gaussian distributions to

model the different phases.?®” Important to note is that each phase (G1, S, G2/M)
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contributes to the total amount displayed (100%). The sub-G1 phase itself is
represented as a different set, and thus does not contribute to the total cell cycle
phases. Furthermore, due to the abovementioned, although the cell cycle distribution
may appear diminished at times, it is still represented relative to the whole cell cycle.

-

Cell cycle analysis interpretation

Sub-G1 G1 S G2/M

o | i ] |

Event count

DNA content

Figure 21: Interpretation of cell cycle kinetics using deconvolution software, where DNA content was
determined through propidium iodide staining.

The effects of the crude extracts on cellular kinetics was determined using the
propidium iodide staining method according to Darzynkiewicz and Juan.3?® Positive
controls included the following: i) for induction of a G1-block, medium was replaced
with FCS-free EMEM, and ii) for induction of a S- and G2/M-block, cells were exposed
to 10 pM methotrexate and 20 uM curcumin in reaction, respectively for 14 h. Cells
were trypsinised and washed once with PBS supplemented with 1% FCS. Cells were
fixed by adding 3 mL cold ethanol (70%) in a drop-wise fashion while being vortex-
mixed, after which cells were incubated at 4°C overnight. Cells were lysed and stained
using a propidium iodide staining solution (containing 100 pug/mL RNase, 40 pg/mL
prodidium idiode and 0.1% Triton X-100) for 40 min at 37°C. Flow cytometric analysis
(FC500 Series, Beckman-Coulter) was carried out to determine the distribution of DNA
using FL-3. Deconvolution software (Multicycle V3.0, WinCycle) was employed to
interpret the different phases of the cell cycle.
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4.2.4.4. Determination of mode of cell death through PS-flip and membrane

integrity

As apoptotic and necrotic cells present with different characteristics, it is possible to
separate them flow cytometrically into distinct quadrants through the use of differential
staining methods. Such is the case with Annexin V-fluorescein isothiocyanate (FITC)
and propidium iodide dual staining. Annexin V is a calcium-dependent phospholipid-
binding protein with high affinity for phosphatidylserine residues. As a PS-flip occurs
in apoptotic cells, cells may be stained positively through the use of a FITC-conjugated
Annexin V molecule. Propidium iodide, a vital dye, cannot cross intact cellular
membranes. Thus only cells with disrupted cellular membrane integrity can be stained
positive.3?° By using both dyes, cells may be divided into different quadrants, namely
Annexin V-/propidium iodide" (viable), Annexin V*/propidium iodide" (early apoptotic),
Annexin V*/propidium iodide* (late apoptotic/aponecrotic) or Annexin V-/propidium
iodide* (necrotic) (Figure 22). These quadrants can be defined using unstained or
differentially-stained populations of cells. Density plots can then be utilised to express
the amount of cells within each specific quadrant, and representative images used to
indicate this.

The effect of crude extracts on the mode of cell death was assessed using the Annexin
V-FITC/propidium iodide assay as described by Hingorani et al.3?® Positive controls
included the following: i) for induction of apoptosis, cells were exposed to 50 nM
rotenone in-reaction, and ii) for induction of necrosis, trypsinised cells were lysed with
cold absolute ethanol and sonicated for 3 min. Cells were trypsinised and washed
once with PBS supplemented with 1% FCS. Cells were stained for 15 min in the dark
with 2.5 yuL Annexin V-FITC solution, after which 2.5 uL propidium iodide (3 mM) was
added. Quadrant flow cytometric analysis was carried out to determine the distribution
of cells in either the FL-1-positive (Annexin V-FITC, early apoptosis), FL-3-positive
(propidium iodide, necrosis) or FL-1 and FL-3 positive (late apoptosis, or aponecrosis)

quadrants.
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Figure 22: Interpretation of mode of cell death.

4.2 5. Statistics

All experiments were performed using at least two technical and three biological
replicates. Results were compiled using Microsoft Excel 2010 and analysed
statistically with GraphPad Prism 5.0. All results were expressed as the mean + SEM.
The ICs0 was determined using non-linear regression (normalized, variable slope). For
the hepatotoxicity model, significant differences were determined between the
negative control and treated cells using Kruskal-Wallis and a post-hoc Dunns test. For
the flow cytometric results, significant difference were determined between the
negative and the treated cells using two-way analysis of variance (ANOVA) and a post-

hoc Bonferroni test. Significance was defined as p < 0.05.
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4.3. Results

4.3.1. Use of sulforhodamine B for normalization against protein content

As fluorescent data could be skewed due to an alteration in cellular viability,
normalization of the data relative to protein content is often done to more accurately
express results. The Bradford protein content assay is usually followed, but due to
specific parameters of the hepatotoxicity model it was decided that a more robust
technique would be better suited. As the SRB assay also stains for protein content, it
was assessed whether a correlation was present between cell number and protein
content. A high correlation (r? = 0.9688) that was statistically significant (p < 0.001)
was found for protein content between the Bradford and SRB assays (Figure 23).
Subsequent experiments were normalized to SRB-determined cellular density to

express the fluorescent data obtained.

r? = 0.9688
p < 0.0001

0.3

SRB absorbance
(510 nm)
(=]
»

0.14

0.0 L} T T 1 L 1
000 005 010 015 020 025 0.30

Bradford protein content assay
Protein concentration (mg/ml)

Figure 23: Correlation between the Bradford protein content and SRB assay.

4.3.2. Positive controls for the hepatotoxicity assays

Positive controls for all assays resulted in the expected alterations to the hepatocyte
parameters, indicating that all assays displayed suitable sensitivity and responses to
the measured parameters. With regards to the hepatotoxicity model: cell density
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(Figure 24A), AYm (Figure 24B), GSH concentrations (Figure 24D) and ATP levels
(Figure 24G) were decreased by 94.2%, 0.34-, 0.85- and 0.99-fold after exposure to
staurosporine, rotenone, n-ethylmaleimide and saponin, respectively. ROS
concentration (Figure 24C), fatty acid concentration (Figure 24E), lipid peroxidation
(Figure 24F) and caspase-3/7 activity (Figure 24H) was increased by 2-, 2.5-, 1.93-
and 2.2-fold after exposure to potassium peroxidisulfate, oleic acid, AAPH and

staurosporine, respectively.

Cells were successfully synchronised in the S-phase of the cell cycle using the double
thymidine blocking method, resulting in 71.18% of cells retained in this phase upon
experimentation (Figure 25C). Although not significant, an increase of 8.83% of cells
in the G1l-phase was induced after 24 h FCS-depletion (G1-block) (Figure 25D).
Exposure to methotrexate and curcumin induced an increase of 16.69% and 14.25%
of cells in the S- and G2/M-phase, respectively (Figure 25E and F). Negative controls
displayed similar cellular kinetics at the 24 h and 72 h mark (Figure 25A and B).

Cells were successfully maintained in the culture conditions and displayed high cellular
viability (approximately 92%) with minimal cell death, which primarily presented as
necrosis (approximately 6%) (Figure 26A and B). Cells exposed to rotenone for 24 h
displayed apoptotic (45.94%) and necrotic cell death (14.57%) (Figure 26C).
Sonication in 70% cold ethanol for 5 min resulted in a large increase in necrotic cells
(95.10%) (Figure 26D).
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Figure 24: The effect of positive controls on A) cell density (staurosporine), B) A¥Ym (rotenone), C) ROS
concentration (potassium peroxidisulfate), D) GSH concentration (n-ethylmaleimide), E) fatty acid

concentration (oleic acid). F) lipid peroxidation (AAPH), G) ATP levels (saponin) and F) caspase-3/7
activity (staurosporine) in HepG2 cells; significance was determined against the negative control.
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Figure 25: The effect of positive controls on the cell cycle kinetics of HepG2 cells exposed to A) negative
control for 24 h, B) negative control for 72 h, C) double thymidine block (synchronized cells), D) FCS-
depleted EMEM (G1-block) for 24 h, E) methotrexate (S-block) for 14 h, and F) curcumin (G2/M-block)
for 14 h. Significance determined relative to the 24 h negative control: % p < 0.01, * % % p < 0.001.
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Figure 26: The effect of positive controls on the viability of HepG2 cells exposed to A) negative control
for 24 h, B) negative control for 72 h, C) rotenone (apoptosis) for 24 h, and D) 70% ethanol sonication
(necrosis) for 5 min. Significance determined relative to the 24 h negative control: %% % p < 0.001.
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4.3.3. Selected plant extracts

4.3.3.1. Acokanthera oppositifolia

The hot water extract of A. oppositifolia decreased cell density significantly (p < 0.01)
at 210 pg/mL, with an ICso of 24.26 pg/mL and maximum reduction of 65.95% at 100
pg/mL (Figure 27A). A¥Ym was reduced to below baseline at all concentrations, but
was only significant (p < 0.01) at 210 pg/mL (up to 0.84-fold at 100 pug/mL) (Figure
27B). Intracellular ROS concentrations were slightly reduced below baseline, although
this was not significant (Figure 27C). Intracellular GSH concentrations decreased to
below baseline at all concentrations, but were only significant (p < 0.05) at 23.2 pg/mL,
and reached a plateau at =210 pg/mL (0.56-fold) (Figure 27D). Fatty acid
concentrations increased significantly (p < 0.001) at 210 pg/mL, though no dose-
dependent effect was observed (2.33- and 2.00-fold at 32 pg/mL and 100 pg/mL,
respectively) (Figure 27E). Lipid peroxidation was not significantly altered, though a
slight increase of 1.24-fold was apparent at 3.2 pg/mL (Figure 27F). ATP levels were
dose-dependently decreased at all concentrations (p < 0.05), ranging between 0.42-
and 0.08-fold (Figure 27G). Although not significant, caspase-3/7 activity was below
baseline at <3.2 pg/mL (approximately 0.35-fold reduction), while at 210 pg/mL it was
induced by up to 1.98-fold at 100 pg/mL (Figure 27H).

The methanol extract decreased cell density significantly (p < 0.05) at 23.2 ug/mL,
with an ICsp of 26.16 pg/mL and maximum reduction of 72.14% at 100 pg/mL (Figure
28A). A¥Ym was reduced dose-dependently by up to 0.74-fold at 100 pug/mL, with
significant (p < 0.01) reduction at 210 pg/mL (Figure 28B). Similar to the hot water
extract, ROS concentrations were below baseline at all concentrations, although a
significant (p < 0.05) reduction was observed at 232 pg/mL (complete abolishment at
100 pg/mL) (Figure 28C). GSH concentrations were significantly (p < 0.01) decreased
at 3.2 pg/mL to 32 pug/mL (0.29-fold to 0.43-fold reduction), with a slight increase of
1.20-fold at 100 pug/mL (Figure 28D). Dose-dependent fatty acid accumulation was
observed, significant (p < 0.05) at 210 yg/mL (4.61-fold at 100 pug/mL) (Figure 28E).
Little to no alteration in lipid peroxidation occurred (Figure 28F). ATP levels decreased
significantly (p < 0.05) at all concentrations between 0.53- and 0.19-fold (Figure 28G).
Caspase-3/7 activity was similarly increased, with elevated activity at 210 pg/mL,
although it was only significant (p < 0.05) at 100 pg/mL (5.82-fold) (Figure 28H).
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Figure 27: The effect of the crude hot water extract of A. oppositifolia in HepG2 cells; A) cell density,
B) A¥Ym, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 28: The effect of the crude methanol extract of A. oppositifolia in HepG2 cells; A) cell density,
B) A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.

After 24 h exposure to the hot water extract, a 3.03% increase, 15.10% reduction (p <

0.01), 5.66% increase and 9.44% increase in the percentage of cells in the sub-G1-,
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G1-, S- and G2/M-phase was observed, respectively (Figure 29B, Table 14). After 72
h exposure to the hot water extract, the percentage of sub-G1-phase cells increased
by 17.53% (p < 0.05), the G1-phase decreased by 27.70% (p < 0.001), and the S- and
G2/M-phase increased by 17.76% (p < 0.05) and 10.54%, respectively (Figure 29E,
Table 14). Exposure to the methanol extract for 24 h led to an increase of 4.21%,
reduction of 4.90% and increases of 0.70% and 4.19% for the sub-G1-, G1-, S- and
G2/M-phase, respectively (Figure 29C, Table 14). After 72 h exposure to the methanol
extract, the G1-phase was reduced by 20.37% (p < 0.05), while the sub-G1-, S- and
G2/M-phase was increased by 14.69%, 1.50% and 18.87% (p < 0.05), respectively
(Figure 29F, Table 14).

A 5% FCS EMEM B ICy A. appositifolia HW 1G4, A. oppositifols MeOH
(24 h negative contral) e (24 b exposine) c (24 h exposure)

58.83% 43.53% 0.7
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L J.2a% 43} 15200

e
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@un ‘
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Figure 29: The effect of the ICso of A. oppositifolia on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % p < 0.05, * % p <0.01 and * %% p < 0.001.

Table 14: The effect of the ICso of A. oppositifolia on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in cell cycle phase after exposure to A. oppositifolia (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 13.03 117.54* 14.21 1 14.69
Gl | 15.10** | 27.70*** 1 4.90 1 20.37*
S 1 5.66 117.16* 1 0.70 11.50
G2/M 19.44 1 10.54 14.19 118.87*

Significant difference relative to the respective time points of the negative control: * p < 0.05, * % p <
0.01 and * % % p < 0.001.
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After 24 h exposure to the hot water extract, cellular viability decreased by 30.71% (p
< 0.001), while necrotic cells increased by 29.98% (Figure 30B, Table 15). At 72 h
exposure to the hot water extract cellular viability was reduced by 20.83% (p < 0.01),
while early apoptotic, late apoptotic and necrotic cells increased by 2.3%, 1.38% and
17.13% (p < 0.05), respectively (Figure 30E, Table 15). Twenty-four hour exposure to
the methanol extract decreased cellular viability by 21.77% (p < 0.05), with an increase
of 3.08%, 1.19% and 17.51% of early apoptotic, late apoptotic and necrotic cells,
respectively (Figure 30C, Table 15). At 72 h exposure the methanol extract decreased
cellular viability by 20.53% (p < 0.01), with a 4.22%, 3.09% and 13.21% increase in

early apoptotic, late apoptotic and necrotic cells, respectively (Figure 30F, Table 15)
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Figure 30: The effect of the ICso of A. oppositifolia on cellular viability in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % p < 0.05, * % p < 0.01 and * % % p < 0.001.
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Table 15: The effect of the I1Cso of A. oppositifolia on cellular viability in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in viability after exposure to A. oppositifolia (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable | 30.71*** | 20.83** 1 21.77* | 20.53**
Early apoptosis 1 0.61 123 1 3.08 14.22
Late apoptosis 10.12 11.38 11.19 1 3.09
Necrosis 1 29.98*** 117.13* 117.51 113.21

Significant difference relative to the respective time points of the negative control: % p < 0.05,
%k p<0.01and * %% p<0.001.

From the results it is suggested that the hot water extract debilitates cells to a greater
extent than the methanol extract, although cell density was decreased to a similar
extent at the highest concentration tested. The hot water extract reduced GSH
concentrations, AYm and ATP levels more than the equivalent methanol extract. The
methanol extract increased fatty acid content and caspase-3/7 activity. The hot water
extract did not affect ROS content whereas the methanol extract abolished this at
higher concentrations. Lipid peroxidation did not appear to be a factor in the
cytotoxicity. Both the hot water and methanol extracts increased the sub-G1-phase
after 72 h, while the former increased the percentage of cells in the S- and G2/M-
phase of the cell cycle, and the latter only increased the G2/M-phase. While both
extracts decreased cellular viability and increased the amount of necrotic cells as early
as 24 h, the hot water extract was more potent at inducing this.

4.3.3.2. Boophane disticha

The hot water extract of B. disticha displayed cytotoxicity at concentrations 210 pg/mL,
with an ICso of 51.39 pg/mL and maximum cell density reduction of 61.88% at 100
pg/mL (Figure 31A). Slight, but significant (p < 0.05), reduction in A¥Ym was observed
at 232 pyg/mL, with a maximum reduction of 0.35-fold (Figure 31B). Intracellular ROS
concentrations were reduced below baseline at all concentration, with a minimum
reduction of 0.23-fold at 1 pg/mL to plateau at 232 pg/mL by approximately 0.61-fold
(Figure 31C). Intracellular GSH concentrations were reduced at =3.2 pg/mL
significantly (p < 0.05) by up to 0.39-fold, while only a slight reduction of 0.28-fold was
present at 100 pg/mL (Figure 31D). A slight reduction of 0.10-fold in fatty acid content
was noted at concentrations from 1 pg/mL to 10 pg/mL, while a dose-dependent

increase was observed at 210 ug/mL by up to 2.92-fold at 100 pg/mL (Figure 31E).
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Lipid peroxidation remained largely unaltered (Figure 31F). ATP levels were non-
significantly increased at 232 ug/mL by up to 2.72-fold (Figure 31G). Caspase-3/7
activity was below baseline for all concentrations, and was only significant (p < 0.01)
at 10 pg/mL and 32 pg/mL with a reduction of 0.44- and 0.63-fold, respectively, while
at 100 pg/mL only a slight reduction of 0.31-fold was observed (Figure 31H).
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Figure 31: The effect of the crude hot water extract of B. disticha in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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The methanol extract displayed significant (p < 0.05) cytotoxicity at concentrations 210
pg/mL, with an 1Csp of 35.11 pg/mL and maximum cell density reduction of 66.43% at
100 pg/mL (Figure 32A). A¥Ym decreased gradually, with a maximum significant (p <
0.01) reduction of 0.43-fold at 100 pg/mL (Figure 32B). Intracellular ROS
concentrations were decreased at all concentrations, with a minimum reduction of
0.09-fold at 1 pg/mL to 0.56-fold at 100 pg/mL (Figure 32C). Intracellular GSH
concentrations decreased significantly (p <0.001) at 3.2 pg/mL and 10 pg/mL by 0.27-
and 0.34-fold, while at 232 pg/mL it started increasing to 1.37-fold at 100 pg/mL
(Figure 32D). Fatty acid concentration was reduced by approximately 0.10-fold at 1
and 3.2 ug/mL, but increased significantly (p < 0.05) by 2.12- and 2.86-fold at 32 pg/mL
and 100 pg/mL, respectively (Figure 32E). Lipid peroxidation increased dose-
dependently by up to 1.24-fold, though this was not significant. A¥Ym decreased
gradually, with a maximum significant (p < 0.01) reduction of 0.43-fold at 100 pg/mL
(Figure 32F). ATP levels increased dose-dependently by up to 1.94-fold at 32 pg/mL,
but returned to baseline at 100 pug/mL A¥Ym decreased gradually, with a maximum
significant (p < 0.01) reduction of 0.43-fold at 100 pug/mL (Figure 32G). Caspase-3/7
activity was decreased significantly (p < 0.05) by 0.36- and 0.52-fold at 10 pg/mL and
32 pg/mL, respectively, with only a slight reduction of 0.12-fold at 100 pg/mL (Figure
32H).

Exposure to the hot water extract for 24 h resulted in an increase of 0.81%, 0.18% and
4.47% in the cells of the sub-G1-, S- and G2/M-phase, respectively and a 4.70%
reduction of in the G1-phase (Figure 33B, Table 16). After 72 h exposure the hot water
extract reduced the sub-G1 and S-phase by 1.40% and 7.71%, respectively, while the
G1- and G2/M-phase were increased by 6.47% and 1.24%, respectively (Figure 33E,
Table 16). The methanol extract resulted in a 0.08% and 4.18% increase in the sub-
G1- and G2/M-phase, respectively, and decreased the G1- and S-phase by 4.05%
and 0.12%, respectively (Figure 33C, Table 16). After 72 h the methanol extract
decreased the sub-G1- and S-phase by 2.11% and 5.10%, respectively, and increased
the G1- and G2/M-phase by 1.92% and 3.18%, respectively (Figure 33F, Table 16).
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Figure 32: The effect of the crude methanol extract of B. disticha in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 33: The effect of the ICso of B. disticha on cellular kinetics in HepG2 cells exposed for 24 h and
72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h).

Table 16: The effect of the ICso of B. disticha on cellular kinetics in HepG2 cells exposed for 24 h and
72 h summarized as the shift in phase from the respective negative control.

Shift in cell cycle phase after exposure to B. disticha (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 1 0.81 | 1.40 1 0.08 1211
Gl 1 4.70 1 6.47 | 4.05 11.92
S 10.18 1 7.71 1 0.12 1 5.10
G2/M 14.48 11.24 14.18 13.18

After 24 h exposure to the hot water extract there was a decrease of 6.18% (p < 0.05)
in viable cells and 3.07% in necrotic cells, while an increase of 8.43% and 0.82%
occurred in early and late apoptotic cells, respectively (Figure 34, Table 17). At 72 h
exposure to the hot water extract an increase of 3.17% occurred in early apoptotic
cells, while a decrease of 3.77% was evident for necrotic cells (Figure 34, Table 17).
The methanol extract reduced cell viability by 10.27% (p < 0.01) and necrosis by
2.42% after 24 h exposure, while early and late apoptotic cells increased by 10.88%
(p < 0.001) and 1.81%, respectively (Figure 34, Table 17). After 72 h exposure the
methanol extract reduced cell viability and necrosis by 2.10% and 3.43%, respectively,
while early apoptotic cells increased by 5.07% (Figure 34, Table 17).
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Figure 34: The effect of the ICso of B. disticha on cellular viability in HepG2 cells exposed for 24 h and
72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % p < 0.05, * * p < 0.01 and * % % p < 0.001.

Table 17: The effect of the ICso of B. disticha on cellular viability in HepG2 cells exposed for 24 h and
72 h summarized as the shift in phase from the respective negative control.

Shift in viability after exposure to B. disticha (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable | 6.18* 1 .0.21 | 10.27** 12.10
Early apoptosis 1 8.43 1 3.17 1 10.88*** 1 5.07
Late apoptosis 1 0.82 1 0.38 11.81 1 0.45
Necrosis | 3.07 13.77 | 2.42 | 3.43

Significant difference relative to the respective time points of the negative control: % p < 0.05, * % p <
0.01 and * % % p < 0.001.

Although the methanol extract had a more deleterious effect on cellular density across
the exposure range, the maximum reduction was similar in both extracts. Alterations
to hepatotoxic parameters followed a similar trend after exposure to both solvent
extracts. The methanol extract resulted in an increase in GSH concentrations at the
highest concentration tested. Effects on ROS, A¥Ym, fatty acid concentrations and
caspase-3/7 activity were similar in hot water and methanol extracts. ATP levels were
increased after exposure to both extracts, though this effect was nullified at the highest

concentration for the methanol extract. Cell number was slightly increased in the
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G2/M-phase of the cellular phase for both extracts, with a further increase in the G1-
phase following exposure to the hot water extract. Annexin V-FITC staining indicated

that cellular viability remained high, with only a slight increase in early apoptotic cells.

4.3.3.3. Moringa oleifera

No significant alterations to cell density (Figure 35A), GSH concentrations (Figure
35D) and lipid peroxidation (Figure 35F) occurred after exposure to the hot water
extract of M. oleifera. While ROS concentrations were reduced by approximately 0.20-
fold at <100 pg/mL, it increased significantly (p < 0.05) by 1.99-fold at 100 pg/mL. A¥Ym
was reduced dose-dependently, displaying significance (p < 0.05) at 100 pg/mL (0.35-
fold) (Figure 35B). At 100 pg/mL fatty acid concentrations (Figure 35E) and caspase-
3/7 activity (Figure 35H) was significantly (p < 0.05) reduced by 0.15-fold and 0.30-
fold, respectively. ATP levels were reduced at concentrations 232 pg/mL by up to 0.56-
fold (Figure 35G).

The methanol extract did not induce any significant alterations to cell density (Figure
36A), GSH concentrations (Figure 36D), ATP levels (Figure 36G) and caspase-3/7
activity (Figure 36H) after exposure to the methanol extract of M. oleifera. Cell density
displayed an increasing trend at higher concentrations. ROS concentrations were
reduced to below baseline for all concentrations (Figure 36C), with a significant (p <
0.05) reduction at 232 pg/mL (up to 0.50-fold at 100 pg/mL). A¥Ym was reduced
similarly to that of the hot water extract (Figure 36B), but not as much (0.28-fold). Fatty
acid concentrations were reduced at concentrations 23.2 uyg/mL (Figure 36E), but only
attained significance at 100 pg/mL (0.43-fold). Lipid peroxidation displayed a trend to
increase dose-dependently by up to 1.48-fold (Figure 36F), though this was not
significant. Caspase-3/7 activity was not significantly altered, although a slight
reduction was noted at 100 pg/mL (0.14-fold) (Figure 36H).
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Figure 35: The effect of the crude hot water extract of M. oleifera in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 36: The effect of the crude methanol extract of M. oleifera in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.

Exposure to the hot water extract did not result in significant changes to the cell cycle
after 24 h (Figure 37B, Table 18), but after 72 h an increase of 6.22% was observed
in the G1-phase, with a reduction of 5.1% in the S-phase (Figure 37E, Table 18).
Exposure to the methanol extract for 24 h increased the sub-G1-, G1- and G2/M-phase
by 1.32%, 3.53% and 1.64%, respectively, with a reduction of 5.17% in the S-phase
(Figure 37C, Table 18). After 72 h the methanol extract increased the G1- and G2/M-
phase by 2.12% and 3.96%, respectively, and decreased the S-phase by 6.08%
(Figure 37F, Table 18).
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Figure 37: The effect of the 100 ug/mL M. oleifera on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h).

Table 18: The effect of the 100 pg/mL M. oleifera on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in cell cycle phase after exposure to M. oleifera (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 1.1.65 | 1.64 11.32 10.14
Gl 1 1.77 16.22 1 3.53 1212
S 1 0.36 1 5.10 1 5.17 | 6.08
G2/M 1 1.41 L 1.12 1 1.64 1 3.96

Exposure to the hot water extract decreased cell viability by 8.96% (p < 0.05) after 24
h, and increased early apoptotic and necrotic cells by 5.43% and 3.05%, respectively
(Figure 38B, Table 19). After 72 h exposure the hot water extract reduced cell viability
by 8.74%, while increasing early apoptotic and necrotic cells by 2.66% and 5.62%,
respectively (Figure 38E, Table 19). The methanol extract induced 13.74% (p < 0.001)
reduction in cell viability after 24 h exposure, while increasing early apoptotic, late
apoptotic and necrotic cells by 1.31%, 1.02% and 11.41% (p < 0.01), respectively
(Figure 38C, Table 19). After 72 h exposure cell viability was decreased by 11.08% (p
< 0.05), while early apoptotic and necrotic cells increased by 3.97% and 6.22%,

respectively (Figure 38F, Table 19).
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Figure 38: The effect of the 100 pg/mL M. oleifera on cellular viability in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % p < 0.05, * % p < 0.01 and * % % p < 0.001.

Table 19: The effect of the 100 ug/mL M. oleifera on cellular viability in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in viability after exposure to M. oleifera (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable | 8.96* 1 8.74 | 13.74*** | 11.08*
Early apoptosis 15.43 1 2.66 11.31 13.97
Late apoptosis 10.48 1 0.46 11.02 1 0.89
Necrosis 1 3.05 1 5.62 1 11.41%* 16.22

Significant difference relative to the respective time points of the negative control: % p < 0.05, %% p <
0.01 and * % % p < 0.001.

Although both extracts induced similar effects, the hot water extract did result in a
higher reduction of A¥Ym and caspase-3/7 activity, and a large increase in ROS at the
highest concentration tested. The methanol extract however greatly decreased fatty
acid concentrations. While the hot water extract decreased ATP levels, the methanol
extract did not affect it, but increased lipid peroxidation slightly. The hot water and
methanol extract increased cells in the G1-phase slightly after 72 h. The methanol

extract also increased G2/M-phase cell percentage. Both extracts decreased cell
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viability slightly (more prominent with the methanol extract), while increasing necrotic

cells to a large extent, and early apoptotic cells slightly.

4.3.3.4. Solanum aculeastrum

The hot water extract of S. aculeastrum displayed moderate cytotoxicity, with an ICso
of 67.83 pg/mL and maximum cell density reduction of 71.82% at 100 pg/mL (Figure
39A). A¥Ym was reduced dose-dependently, with maximal reduction of 0.88-fold at 100
pg/mL (Figure 39B). ROS concentrations were decreased, with maximal reduction of
0.36-fold at 100 pg/mL (Figure 39C). GSH concentrations remained unaffected except
for a sharp increase of 1.92-fold at 100 pg/mL (Figure 39D). A significant accumulation
of fatty acids of 1.41- and 4.25-fold was observed at 32 pg/mL and 100 pg/mL,
respectively (Figure 39E). Lipid peroxidation tended to increase up to 32 ug/mL (1.25-
fold), though reduced at 100 pg/mL (1.12-fold) (Figure 39F). ATP levels increased by
1.21-fold at 10 pg/mL, but were abolished at higher concentrations (Figure 39G).
Caspase-3/7 activity was increased significantly (p < 0.01) by 1.40- and 2.15-fold at
32 ug/mL and 100 pg/mL, respectively (Figure 39H).

The methanol extract reduced cell density sharply and significantly (p < 0.001) from
=32 ug/mL where it seemed to reach a plateau at approximately 85% reduction (Figure
40A) and an ICso of 17.91 pg/mL. A¥Ym was reduced dose-dependently with a maximal
reduction of 0.82-fold at 100 pg/mL (Figure 40B). ROS concentrations were not
significantly altered for concentrations <32 pg/mL except for complete abolishment at
100 pg/mL (Figure 40C). GSH concentrations decreased sharply (p < 0.05) at 32
png/mL by 0.49-fold, but increased by 1.25-fold at 100 pg/mL (Figure 40D). Fatty acid
accumulation was observed at 32 pg/mL and 100 pg/mL by 4.83- and 6.31-fold,
respectively (Figure 40E). Lipid peroxidation tended to increase slightly at higher
concentrations (Figure 40F). ATP levels were completely abolished at 232 pg/mL
(Figure 40G). Although caspase-3/7 activity increased non-significantly by 1.65-fold at
10 pg/mL, there was a significant (p < 0.05) reduction of 0.81- and 0.93-fold at 32
pHg/mL and 100 pg/mL, respectively (Figure 40F).
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Figure 39: The effect of the crude hot water extract of S. aculeastrum in HepG2 cells; A) cell density,
B) A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 40: The effect of the crude methanol extract of S. aculeastrum in HepG2 cells; A) cell density,
B) A¥Ym, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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After 24 h exposure to the hot water extract there was a decrease of 14.75% (p <
0.001) in cells in the G1-phase, and increase of 18.75% (p < 0.001) in the S-phase
(Figure 41B, Table 20). After 72 h there was an increase of 50.31% (p < 0.001) and
25.36% (p < 0.001) in the sub-G1- and S-phase, respectively, while a reduction of
24.55% (p < 0.001) occurred in the G1-phase (Figure 41E, Table 20). The methanol
extract induced a reduction of 4.69% and 6.45% in the G1- and S-phase, respectively,
and an increase of 1.2% and 11.14% (p < 0.01) in the sub-G1- and G2/M-phase after
24 h (Figure 41C, Table 20). After 72 h a decrease of 9.14% occurred in the G1-phase,
while the sub-G1-, S- and G2/M-phase increased by 14.8% (p < 0.001), 6.25% and
2.89%, respectively (Figure 41F, Table 20).
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Figure 41: The effect of the ICso of S. aculeastrum on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: %% p < 0.01 and * % % p < 0.001.

Table 20: The effect of the ICso of S. aculeastrum on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in cell cycle phase after exposure to S. aculeastrum (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 10.99 1 50.31*** 11.20 1 14.80**
Gl | 14.75*** | 24.55*** | 4.69 1 9.14
S 1 18.75*** 1 25.36*** | 6.45 1 6.25
G2/M 1 4.00 | 0.81 1 11.14** 12.89

Significant difference relative to the respective time points of the negative control: * % p < 0.01 and

* % % p < 0.001.
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The hot water extract decreased cell viability by 74.05% (p < 0.001) after 24 h, and
increased late apoptotic and necrotic cells by 1.03% and 74.28% (p < 0.001),
respectively (Figure 42B, Table 21). After 72 h exposure the extract induced a
reduction of 77.43% (p < 0.001) in cell viability, while increasing early apoptotic, late
apoptotic and necrotic cells by 2.03%, 1.14% and 74.26% (p < 0.001), respectively
(Figure 42E, Table 21). The methanol induced a 19.10% (p < 0.001) reduction in cell
viability, and a 2.60%, 2.89% and 13.62% (p < 0.001) increase in early apoptotic, late
apoptotic and necrotic cells, respectively (Figure 42C, Table 21). After 72 h cell viability
was decreased by 21.19% (p < 0.01), while increasing early apoptotic, late apoptotic
and necrotic cells by 1.11%, 0.82% and 19.25% (p < 0.01), respectively (Figure 42F,
Table 21).
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Figure 42: The effect of the ICsp of S. aculeastrum on cellular viability in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % % p < 0.01 and * % % p < 0.001.

Table 21: The effect of the ICso of S. aculeastrum on cellular viability in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in viability after exposure to S. aculeastrum (%)
State of viability Hot water extract Methanol extract
24 h 72h 24 h 72 h
Viable | 74.05*** | 77.43*%** | 19.1%** | 21.19**
Early apoptosis | 0.58 1 2.03 12.6 T1.11
Late apoptosis 11.03 11.14 1 2.89 1 0.82
Necrosis 1 74.28*%** 1 74.26*** 1 13.62*** 1 19.25**

Significant difference relative to the respective time points of the negative control: * p < 0.05, * % p <
0.01 and * % % p < 0.001.
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The methanol extract displayed greater hepatotoxicity than the hot water extract with
regards to cytotoxicity, GSH concentrations, A¥Ym and fatty acid accumulation. While
the hot water extract appeared to increase caspase-3/7 activity, the methanol extract
reduced this at higher concentrations. The hot water extract increased the percentage
of S-phase cells as early as 24 h, while the methanol extract increased the amount of
cells in the G2/M-phase at 24 h, and then at 72 h in the S-phase. Both extracts
decreased cell viability and increased necrotic cells as early as 24 h, after it plateaued.
Although the methanol extract appeared to have a greater effect during screening,
further assays indicated a larger hepatotoxic effect from the hot water extract.

4.3.3.5. Tabernaemontana elegans

The hot water extract of T. elegans displayed a significant (p < 0.01) reduction in cell
density by 43.99% at 100 pg/mL (Figure 43A). A¥Ym was gradually decreased, but was
only significant (p < 0.05) at 100 pug/mL with a 0.35-fold reduction (Figure 43B). All
concentrations decreased ROS concentration below baseline, with approximately
0.30-fold reduction between 3.2 and 32 ug/mL, and a smaller reduction of 0.06-fold at
100 pg/mL (Figure 43C). GSH concentrations were unaffected up to 32 pug/mL and
sharply increased by 1.45-fold at 100 pg/mL (p < 0.05) (Figure 43D). Although not
significant, fatty acid concentration was reduced by 0.10-fold at 1 pg/mL and gradually
increased by 1.13-fold at 100 pg/mL (Figure 43E). Lipid peroxidation was increased at
1 pug/mL, but gradually decreased to baseline as the concentration increased (Figure
43F). ATP concentrations were slightly increased at lower concentrations, but were
reduced by 0.2-fold at 100 pg/mL (Figure 43G). A gradual activation of caspase-3/7
was observed at low concentrations, with an increase of 1.36- and 1.86-fold at 32

pg/mL and 100 pg/mL, respectively (Figure 43H).
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Figure 43: The effect of the crude hot water extract of T. elegans in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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The methanol extract displayed high cytotoxicity with reduction of cell density at all
concentrations ranging from 45.51% to 91.27%, and an ICso of 3.07 pg/mL (Figure
44A). A¥Ym reduced dose-dependently by 0.68-fold at 100 pg/mL, with significant (p <
0.01) reduction at concentrations =210 ug/mL (Figure 44B). ROS concentrations were
increased non-significantly from 1 pg/mL to 32 pg/mL by 1.85-fold, but was abolished
at 100 pg/mL (Figure 44C). GSH was depleted between 1 pg/mL and 3.2 ug/mL by
approximately 0.15-fold, and increased dose-dependently by 4.56-fold at 100 pg/mL
(p < 0.001) (Figure 44D). Fatty acid accumulation was significant (p < 0.001) at 3.2
pHg/mL and higher, with a sharp increase of 5.80-fold at 100 ug/mL (Figure 44E). Lipid
peroxidation was slightly elevated at all concentrations, but did not follow an expected
dose-dependent trend (Figure 44F). At 3.2 ug/mL, ATP levels increased by 1.44-fold,
but were completely abolished at higher concentrations (p<0.01) (Figure 44G).
Caspase-3/7 activity was induced at all concentrations, but this was only significant (p
< 0.05) at concentrations 210 pg/mL, with an increase of 3.53- to 50.80-fold from 1

pg/mL to 100 pg/mL, respectively (Figure 44H).

The hot water extract increased the percentage of cells in the sub-G1-, G1- and G2/M-
phase by 8.30%, 0.07% and 20.93% (p < 0.001), respectively, after 24 h, while
reducing those in the S-phase by 21.00% (p < 0.001) (Figure 45B, Table 22). After 72
h exposure the cells in the sub-G1- and G2/M-phase was increased by 24.77% (p <
0.001) and 6.12%, respectively, while being reduced in the G1- and S-phase by 4.47%
and 1.65%, respectively (Figure 45E, Table 22). After 24 h the methanol extract
increased the sub-G1- and G2/M-phase by 2.53% and 9.24% (p < 0.05), respectively,
while reducing the cells in the G1- and S-phase by 1.16% and 8.08%, respectively
(Figure 45C, Table 22). After 72 h exposure the sub-G1l- and G2/M-phase were
increased by 4.73% and 5.15%, respectively, and the G1- and S-phase were reduced
by 4.98% and 0.18%, respectively (Figure 45F, Table 22).
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Figure 44: The effect of the crude methanol extract of T. elegans in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 45: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of T. elegans,
respectively, on cellular kinetics in HepG2 cells exposed for 24 h and 72 h; A) negative control (24 h),
B) hot water extract (24 h), C) methanol extract (24 h), D) negative control (72 h), E) hot water extract
(72 h), F) methanol extract (72 h). Significant difference relative to the respective time points of the
negative control: * p < 0.05 and % % % p < 0.001.

Table 22: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of T. elegans,
respectively, on cellular kinetics in HepG2 cells exposed for 24 h and 72 h summarized as the shift in

hase from the respective negative control.
Shift in cell cycle phase after exposure to T. elegans (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 1 8.30 1 24.77*** 12.53 14.73
Gl 1 0.07 | 4.47 11.16 | 4.98
S | 21.00*** 1 1.65 | 8.08 10.18
G2/M 1 20.93*** 16.12 1 9.24* 15.15

Significant difference relative to the respective time points of the negative control: % p <0.05 and * x %
p < 0.001.

After 24 h the hot water extract decreased cell viability by 4.63%, with an increase of
early apoptotic, late apoptotic and necrotic cells by 1.47%, 0.19% and 2.98%,
respectively (Figure 46B, Table 23). After 72 h exposure, cell viability was reduced by
27.10% (p < 0.001), and early apoptotic, late apoptotic and necrotic cells increased by
2.50%, 0.81% and 23.79% (p < 0.001), respectively (Figure 46E, Table 23). The
methanol extract reduced cell viability by 6.92% after 24 h exposure, while early
apoptotic, late apoptotic and necrotic cells were increased by 5.08%, 0.58% and
1.25%, respectively (Figure 46C, Table 23). After 72 h exposure cell viability was
decreased by 21.12% (p < 0.001), and an increase of 5.67%, 0.94% and 13.92% (p <
0.05) was observed for early apoptotic, late apoptotic and necrotic cells, respectively
(Figure 46F, Table 23).
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Figure 46: The effect of 100 pg/mL and the I1Cso of the hot water and methanol extract of T. elegans,
respectively, on cellular viability in HepG2 cells exposed for 24 h and 72 h; A) negative control (24 h),
B) hot water extract (24 h), C) methanol extract (24 h), D) negative control (72 h), E) hot water extract
(72 h), F) methanol extract (72 h). Significant difference relative to the respective time points of the
negative control: % p < 0.05 and % % % p < 0.001.

Table 23: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of T. elegans,
respectively, on cellular viability in HepG2 cells exposed for 24 h and 72 h summarized as the shift in
phase from the respective negative control.

Shift in viability after exposure to T. elegans (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable | 4.63 L 27.4*** | 6.92 | 21.12%**
Early apoptosis 11.47 125 1 5.08 1 5.67
Late apoptosis 10.19 1 0.81 1 0.58 1 0.94
Necrosis 1 2.98 1 23.79*** 1 1.25 1 13.92*

Significant difference relative to the respective time points of the negative control: % p < 0.05 and % % %
p < 0.001.

Hepatotoxicity screening displayed a similar trend for both extracts, except for ROS
concentrations, where the effects were more pronounced after exposure to the
methanol extract. While ROS concentrations were decreased for the hot water extract,
a dose-dependent increase was displayed by the methanol extract until complete
abolishment at the highest concentration tested was achieved. Lipid peroxidation was
slightly increased at all concentrations. ATP levels initially increased at lower

concentrations, though paralleled the reduction in cell density at higher concentrations.
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Both extracts induced an increase in the cells in the sub-G1- and G2/M-phase,
although this was more pronounced with the hot water extract. Although hepatotoxicity
screening indicated that the methanol extract was more detrimental towards cellular
viability, Annexin V-FITC staining displayed a gradual reduction of cell viability with
increased necrosis for both extracts, with the effect being more pronounced for the hot

water extract.

4.3.3.6. Terminalia sericea

The hot water extract of T. sericea presented with a slight reduction of cellular viability
(Figure 47A), of up to 37.30% at 100 pg/mL. A¥Ym decreased dose-dependently
(Figure 47B), and was statistically significant (p < 0.01) at 232 ug/mL (up to 0.74-fold
at 100 pg/mL). ROS concentrations remained stable (Figure 47C), except for a
marginal, statistically significant (p < 0.05) increase of 1.19-fold at 10 pg/mL.
Intracellular GSH concentrations did not change (Figure 47D). A significant (p < 0.01)
increase in fatty acid concentration was observed (1.54-fold at 100 pg/mL) (Figure
47E), while lipid peroxidation was slightly elevated, although this was not statistically
significant (Figure 47F). ATP levels were significantly (p < 0.05) reduced in a dose-
dependent manner at 100 pg/mL (0.40-fold) (Figure 47G), and caspase-3/7 activity
was diminished by 0.35-fold at 100 pg/mL (Figure 47H).

The methanol extract of T. sericea induced marginally higher reduction of cell viability
by 48.81% at 100 pg/mL (Figure 48A). AYm decreased dose-dependently and
reached a plateau at 232 ug/mL (approximately 0.82-fold) (Figure 48B). ROS
concentrations remained below baseline, which was only significant (p <0.001) at 210
pHg/mL where a plateau was reached (approximately 0.50-fold reduction) (Figure 48C).
GSH concentrations reduced dose-dependently and significantly (p < 0.001) up to
0.52-fold at 100 pug/mL (Figure 48D). Fatty acid content remained unaffected (Figure
48E), while lipid peroxidation tended to increase insignificantly (Figure 48F). ATP
levels decreased dose-dependently by a maximum of 0.46-fold at 100 pg/mL (Figure
48G). Caspase-3/7 activity was similarly decreased and significant (p < 0.05) at 232

pg/mL (up to complete abolishment at 100 pg/mL) (Figure 48H).
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Figure 47: The effect of the crude hot water extract of T. sericea in HepG2 cells; A) cell density, B)

A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 48: The effect of the crude methanol extract of T. sericea in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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After 24 h the hot water extract increased the cells in the sub-G1-, G1- and G2/M-
phase by 2.91%, 3.5% and 2.69%, respectively, while it reduced those in the S-phase
by 6.19% (Figure 49B, Table 24). After 72 h the cells in the sub-G1- and S-phase were
increased by 1.38% and 9.67%, respectively, and reduced in the G1- and G2/M-phase
by 7.21% and 3.09%, respectively (Figure 49E, Table 24). Exposure to the methanol
extract for 24 h increased the sub-G1- and S-phase by 6.67% and 2.73%, respectively,
whereas the G1- and G2/M-phase were reduced by 0.35% and 2.38%, respectively
(Figure 49C, Table 24). After 72 h the sub-G1-phase was increased by 9.84% as well
as the S-phase by 11.85% (p < 0.05), while the G1- and G2/M-phase were reduced
by 8.41% and 3.44%, respectively (Figure 49F, Table 24).
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Figure 49: The effect of the 100 ug/mL T. sericea on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h) . Significant difference relative to
the respective time points of the negative control: % p < 0.05.

Table 24: The effect of the 100 ug/mL T. sericea on cellular kinetics in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in cell cycle phase after exposure to T. sericea (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 12.91 11.38 1 6.67 19.84
Gl 135 17.21 | 0.35 | 8.41
S | 6.19 1 9.67 1273 1 11.85*
G2/M 1 2.69 1 3.09 | 2.38 | 3.44

Significant difference relative to the respective time points of the negative control: % p < 0.05.
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Exposure to the hot water extract for 24 h decreased cell viability by 9.85%, while
necrotic cells were increased by 9.89% (Figure 50B, Table 25). After 72 h cell viability
was reduced by 14.96%, while early apoptotic, late apoptotic and necrotic cells were
increased by 7.57%, 0.38% and 7.01%, respectively (Figure 50E, Table 25). At 24 h
exposure the methanol extract decreased cell viability by 40.14% (p < 0.001), and
increased early apoptotic, late apoptotic and necrotic cells by 3.22%, 2.08% and
34.89% (p < 0.001), respectively (Figure 50C, Table 25). After 72 h the cell viability
was decreased by 30.56% (p < 0.001), and early apoptotic, late apoptotic and necrotic
cells by 3.41%, 0.18% and 29.96% (p < 0.001), respectively (Figure 50F, Table 25).
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Figure 50: The effect of the 100 pg/mL T. sericea on cellular viability in HepG2 cells exposed for 24 h
and 72 h; A) negative control (24 h), B) hot water extract (24 h), C) methanol extract (24 h), D) negative
control (72 h), E) hot water extract (72 h), F) methanol extract (72 h). Significant difference relative to
the respective time points of the negative control: % % % p < 0.001.

Table 25: The effect of the 100 pg/mL T. sericea on cellular viability in HepG2 cells exposed for 24 h
and 72 h summarized as the shift in phase from the respective negative control.

Shift in viability after exposure to T. sericea (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable 1 9.85 | 14.96 | 40.14*** | 30.56***
Early apoptosis 1 0.16 17.57 13.22 13.41
Late apoptosis 10.13 10.38 1 2.08 10.18
Necrosis 1 9.89 1 7.01 1 34.89*** 1 26.96***

Significant difference relative to the respective time points of the negative control: % % % p < 0.001.
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While the hot water extract reduced cell density, A¥Ym and caspase-3/7 activity, and
increased the fatty acid concentrations, the methanol extract had a greater effect on
reducing ROS and GSH concentrations, without altering fatty acid concentrations.
Both extracts increased cells in the S-phase of the cell cycle, with a more pronounced
effect by the methanol extract. While the hot water extract increased apoptotic and
necrotic cells (primarily), the methanol extract increased necrotic cells by a much

greater degree.

4.3.3.7. Ziziphus mucronata

The hot water extract of Z. mucronata induced a dose-dependent decrease in cell
density at concentrations =232 ug/mL (Figure 51A), with a maximum inhibition of
43.91% attained at 100 pg/mL. AWm decreased dose-dependently, with a maximal
significant (p < 0.001) reduction of 0.67-fold at 100 pg/mL (Figure 51B). ROS
concentrations were marginally reduced at 232 ug/mL (0.26-fold at 100 pug/mL) (Figure
51C). GSH concentrations remained constant, except for a small, insignificant
increase of 1.10-fold at 10 pg/mL (Figure 51D). Fatty acid accumulation occurred at
210 ug/mL, with a significant increase of 1.35-fold at 100 pg/mL (Figure 51E). Lipid
peroxidation (Figure 51F) and ATP levels (Figure 51G) remained largely unaltered.
Decreased caspase-3/7 activity was observed at 210 ug/mL, which was not dose-
dependent (maximal reduction of 0.55-fold at 100 pg/mL) (Figure 51H).

The methanol extract was found to display dose-dependent cytotoxicity, with an ICso
of 36.29 pg/mL and maximum cell density reduction of 81.39% at 100 pg/mL (Figure
52A). A¥Ym was reduced dose-dependently by a maximum of 0.78-fold at 100 pg/mL
(Figure 52B). ROS concentrations decreased dose-dependently from =1 pg/mL, with
a maximal reduction of 0.92-fold observed at 100 pg/mL (Figure 52C). GSH
concentrations remained unaltered (Figure 52D). An increase of 3.43-fold occurred
with regards to fatty acid concentrations (Figure 52E), however no change occurred
for lipid peroxidation (Figure 52F). ATP levels increased by 1.57-fold at 32 pg/mL, but
decreased by 0.14-fold at 100 pug/mL (Figure 52G). Caspase-3/7 activity was dose-
dependently decreased, and ultimately abolished at 100 pg/mL (Figure 52H).
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Figure 51: The effect of the crude methanol extract of Z. mucronata in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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Figure 52: The effect of the crude methanol extract of Z. mucronata in HepG2 cells; A) cell density, B)
A¥m, C) ROS concentration, D) GSH concentration, E) fatty acid concentration, F) lipid peroxidation,
G) ATP levels and H) caspase-3/7 activity.
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After 24 h the hot water extract increased the cells in the sub-G1-, G1- and G2/M-
phase by 2.97%, 7.29% and 4.44%, respectively, while cells in the S-phase were
reduced by 11.73% (p < 0.01) (Figure 53B, Table 26). After 72 h exposure there was
a 0.29% and 4.62% increase in the sub-G1- and G1-phase, respectively, while the S-
phase and G2/M-phase were decreased by 3.44% and 1.18%, respectively (Figure
53E, Table 26). At 24 h, the methanol extract increased the sub-G1-, G1- and G2/M-
phase by 0.04%, 9.96% (p < 0.05) and 5.09%, respectively, while the S-phase was
reduced by 15.05% (p < 0.001) (Figure 53C, Table 26). After 72 h exposure the sub-
G1-, G1- and G2/M-phase were increased by 0.39%, 5.29% and 2.13%, respectively,
and the S-phase reduced by 7.42% (Figure 53F, Table 26).
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Figure 53: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of Z. mucronata,
respectively, on cellular kinetics in HepG2 cells exposed for 24 h and 72 h; A) negative control (24 h),
B) hot water extract (24 h), C) methanol extract (24 h), D) negative control (72 h), E) hot water extract
(72 h), F) methanol extract (72 h) . Significant difference relative to the respective time points of the
negative control: % p < 0.05, *% p <0.01 and * %% p < 0.001.

Table 26: The effect of 100 pg/mL and the ICsp of the hot water and methanol extract of Z. mucronata,
respectively, on cellular kinetics in HepG2 cells exposed for 24 h and 72 h summarized as the shift in

hase from the respective negative control.
Shift in cell cycle phase after exposure to Z. mucronata (%)
Phase of cell cycle Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Sub-G1 12.97 10.29 1 0.04 1 0.39
G1 17.29 1 4.62 1 9.96* 1 5.29
S | 11.73** | 3.44 | 15.05*** 1 7.42
G2/M 14.44 11.18 1 5.09 1213

Significant difference relative to the respective time points of the negative control: * p < 0.05, ¥ % p <
0.01 and * % % p < 0.001.
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After 24 h exposure the hot water extract reduced cell viability by 21.61% (p < 0.001),
while early apoptotic, late apoptotic and necrotic cells were increased 5.86%, 1.59%
and 14.17% (p < 0.05), respectively (Figure 54B, Table 27). After 72 h there was a
reduction of 21.21% (p < 0.001), and increase of 6.24%, 0.03% and 14.93% (p < 0.05)
in early apoptotic, late apoptotic and necrotic cells, respectively (Figure 54E, Table
27). After 24 h exposure there was a 21.72% (p < 0.001) reduction of cell viability, and
4.03%, 1.56% and 16.13% (p < 0.01) increase in early apoptotic, late apoptotic and
necrotic cells, respectively (Figure 54C, Table 27). After 72 h exposure cell viability
was reduced by 17.95% (p < 0.01), while early apoptotic, late apoptotic and necrotic
cells were increased by 2.75%, 0.02% and 15.17% (p < 0.05), respectively (Figure
54F, Table 27).
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Figure 54: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of Z. mucronata,
respectively, on cellular viability in HepG2 cells exposed for 24 h and 72 h; A) negative control (24 h),
B) hot water extract (24 h), C) methanol extract (24 h), D) negative control (72 h), E) hot water extract
(72 h), F) methanol extract (72 h). Significant difference relative to the respective time points of the
negative control: % p < 0.05, * % p <0.01 and * %% p < 0.001.

144 | Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Table 27: The effect of 100 pg/mL and the ICso of the hot water and methanol extract of Z. mucronata,
respectively, on cellular viability in HepG2 cells exposed for 24 h and 72 h summarized as the shift in
phase from the respective negative control.

Shift in viability after exposure to Z. mucronata (%)
State of viability Hot water extract Methanol extract
24 h 72 h 24 h 72 h
Viable L 21.61*** | 21.21%** | 21.72%** | 17.95**
Early apoptosis 1 5.86 16.24 1 4.03 1275
Late apoptosis 11.59 1 0.03 1 1.56 1 0.02
Necrosis 1 14.17* 1 14.93* 116.13** 1 15.17*

Significant difference relative to the respective time points of the negative control: * p <0.05, * % p <
0.01 and * % % p < 0.001.

Both extracts presented with similar trends to all hepatotoxic parameters, but the
methanol extract had a larger detrimental effect to cell status. Although both extracts
increased the percentage of cells in the G1- and G2/M-phases after 24 h, these effects
dissipated after 72 h. Both extracts reduced cellular viability and increased early

apoptotic and necrotic cells to the same degree.

A summary of the hepatotoxicity results are presented in Table 28.

4.4. Discussion

4.4.1. Acokanthera oppositifolia

Of all crude extracts tested, A. oppositifolia was the only sample to show slightly higher
cytotoxicity induced by the hot water extract than the methanol extract. Although data
on the root-bark is scarce, the cytotoxicity of Acokanthera as a whole is supported.
Dichloromethane extracts of the roots and stems have been reported to display
moderate to high cytotoxicity against TK10 renal carcinoma, MCF-7 breast carcinoma
and UACC62 melanoma cells with total growth inhibition at <15 ug/mL.% In-house
studies have shown that A. oppositifolia induces cytotoxicity in a variety of cell lines
(SK-Br-3, MDA-MB-231 and MCF-7 breast carcinoma), with ICso’s between 1.29
pg/mL and 15.76 pg/mL (Appendix 1V). Similar to the present study, the hot water
extract displayed greater activity than the methanol extract (Appendix V).
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Table 28: Summary of the hepatotoxicity of the selected crude extracts.

Hepatotoxic parameter assessed

Cellular kinetics

Mode of cell death

© University of Pretoria

Plant Extract | cell densit Oxidative Fatty acid Caspase-
(ICs0) ’ stress A¥m cor):tent 317 aFcJtivity ATP levels Effect Time- Effect Time-
dependence dependence
Slight ROS | S- (primary)
Dose- Dose- and G2/M Effect present Necrosis Effect more
d dependent Dose- Slight | <3.2 Dose- block at 24 h, but (primary), :
HW ependent | GSH | Dose- dependent 1 /mL, 1 dependent | (secondary) more slight prominent at
(24.26 ‘ dependent | P Hg/mL, P \secondary . gnt. 24 h than 72
/mL) plateau at 32 232 pg/mL 210 pg/mL 21 pyg/mL with increased | prominent at apoptosis h
A. HO ng/mL DNA 72 h (secondary)
oppositifolia No peroxides fragmentation
Dose- ROS | Dose- Effect present Necrosis Effect more
dependent GSH | <32 } ) Dose- dependent | G2/M-block, at 24 h, but (primary), :
pendent | Dose Dose . prominent at
MeOH (26.16 pg/mL, GSH dependent | | dependent 1 dependent 1 21 pg/mL, DNA more sllght‘ 54 h than 72
ug/r.nL) 1100 pg/mL 232 pg/mL plateaus at | fragmentation prominent at apoptosis h
No peroxides 10 pg/mL 72 h (secondary)
Dose-
dependent
ROS |,
Dose- reaches Dose- Slight G2/M- | 51 hiock at Effect more
HW dependent | platsga/umall_t 32 Dose- Dose- dS%pzeEg/e;}_l 1210 pg/mL It;lt% ?ksr\]?'f?s'i'; 24 h, which Early prominent at
(51.39 Dose- dependent | | dependent 1 slight | 100 slight G1- becomes G1- apoptosis 24 h than 72
ug/mL) dependent pg/mL block block at 72 h h
GSH | <32
pg/mL
B. disticha No peroxides
Dose-
dependent
ROS | Dose- 1232
Dose- § Doss- dependent | ;ég/mL, lioh / Effect similar | Effec_t more
MeOH dependent | ependent Slight | Dose- <32 pg/mL, reduces to Slight G2/M- at 24 h and 72 Early _ prominent at
(35.11 GSH | =10 dependent 1 slight | 100 baseline at block h apoptosis 24 h than 72
pg/mL) pg/mL, 1 100 100 pg/mL h
pug/mL
pg/mL
Slight 1
peroxides
SIighLROS 1 Early )
sharp apoptosis
increase at Dose- Dose- Slight early prominent at
M. oleifera HW =(>100 100 pg/mL Dose- No change dependent dependent Slight G1- Effect present apoptosis 24 h, while
' pg/mL) § Dosg- dependent | I | block at72h and slight necrosis
ependent necrosis more
GSH| prominent at
No peroxides 72 h
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Hepatotoxic parameter assessed

Plant Extract | cell density | Oxidative AP Fatty acid Caspase- | A1p jovels Cellular klnetlc.s Mode of cell deéth
(ICs0) stress m content 3/7 activity Effect Time- Effect Time-
dependence dependence
Dose-
delggnsdem Slight G1- G1-block at Eftect more
Slight 1 Dose% Slight |, Sliaht block, which 24 h, which Slight early rominent at
M. oleifera MeOH (>100 dependent Slight | plateaus at fluctugtions No change later shifts to becomes apoptosis 24 h than 72
pg/mL) GpSH | =23.2 yg/mL a slight G2/M- | G2/M-block at | and necrosis h
- block 72 h
Slight
peroxide 1
Dose- S-block Necrosis
Dose- . Necrosis similar at 24
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Hepatotoxic parameter assessed

Plant Extract | cell density | Oxidative AP Fatty acid Caspase- | A1p jovels Cellular klnetlc.s Mode of cell deéth
(ICs0) stress m content 3/7 activity Effect Time- Effect Time-
dependence dependence
Slight Early
fluctuations in . apoptosis
Dose- ROS Slight dose- Slight dose- Slight G1- and G25al\/ll-b?0ncdk at (ﬁﬁr(':r:gf; more
dependent | No GSH Dose- Slight | at G2/M-block, ; - ! prominent at
HW dependent 1 dependent | : . 24 h, which slight early B
(>100 change dependent | 100 pg/mL which shifts to - 72 h, while
- =23.2 yg/mL 232 pug/mL becomes S- apoptosis .
pg/mL) Slight S-block necrosis
; block at 72 h (secondary)
peroxide present at 24
fluctuations hand 72 h
Dose-
. dependent
T. sericea ROS | <10 Early
pg/mL S-block and . apoptosis
Dose- reaches Dose- S-block with DNA Necrosis more
dependent | Dose- ; fragmentation (primary), )
dependent | plateau Dose- increased ) prominent at
MeOH No change 210 yg/mL, | dependent | present at 24 slight early -
(>100 Dose- dependent | | >1 ua/mL DNA h b - 72 h, while
pag/mL) dependent p;;teal;s ft =1 Hgim fragmentation » but more apoptgss necrosis
GSH | pg/m prorr;lgehnt at (secondary) present at 24
Slight hand 72 h
peroxide
fluctuations
oo | oy CLEme) | atana | Necross
HW dependent | change Dose- Slight 1 at Slight G2M-block | G2/M-block at (primary), Effect similar
- 1 210 pg/mL . 24 h, which slight early at 24 h and
(>100 Slight dependent | 100 pg/mL fluctuations (secondary), -
] ; . becomes G1- apoptosis 72 h
pg/mL) peroxide which shifts to block at 72 h (secondary)
fluctuations G1-block
Dose-
Z. mucronata dependent G1- (primary) Necrosis
Dose- ROS | Dose- 1 <32 and slight Effect more (primary) Effect similar
dependent | No GSH Dose- Sharp 1 at " G2/M-block : ; !
MeOH (36.29 change dependent | 100 pg/mL dependent | | pg/mL, | at (secondary) prominent at slight early at 24 h and
pg/mL) Slight =210 pg/mL 100 pg/mL which shifts to 24 hthan 72 h (:é:):opr:gzls) 72 h
peroxide G1-block .
fluctuations
HW — hot water extract; MeOH — methanol extract.
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Both extracts induced a mixture of cytostatic (Figure 29) and cytotoxic (Figure 30)
effects, with the hot water extract being slightly more active towards the
hepatocarcinoma cells. Necrotic cell death was evident as early as 24 h. Necrosis has
been linked to deleterious effects on physiological systems due to widespread toxicity
and downstream inflammatory responses.?** These effects may result in inflammatory
liver diseases and acute liver failure. Taking into consideration the fatty acid
accumulation observed (Figures 27E and 28E), a risk of steatosis is also present.?*
Whether or not the steatosis is a side effect of or contributor to the necrotic cell death
observed is unknown. Cytostatic effects were also identified, which appears to be
mediated primarily through G2/M-arrest. The hot water extract reduced cell numbers
in the GO/G1-phase as early as 24 h, which resulted in a systematic increase in the S-
and G2/M-phases over the 72 h period. The methanol extract, however, merely
increased G2/M-phase cells while reducing other phase cells. The hot water extract
appears to induce a multi-potent blockade, resulting in slower cellular cycling and
ultimate arrest in the G2/M-phase. The G2/M-phase cell blockade would suggest that
cells were inhibited prior to the induction of mitosis, most likely due to the presence of
damaged DNA that had been replicated during the S-phase. As the cell cycle is a
tightly controlled system, several mechanisms may be at play in the induction of this

arrest, such as DNA damage.33°

Mitochondrial depolarisation was evident (Figures 27B and 28B), however, this did not
result in the expected generation of ROS (Figures 27C and 28C). Depolarisation is
often linked to increased ROS levels.?*”:277 ROS levels remained stable after exposure
to the hot water extract, and depleted significantly with methanol extract exposure.
Although antioxidant activity was detected in the extracts, it is unlikely that this would
have contributed to this depletory effect. Taking into account the attenuation of GSH
(Figures 27D and 28D) levels and lack of ROS generation, it appears that oxidative
stress was not involved. Phase Il GSH conjugation, aimed at the removal of
phytochemical components from the intracellular compartment for detoxification?’®
may be the reason for GSH depletion. This reduction has been implicated in a number
of hepatotoxic pathologies, and seems to favour necrotic cell death in hepatocytes
rather than apoptotic pathways,?®! supporting the results of the present study. The
slight increase in GSH concentrations at 100 pg/mL methanol extract exposure

suggests an adaptive de novo response. GSH synthesis would be required to
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accommodate higher levels of detoxification.?®2 ROS has been implicated as a
mediator of several physiological pathways,?8? the effect of which correlates with the
concentration thereof.?®® ROS modulates the mitogen-activated protein kinase
(MAPK) pathways, which in turn activates cell proliferation, differentiation, survival and
apoptosis.?8% ROS depletion may have caused the observed cytostatic effects. Redox
status is an important propagator of cellular cycling.?®> Compounding this, ATP loss is
detrimental to proliferation332333 and has been linked to G2/M-phase arrest if
unavailable.33? Acute, potent opening of the MPTP has been shown to render the
mitochondria unable to function,?’” and as such leads to inhibition of the respiratory
chain, with depletion of ATP, induction of necrosis and reduced B-oxidation.?>°
Inhibition of mitochondrial respiration in hepatocytes has been shown to activate
adenosine monophosphate-activated kinase (AMPK) pathways, with subsequent
inhibition of ATP-consuming pathways and induction of ATP-production pathways.
This increases fatty acid accumulation, which under normal circumstances would be
metabolised, but if mitochondrial B-oxidation is impaired it may cause steatosis.?>®
Reduced B-oxidation as a consequence of mitochondrial toxicity?44276 would explain
the fatty acid accumulation observed. This accumulation could in turn have also
contributed to ATP depletion (Figures 27G and 28G). Hepatocytes exposed to fatty
acids have been shown to induce ATP leakage.?*! As ROS generation did not occur,
it is not surprising that lipid peroxidation was not detected. Although ATP levels were
decreased, caspase-3/7 activation was still observed (Figures 27H and 28H),
especially after exposure to the methanol extract. As apoptosis is an energy-
dependent process,?*” one would assume that caspases would not be activated.
Taking into consideration the mitochondrial toxicity and ATP depletion, it is unlikely
that caspase-3 activation would have occurred via the intrinsic apoptotic pathway. This
pathway requires ATP-mediated apoptosome activation,?*’ thus it is rather suggested
that the extrinsic pathway was involved. The extrinsic apoptotic pathway takes places
via activation of death receptors on the cellular surface, with subsequent activation of
caspase-8. Caspase-8 functions as an initiator caspase, and may promote caspase-3
activation either directly or through secondary mediators such as Bid cleavage or
ceramide production.?73:3% Ceramide, which is produced from fatty acids,?®* has been
linked to necrosis should the apoptotic pathway be insufficiently activated, as well as
mitochondrial dysfunction and hindered ATP synthesis.33* Non-selective release of

soluble intermembrane proteins from the mitochondrial space, such as apoptosis-
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inducing factor (AIF),2”® would contribute to cell death. As AIF does not require ATP
to elicit DNA fragmentation,?’3 it would explain the DNA fragmentation observed in the
sub-G1l-phase in the absence of apoptotic cell death. It is thus proposed that although
the extrinsic apoptotic pathway was activated, necrosis was preferred due to
compounded mitochondrial dysfunction and impaired energetics. The transition of

apoptotic to necrotic cell death during ATP deficiency is described in literature.?8!

As stated earlier, the Apocynaceae family contains potent cardiac glycosides,® thus it
was suspected that high cytotoxicity would be present in plants from this family. The
most likely toxic phytochemicals contributing to the effects seen are ouabain and
acovenoside A.5"102 As guabain is a hydrophilic molecule due to hydroxyl groups,°?
it is likely to be better extracted in aqueous extracts, such as the hot water extract.
This would explain the greater cytotoxicity observed for the hot water extract, though
the combined effect of the phytochemical matrix cannot be excluded. Ouabain has
been show to decrease the viability of HepG2 cells335-337 through, amongst others,
down-regulation of MAPK1.3% This effect is more pronounced under glucose
deprivation.®3” Cell death has been shown to vary amongst cell type and concentration
ranges, inducing both apoptosis,3* necrosis®® or a mixture thereof.33*® Ouabain has
been described to increase ROS concentrations, cause intracellular calcium influx,34°
elevate caspase-3 activity and depolarise the mitochondrial membrane.33° Calcium
influx has been implicated in both necrosis and apoptosis.336:33% Alternatively, nitric
oxide is known to prevent mitochondrial ATP generation,3*! which may be increased
due to ouabain’s action as a nitric oxide synthase inducer.®® This may further
contribute to its deleterious effects on bioenergetic processes, leading to cell death
and reduced fatty acid usage. The potential of phytochemicals to induce necrotic cell
death, even in the presence of activated pro-apoptotic mediators is known.
Antiproliferative effects have been attributed to ouabain exposure as well, primarily as
arrest in the S-phase33°33 or GO/G1-phase.3*® As a large depletion of ATP occurred,
it is possible that the phytochemical mixture opted for blockade in a later phase. It has
been reported that ouabain increases HepG2 mitochondrial DNA damage.3#? The
latter may result in the reduced cycling and ultimate cessation at the G2/M-checkpoint
for repair. Apart from cardiac glycosides, saponins were also identified during

phytochemical screening. These compounds are well-known membrane
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permeabilising agents, which would incur necrotic cell death due to rupturing of the

cell membrane and leakage of intracellular components.5!

4.4.2. Boophane disticha

The methanol extract of B. disticha presented with greater cytotoxicity than the hot
water extract. Ethanol extracts of the inner scales of the bulb have been shown to
decrease ATP production in human neutrophils (most likely due to cytotoxic effects),
while hot water extracts of the inner and outer scales, and the ethanol extract of the
outer scales were inactive.*® The latter study did not normalise ATP to the number of
cells present, and thus it may account for the differences in findings between the latter
and present study. Furthermore, as differentiation wasn’t made between the scales of
the bulbs, it is possible that this may explain the increased ATP observed (Figures
31G and 32G). The hot water and methanol extracts displayed varying cytotoxicity in
SK-Br-3, MCF-7 and MDA-MB-231 cell lines (ICso’s = 7.29 pg/mL to 36.44 pg/mL).
Surprisingly, the hot water extract had greater cytotoxicity in the MCF-7 and SK-Br-3
cell lines (Appendix V), indicating a potential for cell-specificity between the extracts.
A methanol extract of the roots displayed similar cytotoxicity, with an ICso of ~25.5
ug/mL in the SH-SY5Y neuroblastoma cell line.®® In an animal study an increase in
liver weight of rats after acute treatment with a hydroethanolic extract of B. disticha
bulbs was noted. This occurred in the absence of histological alterations, and was
theorised to have been adaptive de novo synthesis of liver enzymes to counteract the

burden of phytotoxins.343

Both crude extracts of B. disticha displayed a similar trend in hepatotoxicity, with the
methanol extract being more active. Cytostatic events (Figure 33) were observed
instead of cytotoxicity (Figure 34). This was evident by the reduction of cell density,
with negligible decrease in cell viability. Although a slight decrease in cell viability
occurred after 24 h, this did not persist or worsen, and was paralleled by a slight, but
insignificant, increase in early apoptotic cells. Interestingly cellular kinetics was mostly
unaltered, apart from a small increase in the amount of cells in the G2/M-phase. Taking
into account the lack of cell death, reduction of cell viability and unperturbed cycling,
it is suggested that a transition of proliferative cells to a quiescent GO-state likely took

place. Since the propidium iodide stains DNA content, and both the GO- and G1-phase
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is diploid,?®” differentiation between these phases will not occur. It is thus suggested
that the cells were hidden in the GO-quiescent phase, and appeared as G1-phase cells
due to method non-specificity. This assumption, however, needs to be ascertained
using proliferative assays, such as a marker for proliferation (e.g. Ki-67).238, If this
holds true, cells are still metabolically active, though do not actively cycle,?®> and thus
will give insight into the reduced cellular parameters. Diminished proliferation may lead
to impaired hepatic regeneration and healing. Quiescence may have been induced
through a downregulation of cyclin D, or induction of p27,33 possibly as a

consequence of MAPK-attenuation.?®

Mechanistically, both extracts displayed a similar effect, and thus hepatotoxicity most
likely follows the same modality. Weak mitochondrial depolarisation occurred (Figures
31B and 32B). This may indicate a gradual or low-level opening of the MPTP.?4” Low-
level mitochondrial effects would explain the lack of ATP depletion, as functionality
may still be largely unhindered. Interestingly enough, ATP levels increased at higher
concentrations (which paralleled the reduction of cell density), suggesting a higher
need for energetic systems, possibly as adaption for the detoxification and efflux of
phytotoxins. The methanol extract at 100 pg/mL displayed baseline ATP levels
compared to the lower concentrations, which could relate to a high enough
concentration to interfere with ATP production. ROS concentrations decreased
(Figures 31C and 32C) in a similar fashion to A. oppositifolia, suggesting a loss of
functionality of the signalling cascades.?®?> As a state of oxidation is required for
transition from the G1- to S-phase of the cell cycle,?8? this may be a component of the
antiproliferative effect observed. Hot water and methanol extracts have been shown
to inhibit superoxide production in neutrophils,*®> which gives credence to the results
obtained. The concurrent reduction in GSH levels (Figures 31D and 32D) is most likely
due to detoxification of phytotoxins?4® rather than an antioxidant effect. The increase
of GSH at 100 ug/mL methanol extract exposure may be a similar adaptive de novo
synthesis response.?®? Although mitochondrial functionality did not appear perturbed,
fatty acid systems were evidently interrupted, as a dose-dependent increase was
observed (Figures 31E and 32E). This may be through the inhibition of enzymes
involved in B-oxidation (such as acyl-CoA synthases), cofactor depletion,250274
reduced fatty acid efflux or promotion of fatty acid synthesis/uptake.?>° Lipid

peroxidation was not present (Figures 31F and 32F), which is conceivable due to the
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lack of ROS generation. However, a slight increasing trend was seen for the methanol
extract, but this was not significant. Both extracts reduced caspase-3/7 activity
(Figures 31H and 32H), proposing an anti-apoptotic effect. However, a small increase
in early apoptotic cells was observed, indicating that apoptotic processes may have
been induced via caspase-independent means, such as non-caspase proteases.3** At
100 pug/mL of both extracts, caspase-3/7 activity returned to approximate baseline
levels, suggesting a possible switch to caspase-mediated apoptotic cell death at high

enough concentrations.

As with C. bulbispermum and S. puniceus, B. disticha belongs to the Amaryllidaceae
family, and thus certain isoquinoline-alkaloids are suspected to be responsible for the
cytotoxic effects that were observed. However, alkaloids were only identified in the
methanol extract, thus some other common phytochemical between the two extracts
most probably elicited the antiproliferative effects seen. Anthrones and saponins have
both been shown to decrease cell growth. Derivatives of anthralin, an antiproliferative
anthrone, 345346 have been reported to display growth inhibitory effects in the absence
of cytotoxicity.346 This most probably is mediated through DNA damage that prevents
proper replication of cells.®*> Saponins have been shown to reduce proliferation in the
HepG2 cell line, although pro-apoptotic activity was reported.34-34° Due to the low
saponin content, which was nearly undetected in the methanol extract, anthrones are
more likely responsible for the effects observed. It is suggested that certain
phytochemical(s) may have induced cell cycle exiting into the quiescient state through
cell cycle arrest. Furthermore, this activity occurs devoid of induction of significant
levels of cell death at the ICso. It has been suggested that the alkaloids
buphanadrine,?’ buphanamine and buphanisine?!? are not highly cytotoxic. The latter
two have only been assessed up to 10 uM, but it is theorised that the B-ethano bridge
contributes to its inactivity.?!?> 6-Hydroxycrinamine has been shown to induce
cytotoxicity in the SH-SY5Y neuroblastoma cell line (ICso ~58.1 uM), existing as the
A-form in an epimeric ratio of 3:1.8° It is present at very low concentrations though, as
it is estimated to constitute 2.5%72° of the ~0.31% alkaloidal fraction of the bulb.8” This
would render 6-hydroxycrinamine at possibly sub-toxic levels, though one cannot be
sure if cell-specificity or matrix effects might not contribute even at a low concentration.
Distichamine?'” and lycorine?11-215 are likely contributors to the cytotoxicity seen in the

methanol extract. As described in Chapter 3, lycorine acts as both an
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antiproliferative?'?-214 and pro-apoptotic agent.?'! Furthermore, distichamine has also
been shown to exert strong antiproliferative effects in the low micromolar range.?’
This may explain the slightly higher antiproliferative effect displayed by the methanol
extract, but ultimately it appears as if an unidentified agent is responsible.

4.4.3. Moringa oleifera

The crude extracts did not display a reduction of cell density, and thus were considered
as non-cytotoxic in this model. Literature, although scarce, appears to support the low
cytotoxicity of leaf extracts. Both an aqueous (2 pg protein) and hydroethanolic (150
pHg/mL) extract resulted in low cytotoxicity, with only 21.1% and 27.9% cell death,
respectively.®*° A methanol extract displayed no cytotoxicity, while an aqueous extract
displayed an ICso of 6 mg/mL (wet weight).2>! Extracts were found to not display
cytotoxicity in a panel of cancerous cell lines during in-house experimentation
(Appendix 1V). Furthermore, leaf extracts were reported to possess low cytotoxicity in
non-cancerous cells, including Vero green monkey kidney cells,3%? primary
lymphocytes®>3 and peripheral mononuclear blood cells.®>* One study contradicted the
safety above, reporting an I1Cso of 3.89 pg/mL and 6.20 pg/mL for a hot water and
ethanol extract of the leaves.®®® This effect may be highly dependent on the
geographical variation of the plant extracts. Data from animal studies support non-
toxicity in acute3°6-3¢0 and chronic3%5:359:3¢0 rat and murine models for leaf extracts.
Histopathologically, the liver appeared unaffected,3%> apart from slight congestion of
hepatocytes which was deemed non-toxic.3%> Thus extracts are considered low risk

for the induction of cytotoxic responses.

Both crude extracts reduced cell viability slightly (~10%) after 24 h incubation at 100
pg/mL (Figure 38). Cell death occurred via a mixture of apoptotic and necrotic cell
death for the hot water extract, while the methanol extract appeared to predominantly
induce necrosis. As cytotoxicity did not increase with time, low cytotoxicity appears to
be the norm. Pro-apoptotic activity has been described for an aqueous extract, though
this was only present at high concentrations.®6* Furthermore, cellular kinetics were
largely unaltered (Figure 37), with slightly increased GO/G1l- and G2/M-phases
occurring over 72 h for the hot water and methanol extracts, respectively. Although no

reduction in cell density was observed (Figures 35A and 36A), cell death was evident.
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This may have been undetected with the SRB assay, but observed due to the higher
sensitivity of flow cytometric assays. A hydroethanolic extract was found to arrest cells
in the GO/G1 phase,3%? similar to what was observed in the present study. However,
negligible apoptotic activity was described.6? It would appear as if activity is related to

cell type and collection parameters, though most support non-toxic effects.

Both extracts displayed dose-dependent mitochondrial depolarisation (Figures 35B
and 36B), though this did not appear to translate to cytotoxicity at 72 h (apart from the
slight reduction in cell viability observed at 100 pg/mL). These effects appear to
suggest a potential for later cytotoxicity should exposure remain constant.
Alternatively, the depolarisation noted may rather indicate an increase in mitochondrial
respiration,?’? rather than cytotoxicity. This in turn would explain the decrease in fatty
acid levels (Figures 35E and 36E). An increase in respiration would result in higher [3-
oxidation for bioenergetics purposes.?4"274275 Important to note though is that the hot
water extract resulted in greater depolarisation, however with less fatty acid decline
than the methanol extract. The high levels of depolarisation may cause higher
respiration, and some dysfunction. A more subtle depolarisation may describe why the
methanol extract presented with higher fatty acid reduction, as functionality would not
have been perturbed. Apart from mitochondrial activity, this reduction may also be due
to increased fatty acid efflux, or decreased fatty acid synthesis.?%%274 ATP levels would
be expected to increase with cellular respiration, though this effect was not observed.
The depletory effect of the hot water extract may indicate low level cytotoxicity that
occurs at longer exposure times, and thus may indicate a risk of chronic toxicity. The
hot water extract induced significant generation of ROS at 100 pg/mL (Figure 35C),
supported by the effects seen in the KB HeLa-contaminant carcinoma cell line treated
with an aqueous leaf extract at 250 ug/mL.36 In Chapter 2 it was shown that M. oleifera
does contain antioxidant activity ascribed to its polyphenolic content. It has been
reported that certain polyphenols can generate high levels of ROS in cancerous cell
lines through pro-oxidant activity,>? which may be attributed to the flavonoid content.
Due to the low polyphenolic content, high concentrations may be required to elicit this,
explaining the lack of activity at lower concentrations. Conversely, the methanol
extract resulted in a dose-dependent decrease of intracellular ROS even at low
concentrations (Figure 36C), which may indicate loss of functional signalling.?®? The

latter did not appear to translate to any significant cellular detriment apart from the
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highest concentration tested. This effect is likely a product of the differential
phytochemical matrix between the two crude extracts. GSH concentrations displayed
a slight trend to increase dose-dependently with hot water extract exposure, but
remained stable with the methanol extract (Figures 35D and 36D). It is known that
GSH increases in cells exposed to M. oleifera extracts,'%° which may once again be a
de novo response.?®? Although no ROS were formed, lipid peroxidation appeared to
increase slightly with methanol extract exposure, thus a different free radical source,
such as reactive nitrogen species, may be responsible for this effect. Caspase-3/7
activity was reduced after hot water extract exposure, though remained stable when
treated with the methanol extract (Figures 35H and 36H). Various potent protease
inhibitors have been isolated from M. oleifera,'>16 thus it is likely that these may exert
an inhibitory activity on caspases. The decrease in ATP levels and caspase-3/7 activity
seen with the hot water extract (Figure 35G,H) may support the slight necrotic effect
noted at 100 pg/mL. Although this may support necrosis,?®! caspase-independent
apoptosis cannot be ruled out.3* The methanol extract however had stable ATP levels
and caspase-3/7 activity (Figure 36G,H), thus membrane destabilisation may be

responsible for the necrosis observed.5!

Compounds such as niazirin and niazicin appear non-cytotoxic.3%® Trigonelline has
displayed antiproliferative activity at low concentrations, incurring a GO/G1-arrest,34
as observed in the present study. Polyphenols, such as kaempferol, quercetin and
gallic acid, may further contribute to the antiproliferative effects observed.365366
Trigonelline does not alter fatty acid uptake in Caco-2 cells,3¢” however it does reduce
lipid accumulation and inhibits fatty acid synthase in 3T3-L1 cells.3%8 Effects may thus
be a consequence of inhibition of [-oxidation enzymes or reduced lipid
metabolism.?%%274 Furthermore, trigonelline, and to a larger extent its thermal
degradation product N-methylpyridinium, promotes cellular respiration and fatty acid
usage in HepG2 cells, most likely due to depolarisation of the mitochondria.3®° Boiling
results in thermal decomposition of trigonelline to N-methylpyridinium, therefore it is
likely that the latter would be present in the hot water extract, giving credence to the
mitochondrial effects and reduced fatty acid concentrations observed. This would also
be likely for the methanol extract, as rotary evaporation during extract concentration
occurs under reduced pressure and heating. Although not tested in vitro, moringine

has also been shown to reduce fatty acid concentrations in rats.37°
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4.4.4. Solanum aculeastrum

Both solvent extracts displayed cytotoxic activity, though the methanol extract was
much more potent. A narrow cytotoxicity index was observed, which had no effect at
low concentrations albeit a sudden large decrease in cell density at higher
concentrations (Figures 39A and 40A). A similar narrow cytotoxicity index was induced
by aqueous and methanol extracts in HelLa cervical, MCF-7 breast and HT29 colonic
carcinoma cells.®® Furthermore, the cytotoxicity of the methanol extract at 32 and 100
Hg/mL was similar indicating a plateau of ~85% cell death. This could indicate a ceiling
effect of cytotoxicity or an induction of cytostasis. This plateau was also described by
Koduru et al.?® The ICso’s obtained for the methanol extract in the HepG2 and Caco-2
cell lines were similar to those found for MCF7 and HT29 cell lines.®®> Comparable
ICs0’s were observed in the SK-Br-3 and MCF-7 cell lines, with more prominent
cytotoxicity present with methanol extract exposure. Greater cytotoxicity was apparent
in the MDA-MB-231 (1.3 — 2.0-fold increase) cell line, with the methanol extract once
again being more active (Appendix IV). An alkaloidal-enriched fraction of S.
lycocarpum,®* and a polyphenolic-enriched fraction of S. nigrum3’? were found to
display prominent cytotoxicity in various cell lines, with potent effects in HepG2
cells.®* From animal studies, a lack of severe hepatotoxic effects with acute treatment,
though sub-acute toxicity dosing increased body weight, with decreased liver size

have been described.3"3

Both extracts displayed cytostatic (Figure 41) and cytotoxic (Figure 42) activity as early
as 24 h, though interestingly enough the effect of the hot water extract was much more
detrimental at the ICso than the methanol extract, regardless of whether the
concentration was higher. Although a maximum of 50% cell death was expected, 75%
of cells were necrotic after hot water extract exposure, compared to 20% with the
methanol extract. Combined with the reduction in cell density, this could indicate that
membrane integrity was compromised without necessarily resulting in cellular
detachment from the culture surface. Extracts have been shown to induce haemolytic
activity in erythrocytes, indicating membrane rupturing,®® lending support to the
necrosis observed. Cell death was seen in conjunction with reduced cellular cycling,
although this was dependent on extract-type. While the hot water extract displayed
persistent S-phase arrest as early as 24 h h, the methanol extract progressed from

G2/M- to S-phase arrest from 24 h to 72 h, respectively. The latter may be in response
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to a more gradual cell cycle blockade, hence the change as time progresses. Improper
DNA replication or chromosomal replication is considered a likely contributor to the
blockage seen.?® Both extracts increased the sub-Gl-phase, suggesting DNA
fragmentation. Based on the large spread of fluorescence observed in the sub-G1-
phase, a more random degradation of DNA due to necrosis is supported, opposed to
systematic cleavage. Literature regarding the mechanism of cell death after exposure
to S. aculeastrum is unfortunately lacking, though a polyphenolic extract of S. nigrum

has been shown to reduce cellular cycling through G2/M-arrest.3"?

Mechanistically a similar approach was followed by both crude extracts to induce
hepatotoxicity, although effects were much more prominent with the methanol extract.
A sudden drop in A¥Ym occurred parallel to the reduction in cell density (Figures 39B
and 40B). As with A. oppositifolia, this is most likely due to a severe opening of the
MPTP, with subsequent cessation of the respiratory chain, inability to produce ATP
and leakage of mitochondrial mediators of cell death.?®® ROS levels decreased
(Figures 39C and 40C), contrary to what would be expected,?8? and was completely
abolished at 100 pg/mL methanol extract exposure. This would most likely explain the
detrimental effects observed, as cellular signalling pathways would be rendered
dysfunctional, leading to decreased proliferation and cell survival modalities.?®? The
hot water extract increased GSH significantly at concentrations paralleling cytotoxicity,
suggesting increased de novo synthesis (Figures 39D and 40D). This is expected in
an effort to combat cellular strain and aid detoxification.?®?2 The methanol extract had
a similar effect at 100 pg/mL, though a sharp drop occurred at 32 pg/mL. The fatty
acid accumulation observed (Figures 39E and 40E) is most likely due to the inability
of mitochondria to properly catabolise it through B-oxidation.?>® Both extracts had a
slight tendency to increase lipid peroxidation (Figures 39F and 40F), though this did
not correlate to the reduced levels of ROS, suggesting another free radical source as
oxidiser. Lipid peroxidation products, such as 4-HNE, down-regulate cell cycle
accelerators.?83 High concentrations of 4-HNE have been shown to activate necrotic
cell death as opposed to apoptosis.?83 Caspase-3/7 activity increased dose-
dependently with hot water extract exposure, though this did not result in the expected
apoptotic cell death (Figure 39H). It is suggested that the extrinsic apoptotic pathway
was activated through modulation of death receptors,?’33%0 which would not

necessarily require ATP for caspase-3 activation. A lack of ATP would, however, shift
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cell death to necrotic means?8! and debilitate proper cellular cycling.332333 As with A.
oppositifolia, the involvement of ceramide cannot be excluded in this pathway.?73:300.334
The methanol extract resulted in a slight increase of caspase-3/7 activity (Figure 40H),
which may have been an induction of pro-apoptotic activity, though this was abolished
at higher concentrations. This would suggest that a threshold effect could be present,
as was found for the narrow cytotoxicity. Once a certain concentration is reached a
‘point of no return’ is seen where necrotic activity dominates. The complete
abolishment of caspase-3/7 could be due to a complete bypassing of the caspase

systems and incurring full rupturing of the plasma membrane.

The Solanaceae family is known to contain steroidal glucosaponins and
glucoalkaloids,*”® which are usually present as glycosides!’”” and most likely
responsible for the effects observed. Solasonine,3’* solasodine3’43’®> and
solamargine3’®>376 induce potent cytotoxicity in various cell lines. Solamargine and
solasonine have been reported to display activity towards the HepG2371376¢ and Hep3B
hepatoma cell lines,®”® which correlates to the activity found in the present study.
Important to note though is that solamargine induced lower cytotoxicity in primary liver
cells than cancerous counterparts,®’¢ suggesting a potential for lower cytotoxicity than
expected due to the cancerous nature of the HepG2 cell line. Solasonine appears to
be more active than solasodine, indicating the importance of the sugar moiety in
inducing detrimental effects.3”* Solamargine has been shown to increase Fas
expression on cells, which allows for greater activation of the extrinsic apoptotic
pathway,®’’ lending some credence to the pathway suggested. It is possible that death
receptor expression was increased on HepG2 cells, allowing for activation of the
extrinsic pathway. However, due to severe cytotoxic advances, such as mitochondrial
rupturing or membrane destabilisation, necrosis was opted for. This may have
occurred post-induction of cell cycle arrest, which has also been ascribed to
solamargine in hepatoma cell lines.3’® Whereas solamargine induced apoptotic cell
death, solasodine did not, which can be ascribed to the former’'s rhamnose moiety.3"®
However, cytotoxicity, DNA fragmentation (possible apoptosis indicator) and GO/G1-
arrest has been attributed to solasodine as well,3”° suggesting a cell-type specific
effect. Solasodine and tomatodine have been found to induce moderate cytotoxicity in
the MCF-7, HT29 and HeLa cell lines at concentrations 2100 pM. Viability was
decreased due to a GO/G1-phase arrest, which ultimately led to slight necrosis, but no
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apoptosis. Research has shown that glycoalkaloids obtained from Solanum spp.17®
and saponins38 promotes cell membrane disruption and necrotic cell death, which
supports the necrosis observed. Although a different cell cycle blockade was observed
in the present study, the mixture of steroidal alkaloids may cause preferential necrotic
cell death as described by the latter study. Solanine was found to induce cytotoxicity
in the HepG2 cell line at low concentrations®*®! and induce mitochondrial depolarisation
with concomitant increase of intracellular calcium concentrations and induction of
apoptosis.?’:382 Furthermore, solanine decreased ATP in the SMMC7721 hepatoma
cell line.®® Solanine treatment reduced membrane integrity, allowing for lactate
dehydrogenase leakage.®®* This may in turn also promote necrotic cell death, as
shown with other glycoalkaloids as well.28 Saponin content was much higher in the
methanol extract, thus one would assume higher necrotic activity to be exerted by it.
However, this was evident in the hot water extract. It is possible that the differential
phytochemical matrix and their respective ratios may shift biological activity towards a
different spectrum of effect. Various glycoalkaloids, such as solanine, possess long
half-lives (21 — 44 h),%®* and may thus be bioaccumulated with chronic administration.

4.45. Tabernaemontana elegans

The methanol crude extract was found to display greater reduction in cell density at a
very low concentration, indicating a high potential for cytotoxic advances. The hot
water extract on the other hand displayed low cytotoxicity (Figures 43A and 44A),
which is supported by previous findings of aqueous extracts®® (Appendix V). Alcohol
extracts have been found to display potent cytotoxicity with ICso’s ranging from 0.35
pug/mL to 19.27 pg/mL06387 (Appendix 1V). Cytotoxicity seemed to effect metabolic
conversion and lysosomal integrity, which increased with alkaloid-enrichment.10®
These effects appear to be independent of cell type, thus non-selective killing seems
possible. Research into the cytotoxicity of T. elegans remains scarce, however data is
available on other Tabernaemontana spp. Mixed cytotoxicity profiles have been
reported, but it appears that aqueous extracts have low activity,3838% while some
organic extracts display greater potential for reducing cell growth or survival.388:390.391
Some organic extracts possess low cytotoxicity,3%2-3% which appears to be dependent

on cell type, species or extraction methodology.
161 |Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

Both crude extracts exerted a similar mechanism of hepatotoxicity, with a mixture of
antiproliferative (Figure 45) and pro-necrotic activity (Figure 46). As with S.
aculeastrum, the hot water extract exerted a more detrimental effect than the methanol
extract. Cell death appeared to be time-dependent, only occurring after 72 h, while
anti-proliferative effects were observed as early as 24 h. Both extracts induced an
increase of cells in the G2/M-phase after 24 h, although this gradually decreased at
72 h. This would suggest that the initial arrest induced is not strongly maintained, and
cellular cycling does tend to normalise after the effect has subsided. Furthermore, the
hot water extract seemed to elicit DNA fragmentation, which would coincide with the
random DNA degradation seen during necrosis. Following the reduced proliferation,
cells undergo necrosis, most likely due to sufficient damage to cellular organelles and
membranes. The methanol extract did display slight apoptotic activity, though this was

subtle in comparison to the necrotic effect.

While the hot water extract only reduced cell density to a moderate degree at the
highest concentration tested, this was achieved at low concentrations with exposure
to the methanol extract. This was in combination with mitochondrial depolarisation,
although the greatest effect was observed with the methanol extract (Figures 43B and
44AB). The hot water extract appeared to offer a low level of depolarisation. This
suggests a gradual opening of the MPTP.?27® The methanol extract depolarised the
mitochondrial membrane to a much higher degree. Important to note is that a
prominent reduction of cell density was already evident at 1 pug/mL, while mitochondrial
effects only occured at higher concentrations. This suggests that the effects elicited
by the methanol extract may be independent of mitochondrial dysfunction. The hot
water extract decreased ROS levels initially, but as the concentration increased, ROS
levels returned to baseline (Figure 43C). This effect was observed in the absence of
mitochondrial depolarisation, thus the reason for this effect is unknown. Although
antioxidant activity was present, it would require a much higher concentration to elicit
such a ROS-depletory effect. The return to baseline may suggest that the hot water
extract started increasing ROS levels >100 pg/mL. Worryingly though is that low levels
of lipid peroxidation occurred at 1 pug/mL (Figure 43F), even though this steadily
decreased as the concentration increased. Another free radical source may thus be
used to oxidise lipids. The methanol extract induced a dose-dependent increase in

ROS levels, with concurrent slight lipid peroxidation (Figure 44C,F), as expected from
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mitochondrial depolarisation.?®® Both crude extracts increased GSH levels (Figures
43D and 44D), though this effect was more prominent with the methanol extract. The
hot water extract only increased GSH levels at 100 pg/mL, while the methanol extract
did so in a dose-dependent fashion. Whether or not this is an adaptive de novo
synthesis to counteract high levels of detoxification is unknown. However, due to the
effect seen it is suggested that GSH synthesis pathways remain unperturbed.?®? The
hot water extract decreased fatty acid concentrations to below baseline at low
concentrations (Figure 43E), which may suggest an increased usage of fatty acids to
assist in the prevention of cytotoxicity through hormetic means.?® This is supported
by the increase in ATP levels at lower concentrations (Figure 43G), which is a
consequence of B-oxidation. Fatty acid levels steadily increased as cytotoxicity was
observed. The latter may have occurred due to the subsequent mitochondrial effects
observed, shifting to fatty acid accumulation due to disruption of 3-oxidation or altered
synthesis/catabolism pathways.?*°© The methanol extract’'s increase in fatty acid
accumulation occurred from 1 pg/mL (Figure 44E), indicating that B-oxidation or fatty
acid synthesis pathways are altered?*° at a low concentration, and thus steatotic
changes may occur early on in dosing. While ATP levels were initially increased,
possibly through usage of excess fatty acids, this declined as cytotoxicity increased
(Figure 44G). Due to the large depolarisation observed, it is likely that disruption of
mitochondrial respiration occurred,?*’ inhibiting ATP synthase and ultimately leading
to reduced bioenergetic pathways.?*° Caspase-3/7 activation was observed for both
extracts (Figures 43H and 44H), with an immense increase evident by the methanol
extract. Due to the increased levels of ATP and mitochondrial depolarisation observed,
it is likely that the intrinsic apoptotic pathway?®° could have been followed, though the
involvement of the extrinsic pathway cannot be excluded. Although the methanol
extract displayed a subtle increase in apoptosis, both extracts primarily induced
necrotic cell death. Although caspase activation may have occurred, an overwhelming
pro-necrotic effect may have allowed for cell death to rather be followed.

The indole alkaloids have been described as the bioactive constituents of T. elegans,
and thus focus has been placed on them. The effects of these alkaloids have been
assessed on various cell lines, and these appear to be dependent on cell line origin
(Table  29). Apparacine,®%  dregamine,l08110.3%-3%9  16.epidregamine,®

tabernaemontanine,108110:397-3%9 gnd tubotaiwine3®® do not appear to be highly
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Table 29: Summary of the effects of indole/bisindole alkaloids that have been isolated from T. elegans

on cellular cultures.

Indole/Bisindole . . Additional
alkaloid Cell line Assay | Time | ICso (UM) comments References
Alosmontamine A HL-60 leukaemia N/S N/S 31.7 109
A HepG2 MTT | 24h 41 ] 404
epatocarcinoma
Apparacine P-338 murine
PP leukaemia MTT/ | Nis N/D Inactive 3%
A-549 lung SRB
carcinoma
HelLa perwcal 146.32
carcinoma i
B-16 murine skin <125
cells
Hep-2 laryngeal 48 h 54.47 Apoptosis 405
carcinoma : and DNA
damage. No
T .
?;ib?orgll;rsl,?se 89.28 mdeammb;gge
I MTT
. KB/S vincristine-
Coronaridine sensitive
. . 11.5
epidermoid
carcinoma
KB/VJ300 72 h 402
vincristine- -
resistant 2.6
epidermoid
carcinoma
A2780 ovarian N/S N/S 9.9 401
carcinoma
Low levels
of
Dregamine HCT116 colon MTS | 72h N/D apoptosis, 399
carcinoma
caspase-3/7
activation
Low levels
of
HepG2 MTS N/D apoptosis, 399
hepatocarcinoma
caspase-3/7
Dregamine 72 h activation
KB/S vincristine-
sensitive MTT >25 - 398
epidermoid
carcinoma
KB/VJ300
vincristine-
resistant MTT 72 h >25 398
epidermoid -
Dregamine carcinoma
HCT116 colon MTS | 48h S50 110
carcinoma
MRC-5 lung cells
and L-6 MTT 72 h N/D Inactive 397
myoblasts
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Indole/Bisindole , ) Additional
alkaloid Cell line Assay | Time | ICso (UM) comments | References
~2.7-fold
increased
cell death
HuH-7 hepatoma | Trypan 24 h through 108
cells blue ;
apoptosis
Dregamine N/D (no
caspase-3)
P-338 murine
leukaemia MTT / . 396
A-549 lung SRB N/S Inactive
carcinoma
16-Epidregamine HCTl;G colon MTS 48 h >50 110
carcinoma
BGM monkey
kidney cells 28
Isositsirikine Y 24 h 406
HepG2 34
hepatocarcinoma MTT
KB/S vincristine- -
sensitive 72h 525 202
epidermoid
Isovoacangine carcinoma
A2780. ovarian N/S N/S 9.40 401
carcinoma
HCT116 colon Low Ievelg,
carcinoma of apoptosis
MTS N/D and 399
HepG2 caspase-3/7
Tabernaemontanine | hepatocarcinoma 72h activation
KB/S vincristine-
sensitive MTT 525 i 308
epidermoid
carcinoma
KB/VJ300
vincristine-
resistant MTT 72 h >25 398
epidermoid
Tabernaemontanine v éirlci%om? - -
-0 €00 MTS | 48h | >50 108
carcinoma
MRC-5 lung cells
and L-6 MTT 72 h | 5.20-8.40 397
myoblasts
~2-fold
increased
cell death
Tabernaemontanine | HuH-7 hepatoma | Trypan 24 h N/D through 108
cells blue .
apoptosis
(caspase-3
activated)
Tabernaelegantine B Between Pro-
g HCT116 colon 05-1 apoptotic
. MTS 48 h 110
Tabernaelegantine C carcinoma Between Pro-
g 20-50 apoptotic
PAR-L5178
Tabernine A parenteral murine MTT 72 h 45.90 - 108
lymphoma
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Indole/Bisindole . . Additional
alkaloid Cell line Assay | Time | ICso (UM) comments References
MDR-L5178
multidrug. MTT | 72h | 37.50 .
resistant murine
lymphoma
Tabernine A ~3.2-fold
increased
HuH-7 hepatoma | Trypan 24 h N/D cell death
cells blue through
necrosis (no
caspase-3)
PAR-L5178
parenteral murine 46.60
lymphoma
MDR-L5178 MTT 72 h -
_multldrug _ 39.70 108
resistant murine
Tabernine B lymphoma
~3.2-fold
increased
HuH-7 hepatoma | Trypan 24 h N/D cell death
cells blue through
necrosis (no
caspase-3)
PAR-L5178
parenteral murine 70.60
lymphoma
Tabernine C MDR-L5178 MTT 72 h -
multidrug
resistant murine 51.50
lymphoma
~2.6-fold
increased
cell death
Tabernine C HuH-7 hepatoma | Trypan | N/D through 108
cells blue .
apoptosis
(no
caspase-3)
P-338 murine
. leukaemia MTT / . 306
Tubotaiwine A-549 lung SRB N/S N/D Inactive
carcinoma
HepG2
) 10
hepatocarcinoma
A375 melanoma 14
MDA-MB-231 8
breast carcinoma | MTT | 72h 403
SH-SY5Y 760
_ neuroblastoma
Voacangine CT26 murine 11 -
colon carcinoma
HCT116 colon MTS S50 108
carcinoma
rela ;%rr\g;al a8h | 271.97
. . MTT 405
B-16 murine skin 43916
cells
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Indole/Bisindole
alkaloid

Cell line

Assay

Time

ICs0 (UM)

Additional
comments

References

Voacangine

Hep-2 laryngeal
carcinoma

3T3 murine
fibroblasts

KB/S vincristine-
sensitive
epidermoid
carcinoma

KB/VJ300
vincristine-
resistant
epidermoid
carcinoma

KB/VJ300
vincristine-
resistant
epidermoid
carcinoma

MTT

48 h

159.33

104.16

72 h

>25

72 h

>25

72 h

>25

A2780 ovarian
carcinoma

N/S

N/S

10.40

Vobasine

HepG2
hepatocarcinoma

A375 melanoma

MDA-MB-231
breast carcinoma

SH-SY5Y
neuroblastoma

CT26 murine
colon carcinoma

MTT

72 h

19.30

19.50

25

19

20

405

402

401

403

KB/S vincristine-
sensitive
epidermoid
carcinoma

KB/VJ300
vincristine-
resistant
epidermoid
carcinoma

>25

>25

398

Vobasine

HCT116 colon
carcinoma

MTS

48 h

>50

110

HuH-7 hepatoma
cells

Trypan
blue

24 h

N/D

~2.2-fold
increased
cell death

through
apoptosis
(caspase-3
activated)

108

MTS -

3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium

conversion assay; MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide conversion
assay; N/D — not determined; N/S — not stated; SRB — sulforhodamine B staining

cytotoxic, and thus are not likely the primary hepatotoxic contributors. Dregamine has

been found to increase apoptotic cell death in hepatoma cell lines,08:39 although
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caspase-3/7 activation was not always a contributing factor.1°® Tabernaemontanine is
known to induce low levels of apoptosis in hepatoma cell lines through the activation
of caspase-3.1%% Moderate levels of activity have been described for alosmontamine
A,1% jsositsirikine'®® and tabernines A-C.*® Tabernine A and B have been reported to
induce necrotic cell death, while tabernine C causses caspase-3-independent
apoptosis.'®® The most likely candidates for cytotoxicity are coronaridine,401402
isovoacangine,*?! tabernaelegantine B-C,*'? voacangine*°%4%3 and vobasine.*%3 The
latter two have been shown to induce cytotoxicity in the HepG2 cell line,*°3 although it
has shown that the Ilatter six compound’s cytotoxicity is cell-type-
dependent,108110,402,405407 | jterature is scarce with regards to their mechanistic
activity, and thus no real inferences can be made to their involvement in mitochondrial
toxicity. However, it is suggested that as these indole/bisindole alkaloids have
presented with a mixture of necrotic and apoptotic activity. Their concomitant
involvement may have activated the intrinsic apoptotic pathway, with membrane
destabilisation resulting in a switch to necrotic cell death. Due to the appreciable levels
of saponins identified in the extracts, it is a possibility that loss of plasma membrane
integrity may have resulted in cytolysis.>! Taking into account the low concentration of
the methanol extract, it would explain the greater effect elicited by saponins in the hot

water extract, as concentrations would be much more dilute.

4.4.6. Terminalia sericea

Both crude extracts of T. sericea displayed low cytotoxic potential (Figures 47A and
48A), only inducing moderate activity at 100 pg/mL, with the methanol extract
exhibiting slightly higher activity. This is supported in literature for various cell
lines,1?7:314.408,409 35 well as in brine shrimp.313410 However, it appear as if cytotoxicity
may be determined by cell type, as moderate314409411.412 tg high cytotoxicity®'* has
also been reported. The majority of references support that higher cytotoxicity of

organic extracts compared to aqueous or hot water extracts.

The crude extracts exhibited a similar cell death modality. The accumulation of cells
in the S-phase after 72 h is suggestive of a slight antiproliferative effect (Figure 49),
which appeared to slow proliferation of cells, leading to reduced growth. However,

induction of cell death as early as 24 h after exposure appears to be the main
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mechanism of hepatotoxicity (Figure 50). The hot water extract induced necrosis after
24 h, however, after 72 h an increase in early apoptotic cells was also evident.
Although an initial rupturing of cells occurred, the mixed effect is most likely due to a
delayed pro-apoptotic effect. Hepatic cell death frequently appears as a mixture of
apoptotic and necrotic events.?®® The methanol extract induced necrosis within 24 h,
which persisted over the 72 h period without apoptotic involvement. Literature is not
available with regards to the antiproliferative, pro-apoptotic or pro-necrotic effects of
T. sericea extracts except for standard cytotoxicity assays. An ethyl acetate has been
shown to inhibit topoisomerase 1.#13 Topoisomerase | poisons have been shown to
reduce S-phase cycling to due to diminished DNA synthesis,*'* giving basis for the

potential antiproliferative mechanism of T. sericea.

Mechanistically both crude extracts induced detrimental changes to cellular function,
though oxidative status differed between them. Mitochondrial depolarisation was
found for both extracts, with the methanol extract being more active (Figures 47B and
48B). The large effect observed here might indicate that high frequency opening of the
MPTP had taken place,?’” resulting in ATP depletion and subsequent infliction of
necrotic cell death.?®® Although the hot water extract had no prominent effect on
oxidative homeostasis, the methanol extract decreased both ROS and GSH in a dose-
dependent manner (Figures 47C,D,F and 48C,D,F). Phytotoxin-detoxification through
GSH-conjugation is a likely explanation for the latter,24> though the effect behind ROS
depletion is unknown. It is possible that the high antioxidant activity displayed by the
methanol extract may incur a detrimental effect, reducing baseline ROS levels and
eliciting further functional impairment.?>® Mitochondrial depolarisation many times
indicates a loss of functionality of the bioenergetics system, giving rise to reduced -
oxidation with subsequent fatty acid accumulation,?® as observed. Due to lack of
synthesis systems, ATP levels would not be maintained and subsequent loss would
occur.?®0 Although ROS levels were not increased, lipid peroxidation was slightly
elevated, thus the involvement of a separate free radical source cannot be excluded.
Caspase-3/7 activity was reduced (Figures 47H and 48H), suggesting an inhibition of
the caspase-system. As ATP levels were reduced (Figures 47G and 48G), it gives
credence to a lack of caspase-3/7 activation due to the need of energy in the intrinsic
apoptotic pathway.?*® The apoptotic cell death observed for the hot water extract is

thus likely caspase-independent, via non-caspase proteases.3*
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Phytochemicals (Table 30) such as [-sitosterol, 21415416  grjungenin,47-419
epicatechin-catechin, epigallocatechin-gallocatechin!?! and sericic acid*!® do not offer
much in terms of cytotoxic effects. Likely contributors include arjunic acid,*~#2° gallic
acid*'® and lupeol.1?1:415:416,423-425 Arjunic acid has been shown to inflict variable levels
of cytotoxicity in several different cancer cell lines, including HepG2 cells.417-420
However, contradictory evidence of non-cytotoxicity has been described as well in the
latter.#17420  Although contradictory evidence is present on the cytotoxicity of
lupeol,*16:422 noteworthy activity has been described in literature. In hepatoma cells
(including HepG2 cells) it was described that lupeol induced an S-phase block, and
induced apoptosis through caspase-3.4%* A similar S-phase block was observed in the
present study. Furthermore, it has been described that lupeol induces mitochondrial
depolarisation in MCF-7 cells with concomitant induction of DNA damage.*?® Taking
all this in account, it is possible that the combination of lupeol and arjunic acid may be
incurring mitochondrial stress and inducing non-caspase dependent pathways
involved with apoptosis and necrosis. Furthermore, fatty acid accumulation may be
due to lupeol, which induced steatosis at concentrations as low as 1 pM.4?’

Table 30: Summary of the effects of phytochemicals that have been isolated from T. sericea on cellular
cultures.

Phytochemical Cell line Assay Time ICs0 (UM) cAc?rilrfqlce)zz?sl References
Vero kidney cells N/S N/S 197.72 121
HEK293 human
embryonic kidney >300
B-Sitosterol cells 48 h 4
HepG2 MTT
; >300
hepatocarcinoma
Primary murine 79h >100 415
splenocytes
B-Sitosterol- | /o kidney cells | NiS | NiS | 48225 121
acetate
MDA-MB-231 ;
breast carcinoma >200
PC3 prostatic 5200
carcinoma
72 h 418
T ite o
Arjungenin MTT
T98G
. >200
glioblastoma
KB. Hela >198
contaminant cells h 417
PA-1 ovarian 48
. 79.26
carcinoma
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Additional

Phytochemical Cell line Assay | Time | ICso (UM) comments References
HepG2 >198
hepatocarcinoma 48 h 417
WRL-68 Hela
o >198
derivative
HL-60 leukaemia >100
Arjungenin
jung A549 lung >100
carcinoma
i N/S 419
A2521. gastric >100
carcinoma
Sk-Br-3 breast >100
carcinoma
MDA-MB-'231 321 )
breast carcinoma
e
418
HCT116 colon 72h
: 12.6
carcinoma
_ 198G 32.8
glioblastoma
KB Hela 10.23
contaminant cells
PA-1 ovarian 48h | 1535 w17
carcinoma
HepG2 1.43
hepatocarcinoma
WRL-68 Hela
L 48 h 417
derivative MTT 8 15.35
HL-60 leukaemia 45.3 -
N/S 419
A549 lung >100
carcinoma
o . A2521_ gastric >100
Arjunic acid carcinoma N/S 419
Sk-Br—_3 breast 73.20
carcinoma
MCF-7 breast >100 }
carcinoma
NCI-H460 lung 72 h >100 421
carcinoma
HepG2 >100
hepatocarcinoma
Activation of
c-Jun N-
terminal
kinase-
dependent
endoplasmic
AS49 lung 24 h ~50 reticulum 420
carcinoma
stress
pathway
with
subsequent
apoptotic
induction
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. . . Additional
Phytochemical Cell line Assay Time ICs0 (M) comments References
Activation of
c-Jun N-
terminal
kinase-
dependent
endoplasmic
Arjunic acid Nigi?ffnl‘;”g MTT | 24h ~50 reticulum 420
stress
pathway
with
subsequent
apoptotic
induction
Epicatechin- 689.00
catechin Vero kidney cells N/S 121
mixture 653.02
HL-60 leukaemia 13.9
A549 lung N/S 100 -
carcinoma
Galllic acid i MTT 419
A2521 gastric 29.10
carcinoma
Sk-Br-S breast 54.70
carcinoma
Lupeol Vero kidney cells N/S 705.14 121
CCRF-CEM
lymphoblastic RZN 72 h 4.53 - 422
leukaemia
CEM/ADR5000
adriomycin-
resistant 78.93
lymphoblastic
leukaemia
MDA-MB-231-
pcDNA breast >82.75
carcinoma
MDA-MB-231-
BCRP breast >82.75
carcinoma
Lupeol HCT116 (p53+/+) RZN 72 h >89 75 422
colon carcinoma ) i
HCT116 (p53-/-)
colon carcinoma >82.75
U87MG
glioblastoma >82.75
UG87MG.AEGFR
glioblastoma >82.75
HepG2
hepatocarcinoma 56.89
AML12 murine
hepatocytes >82.75
HEK293 human
embryonic kidney MTT 48 h 278.80 416
cells
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Phytochemical Cell line Assay | Time | IC50 (uM) Additional References
comments
HepG2 48h | 289.40 416
hepatocarcinoma
MCF-? breast 25 02
carcinoma
HelLa perwcal 72 h 13.09 o
carcinoma ]
HT-29 (;olorectal -30
carcinoma
SMMC7721 45
Lupeol hepatocarcinoma
S-phase cell
48 h cycle arrest 424
MTT and pro-
he agce:giiznoma 48.50 apoptotic
P activity
mediated by
caspase-3
Primary murine 45 "
splenocytes
MDA-MBj231 5200
breast carcinoma
cartinoma. 720 | 200 -
Sericic acid s
HCT116 colon 5200
carcinoma
. T98G 2200
glioblastoma

MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide conversion assay; N/S — not stated,;
RZN — resazurin conversion assay

4.4.7. Ziziphus mucronata

The methanol extract induced noteworthy cytotoxicity (Figure 52A), albeit not as high
as some of the previously mentioned extracts. The higher cytotoxicity for the methanol
extract compared to that reported in Chapter 3 may be as a result of phenotypic shift
of the HepG2 cell line as the study progressed. The hot water extract was relatively
absent of this, apart from the highest concentration tested (Figure 51A). Findings from
other studies seem to concur that extracts do not present with high levels of
cytotoxicity, 199429430 though methanol extracts do appear to offer more effects than
aqueous extracts.®2430 While leaves have been shown to promote genotoxicity upon
metabolic activation,*3! cytotoxicity of the leaves?°%432 and roots appears to be poor.16°
Potent cytotoxic effects have been reported at 2.7 pg/mL in Vero cells exposed to bark
extracts.*33 Other species of Ziziphus, such as Z. spina-christi*** and Z. multiflora*3®

have been shown to possess little cytotoxic activity, whereas Z. jujube*3%437 and Z.
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mauritiana*3® induced cytotoxic effects at concentrations within the range of that
observed in the present study. The cytotoxicity of the methanol extract seen in the

present study may be a factor of geographical or seasonal variation.

With regards to the mode of cell death, a slight antiproliferative effect in the G1-phase
appeared to be induced by both extracts (Figure 53). The largest contributor was
necrotic cell death (Figure 54). This appeared within 24 h of incubation, and persisted
up to 72 h of exposure. It thus seems likely that within 24 h a reduction of cellular
cycling occurred, with subsequent dismantling of the cellular membrane and cytolysis
ensues. Although literature pertaining to Z. mucronata could not be obtained, Z.
jujube*®437 and Z. mauritiana*3® extracts have been shown to induce cytotoxicity

through induction of apoptosis.

Although both extracts induced cytotoxic responses, the hot water extract tended to
have a less prominent effect than the methanol extract. Mitochondrial toxicity was
apparent (Figures 51B and 52B), though ROS levels were not raised (Figures 51C
and 52C), it did decrease in a dose-dependent manner. This was most prominent with
the methanol extract, while little effect was shown with the hot water extract. This
reduction was not coupled to alterations to GSH levels (Figures 51D and 52D). It is
suggested that ROS-attenuation decreased cell functionality, and thus incurred a
cytotoxic effect.?82 While the hot water extract increased fatty acid levels slightly, the
methanol extract only had a notable effect at the highest concentration (Figures 51E
and 52E). This increase was not paralleled by lipid peroxidation (Figures 51F and
52F). As mitochondrial toxicity was observed, one can thus assume that bioenergetics
pathways were altered reducing ATP (Figures 51G and 52G) due to inhibition of 8-
oxidation.247274.275 Caspase-3/7 activity was decreased (Figures 51H and 52H), and
even abolished at the highest concentration of the methanol extract, suggesting that

the apoptotic activity observed was due to a non-caspase-dependent mechanism.344

Only one reference to the cytotoxic properties of the isolated constituents of Z.
mucronata could be found, thus very little can be presumed with regards to possible
contributors. Mucronine E and abyssenine A have been shown to induce cell death,
primarily by non-necrotic means, though these results were only obtained at 1 mM.43°
Necrotic cell death may be due to saponins, which was found to be concentrated in
the extracts (Chapter 2).
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45. Conclusion

The objectives of the chapter were met. An all-encompassing conclusion is provided
in Chapter 6. This is one of the first studies to evaluate the hepatotoxic effects of
various African herbal remedies that have yet to be classified as potential
hepatotoxins. Of the seven plants selected for hepatotoxicity screening, all presented
with associated risks, albeit to varying degrees. Of note is the prominent effects that
hot water extracts had in inducing detrimental effects, even if a higher concentration
was required compared to the respective methanol extracts. The methanol extract of
T. elegans presented with the most potent hepatotoxic effects, while crude extracts of
M. oleifera displayed low hepatotoxic potential. Regardless of this, the latter still
altered mitochondrial functioning, which may be a sign of low-level cytotoxic activity,
which may have downstream effects. The risk of mitochondrial toxicity, steatotic
effects and necrotic cell death was evident with the majority of extracts, and thus
further emphasis must be placed on determining their exact mechanisms and
contributing phytochemicals. As necrotic cell death was the norm, emphasis should
be placed on the detrimental outcomes thereof. Although the degree of systemic
absorption was not determined in the present study, it would be best to be cautious in

their use as pre-clinical results suggest a present danger in use.
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Chapter 5

In vitro effect of herbal remedies on absorption and metabolism

5.1. Literature review

5.1.1. Intestinal drug transport

Absorption primarily takes place in the intestines of the gastrointestinal tract, more
specifically via the microanatomical structures known as villi and microvilli which
increase the absorptive surface area.**° Intestinal transport is mediated through these
structures, amongst others via transporters and enzymes.*4° Transportation from the
apical surface of the intestines may occur via passive or active mechanisms. Efflux
transporters may diminish absorption into the systemic circulation due to extrusion.440
Compounds with a high cellular permeability are presumed to not require active

transport mechanisms.*4!

Transport of compounds, solutes, ions and nutrients across biological membranes
form an integral part of physiological processes. It is estimated that approximately 15%
to 30% of membrane proteins are transporting units, and that 60% of energy usage is
earmarked for facilitating transportation of molecules.**? Transport proteins are found
in large quantities throughout the body. Their importance is further elucidated by the
fact that many are involved in disease progression.4? Various transporters and
enzymes have been identified in the intestinal canal, and their distribution is dependent

on the intestinal sections involved (Table 31) (Figure 55).

5.1.2. P-glycoprotein transporters

The majority of transporters in the ATP-binding cassette (ABC) family act as active
efflux transporters that require energy from ATP hydrolysis to extrude molecules from
the intracellular compartment.**3444 P-gp belongs to the ABC superfamily of
transporters.**3-445 |t was first discovered as the protein implicated in multidrug

resistance of cancerous cells due to its ability to actively efflux chemotherapeutics from
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Table 31: Distribution of transporters and enzymes in the gastrointestinal tract (reproduced from Pang,
2003440 with permission).

Transporter

Segmental distribution

Apical sodium dependent bile acid transporter

Distal > proximal

Peptide transporter 1

Jejunum >ileum > duodenum

Monocarboxylic acid transporter 1

Duodenum > jejunum > ileum

Organic anion transporting polypeptide 3

Highest in jejunum

Concentrative nucleoside transporter

Highest in jejunum

Multidrug resistance-associated protein 2

Duodenum ~ jejunum > ileum

P-gp

Jejunum ~ ileum > duodenum

Multidrug resistance-associated protein 3 (basolateral)

lleum > jejunum > duodenum

Enzymes

CYP3A

Duodenum ~ jejunum > ileum

Uridine 5’-diphospho-glucuronosyltransferase

Duodenum ~ jejunum > ileum

Phenol sulfotransferase

Duodenum ~ jejunum > ileum

Glutathione S-transferase

Duodenum ~ jejunum > ileum

Estrone sulfatase

Proximal > distal

Endothelium

Brain

Substrates

Organic cations and weak organic
bases with hydrophobic regions, some
polypeptides, about half of commonly

prescribed drugs

P-glycoprotein

ATP

Oatplad
Oatp1as

Organic anions with hydrophobic
gi (LTC4, vincristine,
daunorubicin, etoposide, MTX,
glutathione, glucuronide, and sulfate
conjugates), HIV-protease inhibitors

Mrp1, Mrp2

Cyclic nucleotides and derivatives
(PMEA), some organic anions and
weak organic acids (MTX)

Mrp4, Mrp5

Organic cations and weak organic
bases with hydrophobic regions, some
anionic drugs (MTX, topotecan,
mitoxantrone)

Oatplad
OATP1A2

TRENDS in Pharmacological Sciences

Figure 55: Graphical representation of P-glycoprotein and other membrane transporters in the blood-
brain barrier allowing for efflux of chemicals to protect the brain (as reproduced by Miller*46 with
permission).
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the intracellular space.**? P-gp is a 170 kDa glycoprotein*#3 consisting of 1 280 amino
acids*744® and is encoded by the multi-drug resistance-1 (MDR-1) gene.*#444> The
functional unit of P-gp consist of four domains: two nucleotide-binding domains (NBD)
and two transmembrane domains (TMD).#4>448 The NBD is a cytoplasmic domain
necessary for energy production through the binding and hydrolysis of ATP.44? Each
TMD consists of six transmembrane helices**? which forms a hydrophobic membrane-

crossing pathway for substrates.*4®

Efflux of compounds through P-gp is energy-dependent and requires conformational
change of the transporter domains.**? It is proposed that transportation involves four
processes: i) binding of ATP and/or drug to respective domains, ii) NBD conformation
change due to ATP binding and/or hydrolysis, iii) TMD conformational change from
high-affinity to low-affinity binding due to changes in NBD, and iv) resetting of

conformational changes after drug release.*#?

Binding of ATP results in NBD dimerisation due to alterations in the electrostatic
charges of ATPase, with subsequent association of the NBD sites.*#? This binding is
not direct, and occurs through the nucleotide.**? It is suggested that drug-binding does
not influence the affinity of ATP for the NBD, nor does it reduce activation energy.*4?
The TMDs form a channel into the intracellular compartment, but once ATP binds to
the NBD a conformational change occurs. A cavity containing the various drug-binding
sites is found within the P-gp structure which allows for binding through hydrophobic
interactions.**® This closes the intracellular channel and opens a pore to the
extracellular compartment, resulting in the efflux of bound substrates.**8 This is a result
of high-affinity cytoplasmic drug-binding sites, which after a conformational change to
a low-affinity site releases the drug at an extracellular site.#*? It would appear that there
are multiple binding sites, which appear to have overlapping substrate specificity.*43
P-gp is often dependent on the surrounding lipid membrane characteristics, and as
such can be altered through membrane disturbances or disruptions.#43

P-gp is present on numerous tissue types, including the apical surface of mature
enterocytes, canicular membranes of hepatocytes, and endothelial cells of the brain
and kidney.#43444 |ts high expression in organ systems containing endothelial/epithelial
borders, as well as those involved in metabolism and clearance, gives insight into its

primary function.*4° P-gp counteracts the absorption and transport of toxic compounds,
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thus decreases the exposure of organs, such as the liver, brain and kidney, to potential
cytotoxins.?’6448 pP-gp localisation is generally on apical membranes of tissues facing
an excretory compartment, which would increase elimination of potential cytotoxins. A
high abudance is found in the lower gastrointestinal tract, which indicates the
importance of direct extrusion into the gastric lumen as a method for detoxification and
excretion. P-gp functioning in the gastrointestinal tract thus prevents absorption of
orally-administered molecules, and reduces bioavailability.**> It has been suggested
that P-gp in the blood-brain barrier could explain the low brain bioavailability of several

larger hydrophobic molecules, which further illustrates its function in the body.**’

P-gp accommodates a very broad range of substrates and inhibitors due to its number
of available binding sites (up to five). This allows it to transport hydrophobic,
amphipatic, cationic and neutral molecules. It is commonly accepted that most P-gp
substrates or inhibitors display a matter of hydrophobicity and amphipathic
characteristics, and as most inhibitors are also substrates, competition arises.**’ Its
broad range however makes it an ideal candidate for drug-drug or drug-herb
interactions.*** Although metabolism has always been a major factor in drug-drug

interactions, the importance of transporter interactions have come to light.444

P-gp-mediated drug-drug interactions are well-described in literature, though many do
not pose severe clinical implications due to unaltered metabolism profiles. As many P-
gp substrates are metabolised through the CYP450 system, inhibition of transportation
may not be enough to alter the pharmacokinetic profile of the drug significantly.#4
Some of these interactions may be beneficial though. It has been shown that various
types of cancers express high levels of P-gp,*>° resulting in an inherent resistance to
many chemotherapeutics due to low intracellular accumulation.##34%0 |f P-gp is
inhibited, higher levels of the chemotherapeutics can be accumulated, resulting in

greater therapeutic concentrations and higher efficacy.**°

Except for P-gp, several other transporters have been implicated in drug transport.
These include multidrug resistance-associated protein (MRP) and organic cation
transporters.**! MRP is also a member of the ABC-superfamily. Although there is
some overlapping substrate specificity between P-gp and MRP, there are distinct
differences. While MRP tends to prefer anionic substrates and inhibitors, P-gp prefers

cationic substrates. MRP has been shown to contribute to intestinal transport.44
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5.1.3. Metabolism

Xenobiotic metabolism forms a critical step in the removal of foreign chemical entities
from the body, and thus has an important protective function. Drug metabolism aims
to detoxify xenobiotic molecules to aid in their removal, however activation into toxic
metabolites may also occur.?*¢ Metabolism has been classified as a phase |
(bioactivation) or phase Il (detoxification) metabolic process, often, but not always,
working in conjunction with one another.?4¢ Regulation of drug-metabolising enzymes,
as well as some transporters, are mediated by aryl hydrocarbon receptor (AhR),
constitutive androstane receptor (CAR), pregnane X receptor (PXR), peroxisome
proliferator-activated receptor-alpha (PPARa) and nuclear factor erythroid 2-related
factor 2 (Nrf2).451

Phase | metabolic systems, primarily mediated by the CYP450 enzyme system?*°2
induces parent molecule biotransformation with addition of hydroxyl, carboxyl, amino
or thiol groups to increase hydrophilicity of the xenobiotic.?#6453 Phase Il metabolism
increases hydrophilicity further through conjugation reactions with small endogenous
molecules. These occur with glucuronic acid, acetate and GSH via
glucuronosyltransferases, N-acetyltransferase 2 and glutathione S-transferase,
respectively.?46454 Phase Il metabolites are generally transferred to the intestines in
bile, or to sinusoidal circulation for renal excretion.?*¢ As CYP450 enzymes are most
often involved in drug interactions, this part of the study will focus primarily on phase |
metabolism with regards to enzymes, more specifically CYP2B6, CYP2D6 and
CYP3A4 as models. Important to note is that drug-drug or drug-herb interactions may
occur by either inducing or inhibiting enzyme activity. This may be beneficial or
detrimental depending on the clinical consequence. For example, in antiviral therapy,
lopinavir is used to decrease viral load, however, it undergoes high CYP3A4-mediated
metabolism which reduces its bioavailability. The addition of ritonavir leads to CYP3A4
inhibition, allowing for higher plasma concentrations of lopinavir and better therapy.4®°

The CYP450 monooxygenase enzyme system is an ubiquitous protein family of heme-
thiolate enzymes,**%457 that is highly conserved between families.**® Standard
categorisation of CYP450 occurs following sequence homology, which allows for
distinction between families.*%64%8 CYP450 enzymes may also be classified according

to their type of redox partner used for monooxygenation.*¢ Conserved entities allow
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for conformational stability and function, while variable regions allow for substrate-
directed bioactivity (Figure 56).4°64%8 A conserved structural fold is thus apparent, even
with sequence homology <20%.4%° The catalytic site is contained around the
porphyrin-heme complex.>” All CYP450 enzymes have a conserved heme-binding
region comprised out of aD-, aE-, al-, aL-, aJ- and aK- structures, and a Cys-pocket
for the thiolate heme ligand.**® While the structure of all CYP450 enzymes may be
quite similar, the diverse groups allow for substrate-specificity and differing bioactivity
profiles, however substrate overlap does often occur.4%34%8 Six substrate-recognition
and —binding regions have been identified.**® Between oK and the Cys-pocket a
meander-loop is formed that is involved with heme-binding and stabilisation.*>® Efflux
transporters, such as P-gp, and CYP450 enzymes work in conjunction to decrease
xenobiotic exposure through a constant metabolism-and-efflux cycle coupled to
absorption, metabolism and extrusion processes.*®° Furthermore, CYP450 enzymes
are expressed at different abundances throughout the body (Table 32). Polymorphic
differences also allow for a wide distribution of alleles, each with varying bioactivity. 46t
Thus inter-individual differences result in unexpected therapeutic or adverse
outcomes.*®* While poor metabolisers are more likely to experience decreased
metabolism of drugs with subsequent increased adverse effects, ultra-rapid

metabolisers may not reach therapeutic efficacy due to metabolic clearance.5?

Figure 56: Structurally-conserved regions of CYP450 enzymes in a structural overview (reproduced
from Sirim et al.*%® with permission). The reference structure of CYP450 BM-3 is from Bacilus
megaterium. The blue regions indicate structurally conserved regions, while the grey-green indicate
variable regions.
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Table 32: Relative expression of CYP1, CYP2 and CYP3 subfamilies in different tissues (reproduced
from Pavek & Dvorak#>? with permission).

Enzyme ) Smé“ Kidney Lung Placenta Liver
intestines
CYP1Al1 + + +++C/+ ++/+ ++
CYP1A2 - - * +-2 +++
CYP1B1 + ++/+ ++/+ + +
CYP2A6 - - ++/+ * +++
CYP2A13 * * + - +++
CYP2B6 ++/+ ++/+ +++ + +++
CYP2C8 + * * +ab +++
CYP2C9 ++ * * +ab +++
CYP2C19 ++ * * +ab +++
CYP2D6 ++/+ + + ++/+2 +++
CYP2E1 ++/+ + +++/++/+ + +++
CYP2F1 - - +H+/++ * -
CYP2J2 ++/+ + + ++ ++
CYPZR1 + + + + +
Cyp2s1 ++/+ * + + -
CYP3A4 +++ + + * +++
CYP3A5 +++/++ ++ +++/++ + +++/++
CYP3A7 + + + 12 +d
CYP3A43 - * - - +++

+++ = organ with high expression; ++ = organ with moderate expression; + = low expression; - =
undetectable expression; + = controversial results; a = expressed in first trimester; b = CYPC2
expression reported in first trimester; ¢ = smokers, + in non-smokers; d = foetal liver expresses highest

level.

The CYP1A subfamily is primarily comprised of CYP1Al, CYP1A2 and CYP1B1.
CYP1Al and CYP1B1 are mostly located in extrahepatic tissues, with CYP1A1 not
being constitutively expressed at high concentrations, unless induced by xenobiotic
exposure.®®? CYP1A2 is primarily hepatic, and is induced in a similar fashion to
CYP1A1 and CYP1B1, however its substrate specificity differs.*>2 CYP1 enzymes,
such as CYP1A2, are known to metabolise drugs such as clozapine and theophylline,

endogenous compounds such as steroids, as well as to activate procarcinogens.462
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The most important CYP2 (Table 33) enzymes include CYP2A6, CYP2B6, CYP2CS8,
CYP2C9, CYP2C19, CYP2D6, CYP2E1 and CYP2F1.4%2 CYP2C9 is expressed in
high levels in the liver and intestines, and is described as the second most abundant
enzyme of the CYP450 family after CYP3A4.452 CYP2D6 metabolises approximately
25% of known drugs, even though it contributes to a small percentage of hepatic
CYP450 enzymes.*! Although not as highly expressed as CYP3A4, CYP2B6 42 and

CYP2D6 is involved to an appreciable level in intestinal metabolism.463

Table 33: A brief summary of substrates and polymorphisms for CYP2B6 and CYP2D6.

: Alteration to
Enzyme Drug substrates Polymorphisms enzyme activity Frequency
Black Africans
i 464,465 (23%)464
ﬁg\\l,ﬁf&ﬁewe Ghanians (50%)467
Bupropion#65:466 NI%erﬁ_)ns 17-
Cyclophosphamide**® CYP2B6*6 Reduced '2I'2r/1oz)anians
CYP2B6 Methobarbltal“ﬁﬁ_ vy | 00485 487470 o 16541470 (3690
%gﬁzfe%ham'de West Africans
Propofol465 (42%.)466
Artemisinin465 Zanzibar (9.7%)468
Zimbabweans
(49%)46°
: Black Africans
*1471 471
CYP2D6*1 Functional (2006472
: Black Africans
*9471 471
CYP2D6*2 Functional (2206)471
Alprenol46t (4%)*7
Atenolol*6t Black Africans
04)471
Clozapine*é! CYP2D6*1xn Increased (<1%) .
Codeine46! 471,472 471,472 Calgcaf;lzans
Dextromethorphan?6t (<1%) o
CYP2D6 | Haloperidol*6! Coloureds (2%)
Imipramine46t Black Africans (<1-
Ondansetron46! 2%)4‘"1"‘_72
Propranolol6? Caucasians (<1-
Quinidine6 CYP2D6*2xn Increased 590)461.472
Risperidone#6l oLz foLarz Coloureds (1%)*7
Ethiopians and
Saudi-Arabians
(10-16%)46*
Caucasians
CYP2D6*3461:472 Inactivated*”? (1%)472
Coloureds (0%)472
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Enzyme

Drug substrates

Polymorphisms

Alteration to
enzyme activity

Frequency

CYP2D6

Alprenol461
Atenolol*61
Clozapine*®!
Codeine*61
Dextromethorphan46?
Haloperidol*61
Imipramine46?
Ondansetron#61
Propranolol461
Quinidine?s?
Risperidone?6!

CYP2D6*4

461,471,472

Inactivated
461,471,472

Black Africans (2-
79%)461.471
Caucasians (12-
219%)461.472
Coloureds (7%)472
Ethiopians and
Saudi-Arabians
(1-4%)461

CYP2D6*5461,471,472

Inactivated
468,471,472

Black Africans
(4%)461471
Caucasians (2-
7%)461.472
Coloureds
(18%)472
Ethiopians and
Saudi-Arabians
(1-3%)461

CYP2D6*6471472

Inactivated
471,472

Black Africans
(2%)47
Caucasians
(1%)472

Coloureds (0%)472

CYP2D6*Q471.472

Reduced

471,472

Black Africans
(1%)471
Caucasians
(35%)472
Coloureds (0%)472

CYP2D6*10

461,471,472

Reduced
461,471,472

Black Africans (2-
6%)461 471
Caucasians (1-
2%)461

Ethiopians and
Saudi-Arabians
(3-9%)461
Coloureds (3%)472

CYP2D6*17

461,471,472

Reduced

461,471

Black Africans (9-
350p)461:471
Caucasians (0-
<1%)461,472
Coloureds
(13%)472
Ethiopians and
Saudi-Arabians
(3-9%)461

CYP2D6*41

471,472

Reduced
471,472

Black Africans
(5%)47
Caucasians
(8%)472

Coloureds (4%)472

The CYP3A subfamily are the primary drug metabolising enzymes in the body. It is

estimated that 50 to 70% of drugs on the market are metabolised to some extent by

CYP3A,%%0 and thus it proves to be an important target for drug interactions. CYP3A

contributes approximately 30% and 70% to hepatic and intestinal CYP450 enzyme
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systems, respectively.*®® The major CYP3A isoform is CYP3A4 (Table 34).452:460
CYP3A4 levels and activity increases from the duodenum to the jejunum, while
gradually decreasing from the ileum to the colon.*%° Several other CYP3A isoforms
contribute to drug metabolism, such as CYP3A5 and CYP3A7, however their

frequency and activity spectrum are generally much lower than that of CYP3A4.460

Table 34: A brief summary of substrates and polymorphisms for CYP3A4.

Drug substrates

Polymorphisms

Alteration
enzyme activity

to

Frequency

Alprazolam473
Amlodipine*”3
Artemether47°
Atorvastatin*’3
Cyclosporine*”3
Diazepam*73
Estradiol*"3
Lumefantrine47©
Simvastatin4™®
Sildenafil473
Quinine*™
Verapamil4’3
Zolpidem473

CYP3A4*lB468 470 474

Reduced468 470 474

Caucasians (84) 474
Khoisan (77%)47°
Mixed ancestry
(46%)475

Malawians (77%)476
Tanzanians
(78%)47°

Xhosa (73%)47°
Zanzibar (49.5%)468

CYP3A4*1G47

Reduced*’”

Khoisan (91%)47®
Mixed ancestry
(60%)475

Xhosa (84%)47°

Two primary sites that affect the metabolism of drugs administred orally during the
first-pass effect are the small intestines and liver. Enterocytes are the first site of CYP-
mediated metabolism that orally-administered drugs reach, which mostly consists of
CYP3A4 (80%) and CYP2C9 (15%) in relation to total intestinal CYP450.452478
CYP1Al1, CYP2C8, CYP2C10, CY2B6, CYP2D6, CYP2E1l and

CYP3A5452454 g]so contribute to intestinal metabolism. Intestinal CYP3A4 metabolism

However,

has been suggested to play a significant effect on orally-administered drugs’ first-pass
effect, however this is a controversial topic. Many accept hepatic CYP450-mediated

metabolism as the primary driver for first-pass effect.*>?

5.1.4. Nevirapine absorption and metabolism

Successful anti-HIV treatment using HAART requires plasma concentration levels
within a defined range to ensure proper control over viral load. As such, the
permeability and metabolism of one of the commonly-used NNRTIs, nevirapine, needs
to be taken into account. Nevirapine displays bioavailability >90% in healthy
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individuals, which suggests that solubility and permeability does not limit oral
absorption.#** This has been substantiated by high intestinal permeability and
ultimately extensive metabolism.4”® Physicochemical properties indicate a logD of 1.8,
cross-sectional area of 52 A2480 |ogP value of 2.5, low water solubility (0.1 mg/mL),
and pKa of 2.8, thus the molecule itself is lipophilic.48! Taking the former into account,
the deduction is that transport would mostly entail passive influx,*8%482 however,
several reports indicate the involvement of active transport mechanisms for drug
efflux.13483.484 Nevirapine has been shown to act as a MRP-inhibitor, thus may function
as a substrate thereof.*®* Furthermore, nevirapine displays a higher basolateral-to-
apical transport in Caco-2 cell monolayers. This, however, is decreased in the
presence of a P-gp inhibitor (verapamil), suggesting that active extrusion is involved.*?
Haas et al.*® reported that altered nevirapine accumulation is associated with MDR1-
variants, suggesting an involvement of P-gp. Nevirapine does not appear to be a
substrate for organic cation transporter 1 and 2 (OCT1 and OCT2)4® or breast cancer

resistance protein (BCRP).4&0

Nevirapine is primarily metabolised by CYP3A isoforms,*8 specifically CYP3A4, as
well as CYP2B6.487 CYP2B6 is primarily found in the liver, and contributes to a large
amount of nevirapine’s metabolism.#®? This may result in the formation of 3- and 8-
hydroxy metabolites.*®? Nevirapine is known to induce CYP2C9, CYP2B6 and
CYP3A4 enzymes,*5487 and undergoes enterohepatic recycling.4e8

5.1.5. Aim of testing the crude extracts on pharmacokinetic parameters

The aim of testing the effect of crude extracts on pharmacokinetic parameters was to

determine their risk of inducing herb-drug interactions. The objectives were to:

e Determine the effect of crude extracts on P-gp activity.
e Determine the effect of selected crude extracts on nevirapine permeability.

e Determine the effect of crude extracts on CYP2B6, CYP2D6 and CYP3A4 activity.
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5.2. Materials and Methods

A detailed list of all reagents used in the study, as well as the preparation thereof, is

provided (Appendix I11).

5.2.1. Effect of herbal remedies on rhodamine-123 accumulation

Various assays are available for the determination of P-gp inhibitory activity. The
presence of multiple binding sites may complicate the determination of P-gp activity,*43
and thus selection of an appropriate model is imperative to identify if a potential exists
for drug-herb interactions. Typically employed in vitro models include the drug-
stimulated ATPase activity, Rh-123, calcein-AM and bidirectional permeability assays.
The drug-stimulated ATPase activity assay employs a colorimetric change that occurs
when inorganic phosphates are released due to energy-dependent transportation of
P-gp substrates.**® Fluorometric models include the Rh-123 and calcein-AM
accumulation assays, in which the fluorescent dye acting as a P-gp substrate
accumulates intracellularly when P-gp is inhibited. In the presence of a P-gp inhibitor
the dye cannot be actively pumped out into the extracellular space, and thus
fluorescent intensity is increased.**® The Rh-123 accumulation assay is well-described
in literature**® and has been shown to correlate well with other assays.**3 Furthermore,
it has been recommended as an initial step in drug discovery of P-gp inhibitors and

substrates.443

The effect of crude extracts on P-gp function was determined according to the Rh-123
accumulation assay as described by Jia and Wasan'®* with minor modifications. Cells
(100 pL) were seeded into sterile, white 96-well plates at 2 x 10* cells/well and 1 x 10*
cells/well for HepG2 and Caco-2 cells, respectively. Plates were incubated for 48 h at
37°C and 5% CO2in a humidified incubator, after which they were exposed to 100 puL
PBS (negative control), 0.8% DMSO (vehicle control), verapamil (1 000 uM, positive
control) or crude extracts (6.4, 20 and 64 pg/mL) for 1 h. Cells were exposed to 20 pL
Rh-123 (10 uM in PBS), agitated for 1 min and incubated for a further 1 h. Plates were
washed thrice with PBS to remove effluxed dye, and the fluorescence of the reaction
mixture (100 puL) measured at Aex = 485 nm and Aem = 520 nm (gain 500). Cell density

was determined according to the SRB assay as described in Chapter 3 and used to
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standardise fluorescent data. The percentage Rh-123 accumulation was expressed

using the following equation:

FlIs
Rh — 123 accumulation (%) = TIc x 100

where, FIs = the standardized, fluorescent intensity of the sample, and Fic = the

standardized, average fluorescent intensity of the negative control.

5.2.2. Effect of herbal remedies on transport of nevirapine

5.2.2.1. Caco-2 bidirectional permeability assay

The Caco-2 bidirectional permeability assay is dependent on differentiation of Caco-2
cells into a monolayer simulating the epithelium of the human small intestine.
Differentiation allows for the expression of all major digestive enzymes and
transporters, as well as the presentation of tight junctions and brush border
characteristics. Transport of different chemical entities between this in vitro model and
in vivo reports display positive correlations.*®® By measuring the amount of chemical
entity transported across the Caco-2 monolayer in both an apical-to-basolateral and
basolateral-to-apical direction an estimation of the permeability characteristics, in
terms of the permeability coefficients (Papp), can be calculated (Figure 57).48° This
measurement is generally done based on liquid chromatography tandem mass
spectrometry (LC-MS/MS). Assessment of Caco-2 monolayer integrity needs to be
ascertained, which commonly is done through the measurement of trans-epithelial
electrical resistance (TEER),**° or the rejection of large, impermeable compounds
(e.g. Lucifer Yellow or mannitol).#8%491 The Federal Drug Administration recommends
that an efflux ratio be used to express functionality, defined as the permeability from
basolateral to apical relative to the permeability from apical to basolateral.*°?
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Figure 57: Graphical representation of the structure of the Caco-2 bidirectional permeability assay
supports that are implemented.

The effect of crude extracts on the transport of nevirapine was assessed using the
Caco-2 bidirectional permeability assay as described by Corning Incorporated Life
Sciences*®! with minor modifications to volumes used. Culturing of Caco-2 cells was
in 10% FCS-fortified EMEM. Transwell® permeable support inserts (6.5 mm, 0.4 um
porosity) were fitted into sterile 24-well plates, and conditioned with 50 pl medium in
the insert, and 600 pL medium in the reservoir for 1 h. Caco-2 cells (50 pL, 2 x 10°
cells/mL) were pipetted into each insert, and incubated at 37°C for 21 days. On day 3,
6 and 9 of culture, 30 pL additional medium was added to the insert, while the medium
in the reservoir was completely replaced. On day 12, 15, 18 and 20 of culture, medium
was replaced in both the insert and reservoir. On day 21, apical-to-basolateral and
basolateral-to-apical transport was assessed by removing all medium from the insert
and reservoir, and preparing all dilutions in Hank’s Balanced Saline Solution (HBSS).
To pre-treat cells, 75 pL HBSS (0.1% DMSO, vehicle control), verapamil (200 pM,
positive control), or crude extracts (20 and 64 pg/mL) was added to the insert, and 235
puL HBSS to the reservoir for 1 h. For apical-to-basolateral transport, 75 pL nevirapine
(320 uM) was added to all inserts, and 235 L to the reservoir for 1 h. For basolateral-
to-apical transport, 235 uL nevirapine (320 uM) was added to the reservoir, and 75 pL
to the insert for 1 h. The full aliquot was removed separately from both the insert and

reservoir, and stored separately at -80°C until analysis.
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5.2.2.2. Lucifer yellow rejection assay

To assess the membrane integrity of the Caco-2 cell monolayer grown on the
Transwell® insert, the Lucifer yellow rejection assay was performed as described by
Corning Incorporated Life Sciences*®* with minor modifications to volumes used. A
235 pL aliquot of HBBS was added to the reservoir, while 75 pL Lucifer yellow (60 uM)
was added to the insert for 1 h. Aliquots of the reservoir (200 puL) and insert (50 pL
diluted with 50 pL HBSS) was pipetted into a white 96-well plate, and the fluorescence
intensity measured at Aex = 485 nm and Aem = 520 nm (gain 750). The percentage
Lucifer yellow rejection was expressed using the following equation:

Fl(basolateral)
Fl(apical)

Lucifer yellow rejection (%) = 100 — (

where, Fl(basolateral) = the fluorescent intensity of the basolateral side, and Fl(apical)
= the fluorescent intensity of the apical side.

5.2.2.3. LC-MS/MS determination of nevirapine concentrations

To determine the concentration of nevirapine that was transported across the Caco-2
monolayer, LC-MS/MS quantification was used. A standard curve of nevirapine was
prepared ranging from 12.5 nM to 10 uM. An aliguot of each sample underwent
protein-precipitation using a triple-crash method with acetonitrile:methanol (1:1) as
precipitant solution. The aliquot (100 pL) was diluted with 50 pL, 50 uL and 200 pL
precipitant solution sequentially, with 5 min sonication between each step. The mixture
was centrifuged at 10 000g for 10 min, after which exactly 100 pL of the solution was
diluted with 100 pL zidovudine (20 pM, internal standard) and transferred to
chromatography vials. Chromatographic separation (Table 35) was achieved using
Agilent 1100 series HPLC system (Agilent Technologies, Waldbronn, Germany)
equipped with a well-plate autosampler, mobile phase degasser, binary pump and
column thermostat unit. Quantitation (Table 36) was done using an AB Sciex Series
4000 QTrap triple-quadrupole mass spectrometer (Applied Biosystems MSD/SCIEX,
Concord, Canada) equipped with a TurboV electrospray ionisation source operated in
positive mode and multiple reaction monitoring (MRM) mode. Data processing was
carried out using Analyst 1.5.2 software to determine nevirapine concentrations in both

the apical-to-basolateral and basolateral-to-apical samples.
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Table 35: Chromatograhic conditions of nevirapine quantitation

Guard column Sentry Guard Column with XBridge C18 2.5 pm 4.6x20 mm guard inserts
Analytical column XBridge™ BEH C18 2.5 ym, 4.6x100 mm column

Mobile phase 10 mM ammonium formate in deionised water and methanol (45:55)
Flow rate 600 pL/min

Injection volume 15 pL

Run-time 5 min isocratic

Column temperature | 30°C

Table 36: Mass spectrometry conditions of nevirapine quantitiation

Nevirapine Zidovudine
Precursor ion 267.4 m/z 268.4 m/z
Product ions 226.4 m/z and 198.3 m/z 127.4 m/z and 142.3 m/z
Declustering potential 70 70
Collision energy 15 15

Nevirapine concentrations were used to determine the apical-to-basolateral and
basolateral-to-apical Papp using the following equation:

Vr x Cf
C(0) X A x t)

where, Vi = volume of receiving chamber (mL), Cr = final concentration in receiving

Papp(10~® cm/s) =

chamber (mM), C(0) = initial concentration (mM), A = surface area (cm?), t = time of

assay (s).
Efflux ratio was determined using the following equation:

P(appB — A)

Effl tio= ———
ux ratio P(appA N B)

where, P(appB—A) = the Papp in a basolateral-to-apical direction, and P(appA—B)

= the Papp in an apical-to-basolateral direction.

5.2.3. Effect of herbal remedies on CYP450 enzyme systems
The effect of crude extracts on cDNA-expressed recombinant human CYP450 enzyme
activity was measured using a commercially-available fluorescence kit.#93-4%

Substrates and positive controls were prepared as per the manufacturer’s instructions
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and used at 37°C (Table 37). Into white 96-well plates were pipetted 100 uL NADPH-
cofactor mixture containing either nothing additional (negative control and blank), 0.8%
DMSO (vehicle control), positive control or the extracts (one-third serial dilutions of
200 pg/mL). After 10 min incubation at 37°C, 100 yL enzyme-substrate mixture was
added to all wells except for the blank, and incubated for 30 min. Thereafter, stop
solution (75 pL) was added to all wells, as well as 100 pL enzyme-substrate mixture
to the blank wells. Fluorescent intensity was measured immediately and the
percentage enzyme activity relative to the negative control was expressed using the

following equation:

Fls
Enzyme activity (%) = e X 100

where, FIs = the blank-adjusted fluorescence of the sample, and Flc = the blank-

adjusted average fluorescence of the negative control.

Table 37: Substrates and positive controls used to assess CYP450 enzyme inhibitory activity

Positive control
CYP isoform . _Substrate . (in-reaction
(in-reaction concentration) ;
concentration)
CYP2B6 7-Ethoxy-4-trifluoromethylcoumarin (EFC) Tranylcypromine
(2.5 uM) (100 pMm)
3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy- Quinidine
CYP2D6 4-methylcoumarin (AMMC) (100 NM)
(1.5 uM)
7-Benzyl-trifluoromethylcoumarin (BFC) Ketoconazole
CYP3A4 (50 M) (1 uM)

5.2.4. Statistics

P-gp inhibition and Caco-2 bidirectional permeability assays were performed using two
technical and four biological replicates, while the CYP450 inhibition assays were
performed using two technical and biological replicates. The CYP450 enzyme ICso
was determined using non-linear regression (normalized, variable slope). Significant
differences were determined between the negative control and treated cells using

Kruskal-Wallis and a post-hoc Dunns test. Significance was defined as p < 0.05.
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5.3. Results

5.3.1. P-glycoprotein inhibitory activity

The positive control, verapamil, induced significant (p < 0.001) accumulation of Rh-
123 in both HepG2 (24.4%) and Caco-2 (40.7%) cells (Figure 58).

s p<0.001 : N - p<0.001
; . ha 1
5 3 1.50+ 1.504
S 1.24 1 0.04
E 5 1.254 1.254
= 1.00 £ 0.01 0.99 1 0.02 1.00 = 0.01 0.98 2 0.03
£ 1.00 1,004
a2
3 5 078 0,754
E?
Eo .50+ 0,50+
B E o281 0.2+
P~
“ a00 00

Negaﬁw’: control Vehicle control VanamIi {S00 M)

Nogulv‘ control Vehicle control  Verapamil (800 M)

Figure 58: Effect of verapamil on Rh-123 accumulation in A) HepG2 and B) Caco-2 cells. Significance
was determined against the negative control.

Only seven of the thirty-four crude extracts assessed had a significant (p < 0.05) effect
on Rh-123 accumulation in either the Caco-2 (four extracts) or HepG2 (three extracts)
cell lines (Figure 60 and Figure 59). This effect was only present at the highest
concentration tested (32 upg/mL). Only the methanol extract of S. aculeastrum
displayed activity in both cell lines, resulting in a significant (p < 0.05) increase in Rh-
123 accumulation (HepG2 = 28.8%; Caco-2 = 192.4%). The methanol extract of M.
sericea also resulted in significant (p < 0.05) Rh-123 accumulation in the HepG2 cell
line (11.3%). All other extracts resulted in a significant (p < 0.05) decrease in Rh-123
accumulation: the methanol extract of P. capense (7.9%) in the HepG2 cell line; the
hot water extract of B. africana (9.3%) and methanol extracts of R. caffra (9.9%) and
S. latifolius (9.3%) in the Caco-2 cell line.

193 | Page

© University of Pretoria



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

>

1.25+ p <008 1.25+ p<0.08
r r
8 Ve 100 47 099 ' 088 08 o4 1.00 '.0_" |‘c‘|I 097 096 e I
§'§ 1.004 == 32 Yo = E e 1,00 (- - oo
§ o 0.75- 0.75+
Q2
% & 0.504 0.50+
23
§ % 0.25+ 0.25+
o
0.00 v 0.0044—y-
NC 32 10 32 32 10 32 NC 32 10 32 32 10 32
b= Hot water = Memanol =4 b= Hot water = b= Memanol =4
C '_B a'hcana_‘ D ’_R caﬁra_‘
1.25+ p<0.05 4.00- p < 0.001
r ] 1
100 100
voof i 02N em IS MR . 38 s
3.004
0.75‘ 2.50‘
2.00+

;

1.50+ 1.00 104 102 o 100 104
' aoe c A Ll .- o em

Rhodamine-123 accumulation
(ratio relative to control)

1.004
0.254
0.504
0 00— 0.00-4—y
NC 32 10 32 32 10 32 NC 32 10 32 32 10 32
= Hot vater = = Methano! =4 = Hot water - = Meathanol =
'_ S latifolus —‘ ’_ S aculeastrum _'

Figure 59: Effect of crude extracts of A) B. africana, B) R. caffra, C) S. latifolius and D) S. aculeastrum
on Rh-123 accumulation in Caco-2 cells. Significance was determined against the negative control.
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Figure 60: Effect of crude extracts of A) M. sericea, B) P. capense and C) S. aculeastrum on Rh-123
accumulation in HepG2 cells. Significance was determined against the negative control.
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The crude extracts that resulted in a significant change in P-gp activity were evaluated
for their effects on nevirapine transport across a Caco-2 cell monolayer using the bi-
directional permeability assay. Analysis was performed using a LC-MS/MS
guantitative method on apical-to-baslateral and basolateral-to-apical samples. These
samples were taken from cells displaying a Lucifer yellow rejection 298%, indicating
intact monolayer qualities. A 5 min chromatographical run was used to assess
samples (Figure 61) in comparison to a six-point calibration curve (r? = 0.9968) (Figure
62). Intra- and interday variability, as well as recovery, was in acceptable ranges (£15

- 20%). The signal-to-noise ratio was =13 at the lowest concentration tested (12.5 nM).
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Figure 61: Chromatogram of nevirapine (10 uM)
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Figure 62: Calibration curve of nevirapine

5.3.2. Alteration to nevirapine efflux in Caco-2 bidirectional assay

Although not statistically significant, nevirapine efflux (1.23) was reduced after
exposure to verapamil-pretreated cells (1.01, Figure 63). The hot water extract of B.
africana and S. latifolius, as well as the methanol extracts of R. caffra and S.
aculeastrum displayed a dose-dependent decrease in nevirapine efflux. S.
aculeastrum at 32 pg/mL induced the most prominent effect (0.64) (p < 0.05, Figure
64). At 10 pug/mL, these extracts did not display any effect compared to the vehicle
control. The methanol extract of M. sericea, however, reduced efflux at both 10 pg/mL
(0.94) and 32 pg/mL (1.06), though the effect was more pronounced at the lower

concentration.
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Figure 63: Nevirapine efflux ratio in verapamil-pretreated cells
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Figure 64: Nevirapine efflux ratio in crude extract-pretreated cells; VC: vehicle control; BaH: B. africana
hot water extract, MsM: M. sericea methanol extract, RcM: R. caffra methanol extract, SIH: S. latifolius

hot water extract, and SoM: S. aculeastrum methanol extract.

5.3.3. CYP450 inhibitory activity

The positive controls for inhibitors of CYP450 activity, tranylcypromine, quinidine and
ketoconazole inhibited CYP2B6, CYP2D6 and CYP3A4 by 86.78%, 95.43% and
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95.45%, respectively (Figure 65). Furthermore, ICso values for tranylcypromine,
quinidine and ketoconazole were 8.00 uM (1.07 pg/mL), 18.71 nM (6.07 ng/mL) and
30.00 nM (1.59 ng/mL), respectively (Table 38). Vehicle controls altered CYP450
activity, inhibiting CYP2B6 and CYP3A4 by 16.24% and 35.66%, respectively.
CYP2D6 activity was increased by 12.70% (Figure 65).
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Figure 65: Controls for the CYP450 inhibitory activity assay indicating A) CYP2B6, B) CYP2D6 and C)
CYP3A4 activity.
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Crude extracts displayed variability in their potency against CYP450 enzymes (Table
38). Ten extracts displayed inhibitory activity greater than 50% against CYP2B6, and
nine against CYP2D6. Of the ten crude extracts, six displayed prominent CYP2B6
inhibitory activity in the low microgram per milliliter range (ICso between 3 pg/mL and
6 pg/mL): both extracts of B. africana, the hot water extract of T. sericea and methanol
extracts of P. capense, T. elegans and Z. mucronata. Of the nine extracts that were
shown to possess activity against CYP2D6, six had noteworthy activity (ICso <30
pg/mL), with five presenting with 1Cso’s <15 ug/mL: both extracts of B. africana, the hot
water extract of T. sericea and methanol extracts of T. elegans and Z. mucronata.
Furthermore, the extracts of B. africana and methanol extract of T. elegans displayed
half-maximal activity between 3 pg/mL and 5 pg/mL. Due to the significant (p < 0.001)
interference induced by the vehicle control against CYP3A4, methanol extracts were
not tested above 11.11 pug/mL. Twenty six extracts displayed noteworthy inhibitory
activity (defined as an ICso <30 pg/mL, or activity >40% at 11.11 pg/mL) against
CYP3A4, with T. elegans presenting with an ICso below <1.2 ug/mL (55.21% inhibition
at 1.2 ug/mL). Across all three enzyme systems, both extracts of B. africana, the hot
water extract of T. sericea and the methanol extracts of T. elegans and Z. mucronata
displayed prominent inhibitory activity. Inhibitory activity tended to follow a trend of
CYP3A4>CYP2B6>CYP2D6. Methanol extracts were more active than hot water
extracts against CYP2B6 and CYP3A4, though hot water tended to display greater

activity than the methanol extracts against CYP2D6 activity.

5.4. Discussion

5.4.1. P-glycoprotein inhibitory activity and altered nevirapine permeation

Accumulation of Rh-123 in cells in the presence of a xenobiotic is characteristic of P-
gp efflux inhibitors (Figure 58), such as verapamil.*96.4%7 As verapamil induced an
increase in Rh-123 fluorescence, the assay was deemed to perform as expected.
Verapamil also reduced the efflux of nevirapine slightly, indicating a possible
involvement of P-gp. It has been suggested that nevirapine absorption occurs via
passive diffusion,*8%482 though active efflux transporters, such as P-gp and MRP, may

hinder accumulation in unaffected physiological systems.13483484 Taking into account
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Table 38: CYP450 inhibitory activity of crude extracts expressed as the ICso values, and percentage
inhibition of the methanol extracts against CYP3A4.

ICs0 £ SEM (ug/mL) CYP3A4
inhibition at
Plant Extract 11.11 pg/mL
CYP2B6 CYP2D6 CYP3A4 methanol extract
(%)
A. oppositifolia Hot water >100 >100 24.69+1.13 N/A
Methanol >100 >100 9.15+1.38 59.15+1.05
B. disticha Hot water >100 56.00+1.36 | 95.41 +1.15 N/A
Methanol >100 >100 11.48 £1.27 52.3+1.58
B. africana Hot water | 4.03+1.17 4,71 +1.08 3.66+1.2 N/A
' Methanol 3.51* 3.39* 2.72+1.76 90.83+1.8
Hot water >100 >100 36.92 + 1.08 N/A
C. laureola
Methanol | 48.24+1.08 | 77.61+1.49 >12 43.3+2.2
C. bulbispermum Hot water >100 >100 12.21 £1.63 N/A
Methanol >100 >100 7.08 +2.22 69.37 + 10.65
L |eonurus Hot water >100 >100 9.74+1.85 N/A
Methanol | 39.44 + 1.85 >100 5.93+1.02 73.06 + 0.19
. Hot water >100 >100 12.33+ 1.77 N/A
M. oleifera
Methanol >100 >100 7.06 +3.21 69.61 + 13.95
M. sericea Hot water >100 >100 >100 N/A
' Methanol 2.29*% >100 1.98 £+ 2.23 90.8 + 0.02
P. capense Hot water >100 >100 14.60 £ 1.13 N/A
Methanol 3.29+ 253 29.58 +1.09 5.28+1.14 75.85 + 1.33
R. caffra Hot water >100 >100 3.70£1.82 N/A
Methanol >100 >100 6.73 +1.39 59.82 + 1.51
R. lancea Hot water >100 65.18£1.13 | 38.30 £1.09 N/A
Methanol | 38.24 + 1.06 >100 9.43+1.22 57.96 + 1.75
S. puniceus Hot water >100 >100 >100 N/A
Methanol >100 >100 >12 35.33 £0.93
S latifolius Hot water >100 >100 53.72+£1.16 N/A
Methanol >100 >100 >12 41.92 +1.46
S aculeastrum Hot water >100 >100 17.70 £ 1.10 N/A
Methanol >100 >100 >12 35.75+0.78
T. elegans Hot water >100 >100 38.46 £ 1.09 N/A
' Methanol 3.45* 5.06 +1.10 <1.2 87.72+1.12
T sericea Hot water | 4.78 £ 1.08 12.47 £ 1.07 9.35+1.12 N/A
Methanol >100 >100 6.72 +1.64 67.82 + 2.47
2 mucronata Hot water | 32.97 + 1.24 >100 13.67 £ 1.31 N/A
' Methanol 6.04 +1.98 1488+1.63 | 4.07+1.19 88.75+1.17
Tranylcypromine (UM) 8.00+1.10 N/A N/A N/A
Quinidine (nM) N/A 18.71 +1.09 N/A N/A
Ketoconazole (nM) N/A N/A 30.00 + 1.08 N/A

* — Ambiguous data fit; N/A — not applicable

the results of the P-gp inhibitory and bidirectional permeability assays it is suggested
that P-gp-mediated efflux may not be a primary contributor to reduced nevirapine
accumulation. A substrate with greater efflux ratio (>2), such as digoxin or quinidine,
would have been more appropriate for assessment of bidirectional permeability.

However, it does provide a risk that is apparent with nevirapine.
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Only six extracts affected P-gp functioning in the Caco-2 and HepG2 cell lines, with
the methanol extract of S. aculeastrum displaying activity in both cell lines (Figure 59).
The effects on Rh-123 accumulation was only significant at 32 pg/mL. To confirm
whether this effect would alter drug absorption, nevirapine apical-to-basolateral flux
was assessed using these extracts, excluding P. capense as it did not show activity in
the Caco-2 cell line. Contrary to what was expected, the hot water extracts of B.
africana and S. latifolius, as well as the methanol extracts of M. sericea, R. caffra and
S. aculeastrum, all increased nevirapine accumulation (Figure 64). It is important to
note that except for M. sericea and S. aculeastrum, all other extracts increased P-gp-
mediated efflux of Rh-123, thus an increase in nevirapine efflux was expected. At 32
png/mL, the hot water extracts of B. africana and S. latifolius, and the methanol extracts
of R. caffra and S. aculeastrum, reduced nevirapine efflux. The greatest effect was
induced by S. aculeastrum, similar to the pronounced inhibition displayed in the P-gp
inhibitory assay. The methanol extract of M. sericea had slightly greater activity in

increasing nevirapine accumulation at 10 pg/mL compared to 32 pg/mL.

To the best of the authors’ knowledge very little information is available on the effect
of crude extracts of African herbal remedies on P-gp function in cells. Due to the short
incubation time used for this assay, alterations in P-gp expression was not considered
as a potential mechanism. The hot water extracts of B. africana and S. latifolius, and
methanol extracts of R. caffra and P. capense increased P-gp-mediated Rh-123 efflux,
suggesting an induction of transporter functioning. It has been reported that inhibition
of protein kinase C promotes P-gp activity,*°® and thus this may be a likely route of
activation. The methanol extracts of S. aculeastrum and M. sericea inhibited P-gp
function. This may most likely be via diminished ATPase activity*®® or structural
instability due to alterations in membrane viscosity.*®* Membrane fluidity influences
drug permeation due to changes to membrane-bound transporters and creation of
porosities.?84.500 Altering membrane fluidics have severe implications on membrane
transporters, enzyme and receptor functioning, endocytosis, and may alter
susceptibility to cytotoxins.®°! Increasing membrane fluidity has been shown to have
differential effects on intracellular absorption of molecules, such as increasing
permeation and accumulation.5%? It is thus likely that S. aculeastrum and M. sericea
increased intracellular Rh-123 accumulation due to an increased uptake and/or

inhibition of active efflux following changes to membrane fluidics or transporter activity.
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No information is available on the P-gp modulatory activity of B. africana, however a
myriad of literature was obtained concerning its phytochemicals contradicting the
effects observed. Flavonoids have been shown to induce membrane stabilisation,%%%-
504 while inhibiting P-gp,°%5-°07 suggesting that intracellular Rh-123 accumulation
should have occurred. It is of course prudent to suggest that the phytochemical matrix
may be producing differential effects, thereby antagonising the inhibitory activity.
Similar to B. africana, literature does not indicate P-gp stimulatory activity induced by
P. capense and R. caffra. Piperine (present in P. capense)®® and yohimbine-
analogues (similar to those identified in R. caffra)>®® have been described to increase
P-gp expression, though this would not take place within the short incubation time of
the present study. Although these compounds have been shown to inhibit P-gp, it may
cause upregulation through a feedback mechanism.>%® Literature on the P-gp
modulatory activity of S. latifolius could not be found, however retrorsine has been

shown to be a weak substrate of P-gp, although it does not inhibit it.51°

P-gp inhibitory activity of plants containing steroidal alkaloids, such as those from the
Solanaceae family, has been reported. A methanol extract of S. aculeastrum reduced
P-gp function in both cancerous and non-cancerous cell lines, though only at 232
pug/mL.5t An ethanol extract of S. trilobatum was found to decrease P-gp activity by
55% in the Caco-2 cell line, although this occurred at 300 pg/mL,*%® which would be
considered unfeasible. In an in vivo case report, ivermectin toxicosis was described in
horses fed S. eleagnifolium- and S. dimidatum-contaminated hay. This was thought to
be mediated by P-gp inhibition, leading to ivermectin accumulation, confirmed by
experimentation.>'? Steroidal alkaloids, such as solamargine, offer some insight in the
activity of these plants. Solamargine, which was identified in S. aculeastrum fractions
prepared from the same plant material in-house, reduced P-gp activity in vitro.5!!
Furthermore, solamargine is capable of reducing expression of P-gp through down-
regulation of MDR-1 genes and actin disruption.*®° It is likely that solamargine is the
primary contributor of P-gp inhibitory activity of the methanol extract of S. aculeastrum.
This inhibition of P-gp activity is most likely the reason for the observed increase in
intracellular nevirapine concentrations. This may potentially be via diminished ATPase
activity*®® or shutting down of transporter function due to altered membrane fluidics*®*
inducing conformational changes in protein or binding site structures.*9

Phytochemicals may directly inhibit ATPase activity, or act competitively as substrates
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for P-gp, reducing the efflux of lower-affinity substrates.>'® As S. aculeastrum was
shown to reduce ATP levels (Chapter 4), it is possible that depletion of cellular energy
reduces the functionality of P-gp, however as the incubation time was short this
mechanism may be unlikely as an acute contributer. Although only measured after 24
h, S. aculeastrum resulted in high levels of necrosis in HepG2 cells (Chapter 4), thus
it is conceivable that alterations to membranes, such as increased fluidity, porosity
and ultimate cytolysis, may have been incurred. Reductions of membrane viscosity
would explain the increase of nevirapine accumulation by facilitating passive diffusion
or inhibition of extrusion.>® As stated earlier, solamargine is the most likely contributor
to P-gp inhibitory activity, however, the potential activity of other phytochemicals
cannot be disregarded. Saponins act as surfactants by complexing with cholesterol in
the plasma membrane, thus inducing aggregation, pore-formation, membrane
fluidisation and permeabilisation. Surface-activity is modulated by their amphiphilic
nature due to a lipophilic aglycone and hydrophilic sugar chain.%:219 Effects are largely
dependent on the size of the porosities formed.>* Surfactant-like molecules are known
to interfere with membrane stability and the cytoskeleton, and thus may cause
membrane lysis and solubilisation.>1%51¢ Saponins may thus aid in increasing the
permeation of molecules into the intracellular compartment?1® through ease of passive
diffusion, opening of tight junctions and inhibition of active efflux.48%:517-51° These
effects are however dependent on the nature of the chemical entities.52°

M. sericea produced a slight reduction in efflux potential at 10 pg/mL, however the P-
gp inhibitory activity was only present at 32 pg/mL. This suggests that the effect was
not mediated by P-gp, and rather that a separate mechanism is at play. As nevirapine
is a substrate of MRP,*84 it is possible that non-P-gp efflux transporters may have been
inhibited which would normally assist in extrusion thereof. A paradoxical effect was
seen at 32 ug/mL, where activity was slightly decreased at higher concentrations. No
literature could be found supporting the inhibitory activity of phytochemicals identified
from M. sericea, however one study has supported the ability of certain rotenoids to
inhibit BCRP.52! Nevirapine, however, is not recognised as such a substrate, and thus
it is unlikely that BRCP function was involved.

All other extracts tested reduced efflux at 32 pg/mL, through increased P-gp activity in
the Rh-123 assay. Taking this into account it is possible that separate mechanisms of

action may be interfering with the efflux of nevirapine or increasing the permeation
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across the apical border, regardless of whether activity is stimulated. Altered
membrane fluidics will increase nevirapine’s passive diffusion rate, and will not
necessarily reduce P-gp functionality depending on the level of alteration.5®
Alternative efflux pumps, such as MRP, may be inhibited, reducing the extrusion of

nevirapine.*4

Only one study could be found assessing the effect of herbal remedies on nevirapine
absorption. Hot water extracts of Hypoxis hemerocallidea and Sutherlandia frutescens
were found to increase the intestinal absorption of nevirapine in the Caco-2
bidirectional permeability assay. These extracts, as well as L-canavanine (a
compound isolated from S. frutescens), reduced the P-gp-mediated efflux of
nevirapine as indicated by an increase in apical-to-basal transport, which was higher
than basal-to-apical transport.'® This study is thus one of the few to add to the list of

potentially interfering phytochemical mixtures with nevirapine.

5.4.2. Inhibition of CYP450 enzymes

Positive controls for the three CYP450 enzymes assessed during the present study all
resulted in the expected inhibitory activity. Unfortunately, vehicle controls altered
enzyme activity, especially in the case of CYP3A4, however cognisance was taken of
the implications of DMSO-mediated enzyme inhibition during analysis and
interpretation. Methanol extracts were not soluble in acetonitrile and could not be
concentrated beyond 25 mg/mL stock in DMSO. As such, for the CYP3A4 inhibitory
assay, methanol extracts were capped at a maximum of 11.11 pug/mL, while hot water

extracts could be assayed at higher concentrations due to their reconstitution in PBS.

Inhibition of the CYP450 enzyme system followed a trend of
CYP3A4>CYP2B6>CYP2D6, suggesting that phytochemicals have higher binding
affinity to CYP3A4. However, three cases of non-selective inhibition were observed,
resulting in ICso’s in close range from one another: both extracts of B. africana, the hot
water extract of T. sericea and methanol extract of Z. mucronata. This would suggest
a structural commonality between the three enzyme systems that may be targeted by
phytochemicals present in these extracts. This may be at a structurally-conserved site,

such as the core, supporting the integrity of the enzyme.*°6458 Furthermore, the similar
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activity between the hot water and methanol extract of B. africana suggests that
extraction of a polar phytochemical matrix occurred in similar levels between the

extraction solvent systems.

The high frequency of inhibition, as well as the potency of the extracts, against the
CYP3A4 enzyme system is a cause for concern. CYP3A4 is known to contribute to
the largest extent of xenobiotic metabolism, and as such may result in a clinically-
significant drug-herb interaction should adequate concentration ranges be achieved.
This effect was most prominent with the methanol extract of .T. elegans, where as little
as 6 mg extract (assuming full absorption and systemic fluid volume of 5 L) would be
required to reach inhibitory concentrations. Taking into account the extraction vyield,

this would be achieved with an alcoholic tincture of 81.5 mg starting plant material.

To determine whether there was a risk for intestinal or systemic cytotoxicity, the same
principle as described in Chapter 3 was used. Calculations were based on the volume
of the gastrointestinal and systemic compartments, concentrations required and the
extraction yields. Similar to before, it should be noted that these are based on the
assumption of full dissolution and absorption, and thay may not present with the most
likely scenario in vivo. CYP3A4 is the most abundant CYP450 isoform in the
gastrointestinal tract compared to CYP2B6 and CYP2D6,4%? and thus carries a high
risk of being inhibited. Importantly, as CYP450’s are highly different between
individuals, although retaining a similar basic structure, it should be expected that
degree of inhibitory activity between them would also be subject to whether it is related

to binding of a common element.

Eleven (three hot water and eight methanol) and seven (two hot water and five
methanol) extracts appear to carry a risk of inhibiting intestinal and hepatic CYP2B6
enzymes, respectively (Table 39). Decreased metabolism in the gut may increase
bioavailability of drugs such as efivarenz, nevirapine, bupropion and ketamine, which
will increase plasma concentrations due to reduced hepatic conversion. This in turn
may likely increase the occurrence of adverse effects. Important to note is the ability
of the hot water extract of B. africana and methanol extract of M. sericea to also reduce
nevirapine efflux at higher concentrations of the extract. This will further compound the

increasing plasma concentration and increase the associated risk.
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Table 39: Plants that carry a risk of inhibiting intestinal or hepatic CYP2B6, including amount of
extract and plant material required (assuming full dissolution and absorption).

Extracts with a risk of inhibiting intestinal and hepatic CYP2B6 enzymes
Intestinal enzymes Hepatic enzymes
Plant Plant
Extract . Extract .
material material
needed . needed .
Crude extract required Crude extract required
to reach to reach
ICso (M) to reach ICso (M) to reach
0Bl | mass (mg) 0AME) | mass (mg)
. HW 0.60 3.80 . HW 20.15 126.73
B. africana B. africana
MeOH 0.53 1.63 MeOH 17.55 54.25
C. laureola | MeOH 724 27.19 M. sericea | MeOH 11.45 46.81
L. leonurus | MeOH 5.92 49.34 P. capense | MeOH 16.45 189.30
M. sericea MeOH 0.34 1.40 T. elegans MeOH 17.25 234.38
P. capense | MeOH 0.49 5.68 T. sericea HW 23.90 314.89
R. lancea MeOH 5.74 103.35 Z. mucronata | MeOH 30.20 439.59
T. elegans MeOH 0.52 7.03
T. sericea HW 0.72 9.45
HW 4.95 104.12
Z. mucronata
MeOH 0.91 13.19

HW — hot water; MeOH — methanol.

Nine (four hot water and five methanol) and six (two hot water and four methanol)
extracts carry a risk of inhibiting intestinal and hepatic CYP2D6 enzymes, respectively
(Table 40). Decreased metabolism in the gut and liver may increase plasma
concentrations and adverse effects of drugs such as codeine and haloperidol.

Table 40: Plants that carry a risk of inhibiting intestinal or hepatic CYP2D6, including amount of
extract and plant material required (assuming full dissolution and absorption)

Extracts with a risk of inhibiting intestinal and hepatic CYP2D6 enzymes

Intestinal enzymes Hepatic enzymes
Plant Plant
Extract . Extract .
material material
needed . needed .
Crude extract required Crude extract required
to reach to reach
ICso (M) to reach ICso (M) to reach
0 {ME) | mass (mg) 0{ME) | mass (mg)
B. disticha HW 8.40 54.12 . HW 23.55 148.11
B. africana
. HW 0.71 4.44 MeOH 16.95 52.40
B. africana
MeOH 0.51 1.57 P. capense | MeOH | 147.90 1701.96
C. laureola | MeOH 11.64 43.75 T. elegans MeOH 25.30 343.75
P. capense | MeOH 4.44 51.06 T. sericea HW 62.35 821.48
R. lancea HW 9.78 130.71 Z. mucronata | MeOH 74.40 1082.97
T. elegans | MeOH 0.76 10.31
T. sericea HW 1.87 24.64
Z. mucronata | MeOH 2.23 32.49
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Twenty-eight (fifteen hot water and thirteen methanol) and twenty-three (ten hot water
and thirteen methanol) extracts carry a risk of inhibiting intestinal and hepatic CYP3A4
enzymes, respectively (Table 41). CYP3A4 enzyme inhibition carries a great risk of
reducing the metabolic profiles of most of the drugs used concurrently, and thus may
increase the adverse effect profiles of compounds such as artemether, lumefantrine
and quinine.*’® As with CYP2B6, the hot water extract of B. africana, and methanol
extracts of M. sericea and R. caffra, may increase the bioavailability of nevirapine by
both inhibiting metabolism and efflux. As two enzymes systems are affected, extracts
of B. africana and M. sericea carry a dual risk of affecting nevirapine.

The mechanism of inhibition was not deduced in the current project, and thus
inferences cannot be made with regards to competitive, non-competitive, mixed or
irreversible-inhibition. Enzyme inhibition may occur at any number of sites on the
CYP450 enzyme, such as the substrate-binding sites or structurally-conserved sites,
such as the heme core.#°64%8.522 Tgking pharmacogenetic data into account it is
evident that large proportions of the African communities are at risk of possessing an
allele of CYP2B6, CYP2D6 (Table 33) or CYP3A4 (Table 34) with reduced
functionality. If these extracts were to be administered to individuals with already
reduced CYP450 enzyme activity, further inhibition may exacerbate their

pharmacokinetic profiles and lead to higher prevelance of adverse effects.

Literature concerning the CYP450 inhibitory activity of A. oppositifolia, B. disticha, B.
africana, C. laureola, C. bulbispermum, L. leonurus, M. sericea, R. caffra, S. puniceus,

S. latifolius and T. elegans could not be found, including species related to the genus.

5.4.2.1. Amaryllidaceae

Appreciable activity was observed for the methanol extract of B. disticha and both
extracts of C. bulbispermum, with ICso’s < 12 pg/mL. No literature could be found on
species of Boophane, Crinum and Scadoxus relating to CYP450 modulatory activity,
and neither could their isolated compounds. Other Amaryllidaceae-derived
isoquinoline-alkaloids have been shown to inhibit CYP450 enzymes, however the
greatest inhibitory activity was towards CYP2D6 and CYP3A4.523 The results obtained

in the present study are similar to that described by Salminen et al.>?3
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Table 41: Plants that carry a risk of inhibiting intestinal or hepatic CYP3A4, including amount of
extract and plant material required (assuming full dissolution and absorption).

Extracts with a risk of inhibiting intestinal and hepatic CYP3A4 enzymes
Intestinal enzymes

Hepatic enzymes

Extract Plant Extract Plant
needed | material needed | material
Crude extract to required Crude extract to required
reach | toreach reach | toreach
I1Cs0 mass 1Cso mass
(mg) (mg) (mg) (mg)
o HW 3.70 61.01 o HW 123.45 | 2033.77
A. oppositifolia A. oppositifolia
MeOH 1.37 16.92 MeOH 45.75 564.12
L. HW 14.31 92.21 B. disticha MeOH | 57.40 604.85
B. disticha
MeOH 1.72 18.15 . HW 18.30 115.09
B. africana
. HW 0.55 3.45 MeOH 13.60 42.04
B. africana
MeOH 0.41 1.26 . HW 61.05 918.05
C. bulbispermum
C. laureola HW 5.54 24.08 MeOH | 35.40 550.54
. HW 1.83 27.54 HW 48.70 375.48
C. bulbispermum L. leonurus
MeOH 1.06 16.52 MeOH | 29.65 247.29
HW 1.46 11.26 . HW 61.65 273.27
L. leonurus M. oleifera
MeOH 0.89 7.42 MeOH | 35.30 135.40
. HW 1.85 8.20 M. sericea MeOH 9.90 40.47
M. oleifera
MeOH 1.06 4.06 HW 73.00 1508.26
- P. capense
M. sericea MeOH 0.30 1.21 MeOH 26.40 303.80
HW 2.19 45.25 HW 18.50 315.70
P. capense R. caffra
MeOH 0.79 9.11 MeOH | 33.65 505.26
HW 0.56 9.47 R. lancea MeOH | 47.15 849.55
R. caffra
MeOH 1.01 15.16 S. aculeastrum HW 88.50 641.30
HW 5.75 76.80 T. elegans MeOH | <6.00 <81.52
R. lancea
MeOH 1.41 25.49 . HW 46.75 615.94
1 T. sericea
S. latifolius HW 5.64 62.81 MeOH | 33.60 253.39
S. aculeastrum HW 2.66 19.24 HW 68.35 1438.95
Z. mucronata
HW 5.77 52.93 MeOH | 20.35 296.22
T. elegans
MeOH <0.18 <2.45
. HW 1.40 18.48
T. sericea
MeOH 1.01 7.60
HW 2.05 43.17
Z. mucronata
MeOH 0.61 8.89

HW — hot water; MeOH — methanol. As the methanol extracts of C. laureola, S. puniceus, S. latifolius

and S. aculeastrum could not be tested at concentrations higher than 12 pg/mL, estimations were not

done. It should however be taken as a potential risk when comparing these with the respective hot

water extract’s activity.
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5.4.2.2. Anacardiaceae

Extracts of R. lancea displayed an alternative inhibitory profile depending on the
extract-type and CYP450 isoform. Although the inhibitory effects were not regarded
as potent, the methanol extract inhibited CYP2B6 activity, but not CYP2D6 activity.
Conversely, the hot water extract displayed activity against CYP2D6, though not
CYP2B6. This effect appears to indicate that a different phytochemical matrix is
present in each extract, and therefore selectivity is different. CYP3A4 was notably
affected by the methanol extract, with the hot water extract presenting with lower
activity. An aqueous R. verniciflua extract was described as a potent inhibitor of
CYP1A2, CYP2C9 and CYP2C19, with negligible inhibition of CYP2D6 or CYP3A4.5%4
Flavonoids, such as myricetin, kaempferol and quercetin are known to inhibit CYP450
activity. Myricetin displays noteworthy activity against CYP3A4,525 which may be due
to non-competitive inhibition,>2¢ however the latter was determined at concentrations
which are most likely non-physiological. Kaempferol has been found to decrease
CYP2D6% and CYP3A4 activity.>?7:528 Quercetin has been shown to inhibit CYP2D6
and CYP3A4 in a competitive fashion.®?® Varying levels and ratios of these
phytochemicals may result in a mixture of inhibitory profiles between the two extracts.

5.4.2.3. Apocynaceae

While the hot water extract of A. oppositifolia had a moderate inhibitory activity towards
CYP3A4 (ICso = 25 pg/mL), the methanol extract was a more potent inhibitor. Although
no literature could be found to support the inhibitory pattern, it is suggested that
alcohol-soluble phytochemicals may be contributing to the greater activity seen in the

methanol extract.

The hot water extract of R. caffra presented with potent inhibitory activity against
CYP3A4, with the methanol extract being slightly less active. Polar, hydrophilic
molecules may be contributing towards the activity spectrum noted. Yohimbine,>3°
ajmaline®! and ajmalicine®3? are potent inhibitors of CYP2D6, while the ajmalicine is
less active against CYP3A4.532 As no inhibition against CYP2D6 was observed, it may
be that phytochemical concentrations were too low to induce these effects, or
alternatively antagonistic effects between chemical entities could have reduced
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inhibitory potential. The compounds responsible for CYP3A4 inhibition are thus

unknown.

The methanol extract of T. elegans had a potent, non-selective inhibitory profile
against all three CYP450 isoforms tested, with the greatest effect against the CYP3A4
isoform. No literature supporting this effect could be found, however one can argue

that a similar structural moiety between these three CYP450 isoforms were targeted.

5.4.2.4. Asteraceae

C. laureola did not present with high inhibitory potential, and no literature could be
obtained to corroborate this. A risk of CYP2B6 and CYP3A4 inhibitory activity is

evident for the methanol and hot water extract, respectively.

No prominent inhibitory activity was displayed for S. latifolius. Retrorsine®3353* and
senecionine®®3 have been described as being substrates for CYP2B6, CYP2D6 and
CYP3AA4. Itis possible that concentrations were not sufficient to induce any noteworthy
competitive inhibitory activity.

5.4.25. Combretaceae

The hot water extract of T. sericea displayed non-selective inhibition of all three CYP
isoforms investigated, with activity between 4.78 ug/mL and 12.47 pg/mL and potency
increasing from CYP2B6>CYP3A4>CYP2D6. It is possible that the phytochemicals in
the extracts may be affecting a site common between all three isoforms (such as a
structural core), or that the phytochemical matrix may be structurally-variable enough
to elicit activity in these isoforms.#56:458 The methanol extract, however, was inactive
against both the CYP2B6 and CYP2D6 isoforms, only eliciting activity (greater than
the hot water extract) against the CYP3A4 isoform. The methanol extract displayed
higher selectivity than that of the hot water extract. Different Terminalia spp. have been
found to display a mixed panel of inhibition. T. chebula®3®53 and T. bellerica®3¢ have
poor CYP450 inhibitory activity, whereas T. arjuna has been found to inhibit CYP2C9,
CYP2D6 and CYP3A4 activity (ICso’s ranging between 16.6 pg/mL and 34.52
ug/mL).5%7 The three main phytochemicals present in the plant; arjunic acid, arjunetin
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and arjungenin, do not appear to be the bioactive molecules contributing to the
inhibitory effect.>3” CYP3A4 expression profiles were not altered in mice administered
a methylene chloride extract of T. superba.>3 The inhibitory potential may be attributed
to the catechin constituents of the extract, which are known to inhibit CYP2B6,
CYP2D6 and CYP3A4 isoforms.>3°

5.4.2.6. Fabaceae

Both extracts of B. africana displayed potent inhibitory activity against the three
CYP450 isoforms (ICso’s <5 pg/mL), indicating a broad, non-selective effect. Very little
difference was found between the hot water and methanol extract, suggesting a similar
phytochemical extraction profile. The candidates for inhibition may be an interplay
between the high saponin® and flavonoid content.5?° Saponins are known protein-
complexing agents, which form structural bonds to enzymes and result in altered

activity.>®

No literature could be found regarding the CYP450 inhibitory potential of M. sericea,
or its isolated compounds. Activity was directed against CYP2B6 and CYP3A4 by the
methanol extract, which produced potent inhibition (ICso’s <2.5 pg/mL). The high

saponin content is a potential candidate for further assessment in this case.*®

54.2.7. Lamiaceae

Both extracts of L. leonurus displayed prominent activity against CYP3A4 (ICso’s <10
png/mL). Moderate activity (39 pg/mL) against CYP2B6 was induced by the methanol
extract. Activity has been ascribed to apigenin and luteolin. Apigenin®4°-542 and
luteolin®40:542.543 have been shown to inhibit CYP3A isoforms. It is thus likely that the
potent inhibitory activity expressed by both extracts could be ascribed to apigenin and
luteolin, both of which would be extracted by aqueous and alcoholic extraction

solvents.
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5.4.2.8. Moringaceae

M. oleifera did not display any activity towards CYP2B6 or CYP2D6, however
prominent inhibition was observed against CYP3A4. Extracts thus appear to offer
selectivity towards the CYP3A4 isoform. The lack of activity towards CYP2D6 is
supported by literature.>** A chlorogenic-standardised extract did not display any
prominent activity against CYP3A4, with chlorogenic acid presenting with poor
activity.>** Trigonelline was not found to inhibit either CYP3A4 or CYP2D6.5%°

5.4.2.9. Piperaceae

The potent, non-selective inhibitory activity of the methanol extract of P. capense is
thought to be due to alkaloids. As the hot water extract was devoid of alkaloids, it may
explain the reason for the lack of activity. Low inhibitory potential has been described
for P. hispidum,> P. nigrum®’ and P. methysticum,>®. The isolated compound
piperine has been found to display selective inhibitory activity towards CYP3A4,549.550
but not against CYP2B6 or CYP2D6.5°° Although the involvement of piperine cannot
be discounted, the broad spectrum of activity would suggest an alternative alcohol-
soluble phytochemical contributing to the inhibition.

5.4.2.10. Rhamnaceae

Both extracts of Z. mucronata displayed appreciable activity against all three CYP450
isoforms, except for inactivity of the hot water extract against CYP2D6. The hot water
extract was more active against CYP3A4, while the methanol extract displayed a trend
towards non-selective inhibition (potency CYP3A4>CYP2B6>CYP2D6). No literature
could be found to support this effect in the three enzyme systems, however an
aqueous and ethanol extract of Z. jujuba were described to increase CYP1A2-
mediated conversion of phenacetin to acetaminophen.>! Although no literature could
be obtained on the inhibitory potential of mucronines, inhibitory potential may be

attributed to the high saponin®® and flavonoid content.52°
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5.4.2.11. Solanaceae

The only extract of S. aculeastrum that displayed inhibitory activity was the hot water
extract against CYP3A4, while the methanol extract did not produce any effect. The
activity of the hot water extract was highly selective against CYP3A4. S. lyratum
decreased CYP2C9, CYP2D6 and CYP3A4 activity in rats, but did not have any effect
on CYP1A2 and CYP2C19.%? No other literature could be obtained on the effects of
isolated steroidal alkaloids, and thus no inferences could be made on potential

contributing phytochemicals apart from saponins®® and flavonoids.>?°

5.5. Conclusion

The objectives of the chapter were met. An all-encompassing conclusion is provided
in Chapter 6. This is one of the few studies to determine the risk of African herbal
remedies to elicit herb-drug interactions. Apart from the methanol extract of S.
aculeastrum, P-gp modulatory activity was not prominent in any of the extracts.
Nevirapine permeability was influenced by the selected extracts, though effects
appeared to be mediated by activities other than P-gp alone. Nevirapine efflux was not
high in the bidirectional permeability model, indicating a lack of specificity towards the
assay. As such the model would be more apt using a more appropriate substrate, such
as digoxin. Regardless of this, the observed alterations induced by all extracts
assayed in this model suggest a possible risk with concomitant use. CYP450 inhibitory
activity was displayed by the majority of extracts, especially towards CYP3A4. As
CYP3A4 accounts for the metabolism of numerous xenobiotics, it is recommended
that concomitant use be avoided, or if not possible staggered, to ensure risks are
decreased. Compounding this risk is the low amount of extract that would be required
to elicit potential inhibition either in the gastrointestinal tract or systemic circulation.
Although risk was calculated as the possibility of reaching concentrations within the
gastrointestinal and systemic compartments, it should be noted that bioavailability of
phytochemicals were not assessed, and thus in vivo results are highly dependent on
the potential of active phytochemicals to cross dissolve and be absorbed across
biological barriers.
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Chapter 6

Conclusion

6.1. Concluding remarks

This in vitro study aimed to investigate the potential hepatotoxicity and drug-herb
interactions of a panel of South African herbal remedies. These fields are quite under-
researched in Africa, and thus this study forms an important foundation for further
assessments. Extracts were prepared as both an ethnomedicinal (hot water extract)
and a pharmaceutically-relevant (methanol extract) simulant. These two methods are
seen as commonly-used extraction methods in herbal remedy preparation. All extracts
were successfully prepared, and a broad phytochemical overview was established.
This aided in mechanistic elucidation later on in the study. Overall the phytochemical
classes detected for the majority of extracts correlated well with what has been
described in literature. Although in some instances differences were observed in
relation to other studies, these may be attributed to the variations in extraction
procedure, seasonal collection, geographical location and storage conditions. Specific
phytochemicals were not isolated or detected, and thus only speculation and

inferences can be made based on literature and the phytochemical classes detected.

Extracts of B. africana, T. sericea and Z. mucronata were most abundant in flavonoids,
phenolic acids and saponins, and presented with the highest antioxidant activity.
Phytochemical concentration varied greatly between different extracts, albeit the
methanol extracts generally appeared to be more enriched in phytochemical classes.
Alcohol extractions are generally regarded as a broader extraction modality than
aqueous solutions. The most potent antioxidant activity was observed in the methanol

extract of T. sericea, which exceeded that of the positive control (Trolox).

Preliminary results indicated that the resazurin conversion assay was not suitable for
the assessment of cytotoxic effects of the crude extracts due to interactions with the
dye. The most suitable screening assay was deemed to be the SRB assay. Of the
seventeen plants assessed, ten displayed the potential for cytotoxicity in cells of either
liver or intestinal origin. Intestinal cells (Caco-2) appeared to be more susceptible to
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the deleterious effects of the phytochemical matrices, while in general the methanol
extracts displayed higher cytotoxicity than the hot water extracts. Of note was the
seemingly proliferative effect of four extracts in the Caco-2 cell line: both extracts of B.
africana, and the methanol extracts of C. laureola and R. caffra. Of these only C.
laureola displayed a dose-dependent increase, which should be subjected to further
scrutiny to determine the extent of its action and whether true proliferation had taken
place and the effect was not an experimental artefact. Of note are the extracts of A.
oppositifolia, M. sericea and T. elegans, which presented with the highest cytotoxic
activity. The cytotoxic potential of the majority of the plant species selected is
supported by literature. This encompasses a wide variety of mechanisms, including
amongst others pro-apoptotic activity, disturbance of redox homeostasis and
perturbation of cellular kinetics. The hot water extracts of A. oppositifolia, B. disticha
and M. sericea displayed prominent cytotoxicity in at least one cell line, which

highlights the caution of use of the ethnomedicinal extracts.

Seven plants in total were selected for mechanistic screening, which comprised of high
cytotoxicity (A. oppositifolia, S. aculeastrum and T. elegans), moderate cytotoxicity (B.
disticha) and low cytotoxicity (M. oleifera, T. sericea and Z. mucronata) risks. Of the
fourteen extracts that were assessed for hepatotoxicity on a mechanistic scale, it was
evident differential mechanisms were followedto decreased cell viability. Worryingly,
the majority of hepatotoxic extracts resulted in necrotic cell death and involved
mitochondrial membrane destabilisation, which may compound detrimental effects by
the induction of inflammatory responses. Although apoptosis was never induced at
high levels, it appears that most extracts did induce a pro-apoptotic mechanism,
however, this was ultimately abolished upon cell death. Antiproliferative activity was
observed as well, and may be a consequence of the altered bioenergetic pathways
and inhibitory activity of cyclin-Cdk complexes.

A. oppositifolia exerted both a cytostatic and cytotoxic effect, related mitochondrial
toxicity with resultant deficient bioenergetics processes. Improper cellular functioning
due to alterations of redox status may have attenuated cellular cycling. Necrotic cell
death, perhaps as a result of extrinsic death receptor pathway-linked formation of
necroptosomes, DNA fragmentation and damage, or permeation of the cell
membrane, appears to be the ultimate consequence. Inflammatory liver toxicity,

combined with steatotic changes, appears a possible risk upon exposure.
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B. disticha appeared to exhibit cytostatic hepatotoxicity, rather that cytotoxicity. This
may be mediated by an undescribed phytochemical entity or entities. A lack of
cytotoxicity and prominent cellular alterations were found. Steatosis is considered a
potential risk as fatty acid accumulation occurred in high levels. As neurological
symptoms are described at much higher frequency, low level chronic administration
may need to be present to offer a substantial effect to be noticed in the absence of the

more severe hallucinogenic effects.

M. olefeira did not induce highly detrimental effects, and rather would seem useful for
the treatment of excessive fatty acid production or hepatosteatosis. However, the
decrease of ATP paralleled to reduced fatty acid levels may present with a key
interruption of the bioenergetics process. As the effects on the majority of parameters,
apart from mitochondrial depolarisation, were quite subtle, hepatotoxicity is not
presumed to be a high risk. Over-administration cannot be excluded thus the effects
of chronic use cannot be excluded, especially in the case of a plant considered highly

nutritious.

The crude extracts of S. aculeastrum demonstrated both antiproliferative and pro-
necrotic activity, however the most detrimental effect appeared to be due to the hot
water extract, albeit at a higher concentration. It is likely that the primary phytotoxin
eliciting activity here is solamargine. Antiproliferative activity may be a consequence
of altered DNA replication. A definite risk exists during use, which may result in necrotic
hepatotoxicity and increased fatty acid levels. Mechanistically it is possible that acute
mitochondrial rupturing through large-scale MPTP opening resulted in disruption of
bioenergetics, release of necrotic mediators and interruption of pro-apoptotic activities.
The likelihood of membrane destabilisation with subsequent cytolysis cannot be
disregarded. These effects appear consistent with literature. Bioaccumulation may
result in toxic physiological concentrations being reached, with subsequent

hepatotoxicity.

T. elegans presents with a high risk of hepatotoxicity, including the involvement of
steatotic changes. Both extracts appeared to inflict an antiproliferative effect, giving
way to necrotic death. The hot water extract was not highly cytotoxic at low
concentrations, though the pronounced necrotic effect at higher concentrations may

be dangerous if over-administered, or bioaccumulation occurs. Mitochondrial toxicity
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was evident, with subsequent oxidation in the absence of GSH depletion.
Depolarisation of the mitochondria appeared to activate caspase systems, with
ultimate cell death being achieved through necrotic means, thus a possible inhibitor of

the final execution is present.

T. sericea holds a risk of hepatotoxicity, although this is not as prominent as with some
or the other crude extracts. The methanol extract caused the most damage, primarily
through mitochondrial toxicity, as well as depletion of ROS and GSH. This ultimately
resulted in an S-phase block, which may be subject to topoisomerase Il inhibitory
activity, and subsequent cell necrotic cell death. However, slight involvement of
apoptosis was noted, which appears to be through a non-caspase dependent
mechanism, such as non-caspase proteases or cathepsins. There is a prominent risk
for steatotic changes with exposure to the hot water extract, making it imperative that
the community be aware of this risk.

Z. mucronata resulted in a mixture of necrotic and apoptotic cell death, though much
higher activity was seen with the former. A slight propensity for cell cycle arrest was
observed, though this did not appear to be the greatest contributor to the reduced cell
density. It is suggested that Z. mucronata acts as a hepatotoxin through mitochondrial
toxicity and interruption of bioenergetic synthesis, without oxidative stress contributing
to this effect. The compounds responsible for this activity are not yet known.

It was observed that few extracts had prominent effects on P-gp activity, where S.
aculeastrum was the only extract to have a large inhibitory action. These inhibitory
activities were however only present at 32 ug/mL, and thus may be at a concentration
not likely to be reached in the system circulation. However, this may be achieved easily
within the gastrointestinal tract where a smaller volume is present. Due to this finding,
it was decided to assess the possible interference with nevirapine uptake across the
intestinal monolayers. Nevirapine accumulation from apical to basolateral
compartments was increased by five extracts, however, B. africana, R. caffra and S.
latifolius were found to increase P-gp activity. Thus it is apparent that a mixed
mechanism of inhibition was increasing nevirapine accumulation, which was
necessarily dependent on P-gp functioning. It is suggested that a combination of P-gp
and similar efflux transporters may be inhibited, or membrane fluidity may be

increased to allow for greater absorption of nevirapine through passive diffusion.
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Three CYP450 isoforms were assessed for interactions with the crude extracts
selected for this study. It was observed that inhibition increased from
CYP2D6<CYP2B6<CYP3A4. Both extracts of B. africana, the hot water extract of T.
sericea and the methanol extracts of P. capense, T. elegans and Z. mucronata, could
inhibit all three CYP450 enzymes tested, and thus presents with the highest potential
of interaction with intestinal and hepatic enzymes. The greatest inhibitory potential was
achieved by T. elegans against CYP3A4. Important to note is that most extracts have
the potential of inhibiting intestinal enzymes due to the higher concentrations that may
be reached in the gastrointestinal tract. The majority of extracts indicated the potential
of interfering with CYP3A4-mediated metabolism, which may thus increase plasma
concentrations of more than half of clinically-used medications to toxic levels. Due to
the reduced efflux of nevirapine, as well as a concurrent inhibition of CYP2B6 and
CYP3A4, the hot water extract of B. africana and methanol extract of M. sericea may

cause a risk of increased nevirapine levels.

Of the seventeen plants, the majority were involved in the induction of either
cytotoxicity in the liver, or alteration of pharmacokinetic parameters in vitro. Great
caution is recommended during use, as cytotoxicity was invoked through necrotic
means, which may lead to severe inflammatory hepatotoxicity. Furthermore, steatotic
changes were evident, which may further compound hepatotoxic effects and reduce
guality of life. Although not necessarily through alteration of P-gp, five of the extracts
increased accumulation of nevirapine, and may thus increase the adverse effects
profile thereof. The majority of extracts displayed some CYP450 inhibitory activity,
primarily against CYP3A4. This is worrying due to its involvement in the metabolism
of more than 50% of clinically-used medications. As inhibition was prevalent at low
concentrations, the risk thereof is high as gastrointestinal metabolism may already be
attenuated, leading to an increase in bioavailability of various drug classes. Although
crude extrapolations to risk was done using activity and extraction yields, it must be
stressed that these are speculative in nature. Extrapolation from in vitro to in vivo
situations require a full understanding of the bioavailability profiles of phytochemicals
extracted, and thus can only be used as a potential guideline.

It is recommended that caution be used for all the plants assessed in the study, and

all other herbal remedies as a whole. Due to the lack of safety assessment and

219 |Page

© University of Pretoria



ot
UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA

Qe YUNIBESITHI YA PRETORIA

regulation, herbal remedies may pose significant threats to human health if used

without careful scrutiny of their interactions with the liver and other medications.

6.2. Executive summary

This in vitro study aimed to evaluate the risk of a number of commonly-used African
herbal remedies to elicit hepatotoxic and drug-herb interactions. It is one of the few
studies to determine the risks involved with African herbal remedies. It was observed
that selected African herbal remedies elicit a mixture of mechanisms to induce
cytotoxic effects, though mainly through induction of necrotic cell death. This may in
turn propagate inflammatory liver disease, and coupled to the steatotic changes noted,
may lead to reduced quality of life. Drug-herb interactions were evident, as was
observed with the accumulation of nevirapine in the intestinal model, and the high
CYP450 enzyme inhibitory activity. The former effect appears to be independent, or
poorly linked, to P-glycoprotein activity. CYP3A4 activity was the most susceptible to
herbal remedies’ inhibitory properties. The plant with the highest risk of hepatotoxicity
was determined to be T. elegans extracted with methanol as solvent. As there is limited
scientific background to prove their efficacy and safety, it is thus recommended that
herbal remedies be subjected to the same in-depth scrutiny that is applied to allopathic

medications.

6.3. Limitations of the study and recommendations

The HepG2 cell line was chosen due to its well-described use as a hepatotoxic model,
though it does suffer from several limitations. These would include its cancerous origin,
and its metabolic incompetence. Due to the latter it is likely that metabolic influences
were not taken into consideration during induction of cytotoxicity. Further research
utilising primary hepatocytes (which are considered the gold standard) or hepatic
spheroids may shed more light on the risk involved. The majority of all hepatotoxic
parameters were only assessed at 72 h, which is a late stage in cytotoxicity
determination. Although this allows for identification of the hepatotoxic effect, closer
scrutiny would need to be done at shorter intervals to more accurately describe the

mechanistic processes involved. Induction of oxidative systems may be evident at
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earlier time-points, and thus the contribution thereof may have not been fully taken
into account. Although a broad mechanistic overview has been established for seven
of the seventeen plants that were assessed, no specific pathways could be identified,
and only inferences can be made. Proteomic assessment is recommended to
scrutinise the involvement of several key pathways in cell death and proliferation, such
as the MAPK, extracellular signal regulated kinases (ERK) and JNK pathways. The
involvement of cellular arrest in hepatotoxicity may be researched by assessing
changes in Cdk-cyclin complexes and proliferative markers (Ki-67). As
phytochemicals were not individually detected or identified, the primary contributors to
biological activity are not known, and thus discussion is speculative and based off of
literature and comparison to phytochemical classes detected in TLC methodologies.
Ultimately it would be best to isolate and identify the main contributors of each extracts

hepatotoxic properties to avoid speculation on possible hepatotoxic phytochemicals.

With specific mention to B. disticha, the quiescience discussed is largely speculative,
and thus needs to be confirmed via proliferative markers to ascertain its validity.
Although M. oleifera appears to offer negligible cytotoxic effects, the decreased levels
of ATP as a potential consequence of interrupted bioenergetics pathways must also

be further examined.

Only nevirapine was used to determine the potential of African herbal remedies to
influence drug accumulation, and thus a broader range of substrates would be ideal,
including those that are isolated to active or passive transport mechanism. As
suggestions were made to the membrane destabilisation properties of the extracts,
further investigation into the membrane fluidisation activities would be suggested. This
may be accomplished through fluorescence polarisation or inclusion of membrane
solidifiers or fluidisers. The involvement of other membrane transporters, such as
BCRP and OAT, should also be determined.

Only three CYP450 isoforms were included in this study, and thus further research
would need to determine the possibility of extracts to inhibit CYP1A, CYP2C9 and
CYPC19, which are also involved in xenobiotic metabolism. Furthermore, the
assessment of enzyme activity using Federal Drug Administration recommended
guidelines (LC-MS/MS substrate specific cleavage in microsomes) would offer more
accuracy into their inhibitory activities. As with hepatotoxicity, isolation of the active
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components would be necessary to determine the main contributor of these
interactions. Through use of Michaelis-Menton kinetics one would be able to determine
the mechanism by which these inhibitory activities take place in the selected CYP450

isoforms.

Overall, a greater emphasis could be placed on further statistical analyses to
determine correlation between different parameters. As a large panel of mechanistic
assays were conduced, it would be prudent to assess relationship between them and
the final outcome of reduced cell viability through the use of principal component or
multivariate analysis. Efforts in these may elucidate potential mechanistic responses

and serve as a basis for further scrutiny of pathways.

Although the abovementioned is recommended, it should be noted that this study
formed the basis for future work, and is thus serves as a foundation where very little

is currently known.
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ABSTRACT

Aims: Cytotoxic assessment of plant extracts is crucial during the pre-clinical screening of
medicinal preparations selected for further development. The aim of this study was to compare four
assays used to test the cytotoxicity of eight African plant extracts, as well as to determine whether
the antioxidant properties of the extracts potentially diminished the reliabiity of the resazurin
CONVErsion assay.

Methodology: HepG2 celis were exposed to hot water or methanol extracts of Acokanthera
oppositifolia, Boophane disticha, Solanum aculeasfrum and Tabemaemontana elegans for 72 h
Cell viability was determined using neutral red uptake, sulphorhodamine B staining, MTT and
resazwrin conversion assays. Phytochemical interference in the resazurin conversion assay was
assessed in a cell-free environment and antioxidant activity of the crude extracts was determined
using the Trolox Equivalence Antioxidant Capacity assay.

Results: Compared to the other three assays, the resazurin conversion assay failed to detect
cytotoxicity, even at the highest concentration tested. The sulphorhodamine B staining assay
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Appendix lll: Preparation of reagents

1. Solvents

1.1. Organic solvents

Acetic acid, acetone, butanol, chloroform, ethanol, methanol and dimethyl sulfoxide
were purchased from Merck Chemicals (South Africa) and used undiluted. LC-MS/MS
grade acetonitrile, formic acid and methanol was purchased from Sigma-Aldrich (St,
Louis, USA) and used undiluted.

2. Phytochemical screening

2.1. Phytochemical standards

Ascorbic acid, caffeic acid, catechin, p-coumaric acid, curcumin, dicoumarol,
digoxigenin, diosgenin, ferulic acid, galanthamine, gallic acid, oleonolic acid,
guercetin, rutin, sinapic acid, syringic acid, tannic acid and (z)-6-hydroxy-2,5,7,8-
tetramethylchromane-2-carboxylic acid (Trolox) were purchased from Sigma-Aldrich
(St. Louis, USA). A 20 mg/mL solution was prepared by dissolving 20 mg per 1 mL
DMSO (or phosphate-buffered saline for diosgenin) and stored at -80°C in 20 pL

aliquots. Dilutions were prepared in PBS prior to use.

2.2. Thin-layer chromatography
2.1.1. Dragendorff’s reagent

Basic bismuth and potassium iodide were purchased from Merck Chemicals (South
Africa). Dragendorff’s reagent stock solution was prepared by mixing a solution of 0.85
g basic bismuth per 10 mL glacial acetic acid and 40 mL distilled water, and 8 g
potassium iodide per 20 mL distilled water in equal ratios. A working dilution was
prepared by diluting 1 mL stock solution per 2 mL glacial acetic acid and 10 mL distilled

water. The solution was stored at room temperature.
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2.1.2. Potassium hydroxide

Potassium hydroxide was purchased from Merck Chemicals (South Africa). A 5%
solution was prepared by dissolving 500 mg per 10 mL methanol, and stored at room

temperature.
2.1.3. Aluminium trichloride

Aluminium trichloride was purchased from Merck Chemicals (South Africa). A 1%
solution was prepared by dissolving 100 mg per 10 mL distilled water, and stored at

room temperature.
2.1.4. Folin-Ciocalteau

Folin-Ciocalteau reagent was purchased from Sigma-Aldrich (St. Louis, USA) and

used undiluted.
2.1.5. Vanillin

Vanillin was purchased from Sigma-Aldrich (St. Louis, USA). A 1% solution was
prepared by dissolving 100 mg per 10 mL hydrochloric acid (4% in methanol), or 100
mg per 8 mL sulphuric acid and 2 mL ethanol, respectively. The solutions were stored

at room temperature.
2.1.6. Antimony trichloride

Antimony trichloride was purchased from Sigma-Aldrich (St. Louis, USA). A 20%
solution was prepared by dissolving 200 mg per 10 mL chloroform, and stored at room

temperature.

2.3. Antioxidant activity

2,2’-azinobis-(3-ethyl benzothiazoline 6-sulfonic acid) (ABTS) and potassium
peroxidisulfate were purchased from Sigma-Aldrich (St. Louis, USA). A 7.46 mM
ABTS/2.5 mM potassium peroxidisulfate solution was prepared by dissolving 19.2 mg
ABTS and 3.31 mg potassium peroxidisulfate per 5 mL distilled water. The solution

was incubated for 16 h at 4°C prior to use, and stored at 4°C.
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2.4. Flavonoid content screening

2.4.1. Aluminium trichloride

Aluminium trichloride was purchased from Merck Chemicals (South Africa). A 0.4%
solution was prepared by dissolving 40 mg per 10 mL distilled water, and stored at
4°C.

2.4.2. Sodium hydroxide

Sodium hydroxide was purchased from Merck Chemicals (South Africa). A 1 M
solution was prepared by dissolving 400 mg per 10 mL distilled water, and stored at
4°C.

2.4.3. Sodium nitrate

Sodium nitrate was purchased from Merck Chemicals (South Africa). A 1.25% solution

was prepared by dissolving 125 mg per 10 mL distilled water, and stored at 4°C.

2.5. Phenolic acid content
2.5.1. Folin-Ciocalteau reagent

Folin-Ciocalteau reagent was purchased from Sigma-Aldrich (St. Louis, USA). A 10%
solution was prepared by diluting 1 mL per 9 mL distilled water, and stored at 4°C in
the dark.

2.5.2. Sodium carbonate

Sodium carbonate was purchased from Merck Chemicals (South Africa). A 7%
solution was prepared by dissolving 700 mg per 10 mL distilled water, and stored at
4°C.
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2.6. Saponin content screening
2.6.1. Sulphuric acid

Sulphuric acid was purchased from Merck Chemicals (South Africa). A 75% solution
was prepared by diluting 78.13 mL with 21.87 mL with distilled water and stored at

ambient temperature.
2.6.2. Vanillin

Vanillin was purchased from Merck Chemicals (South Africa). A 250 mg/mL solution

was prepared by dissolving 2.5 g per 10 mL distilled water, and stored at 4°C.

3. Cellular cytotoxicity assays and reagents
3.1. Culture and maintenance
3.1.1. Dulbecco’s Modified Eagle’s Medium

DMEM and sodium bicarbonate was purchased from Sigma-Aldrich (St. Louis, USA).
A 1.3% solution was prepared by dissolving 67.35 g medium powder and 18.5 g
sodium bicarbonate per 5 L sterile, deionised water. The solution was filter-sterilized
(0.22 pm cellulose acetate) twice, supplemented with 1% penicillin/streptomycin
mixture and stored at 4°C in 500 mL bottles. A 10% FCS-supplemented medium was
prepared, when needed, by adding 50 mL FCS per 450 mL DMEM.

3.1.2. Eagles Minimum Essential Medium

EMEM and sodium bicarbonate was purchased from Sigma-Aldrich (St. Louis, USA).
A 1% solution was prepared by dissolving 48 g medium powder and 11 g sodium
bicarbonate per 5 L sterile, deionised water. The solution was filter-sterilized (0.22 pum
cellulose acetate) twice, supplemented with 1% penicillin/streptomycin mixture and
stored at 4°C in 500 mL bottles. A 10% FCS-supplemented medium was prepared,
when needed, by adding 50 mL FCS to 450 mL EMEM.

3.1.3. Foetal calf serum

FCS was purchased from The Scientific Group (Gauteng, RSA). Solutions were heat-

inactivated through heating at 56°C for 45 min and stored at -20°C.
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3.1.4. Penicillin/streptomycin

Penicillin/streptomycin was purchased from BioWhittaker (Walkersville, USA) at

10 000 units penicillin and 10 000 pg streptomycin per 1 mL.
3.1.5. Phosphate-buffered saline

BBL™ FTA haemagglutination buffer was purchased from BD Biosciences (Sparks,

USA). A 0.9% solution was prepared by dissolving 9.23 g per 1 L and stored at 4°C.
3.1.6. Trypsin/Versene

Trypsin/Versene solution was purchased from The Scientific Group (Gauteng, RSA)

and used undiluted. The solution was stored at 4°C.
3.1.7. Trypan blue counting fluid

Trypan blue was purchased from Sigma-Aldrich (St. Louis, USA). A 0.1% solution was
prepared by dissolving 20 mg per 20 mL distilled water, and filtering through a 0.4 pm
membrane filter to remove particulate matter. The solution was stored at ambient

temperature.

3.2. Cytotoxicity assays (cell density, lysosomal integrity, metabolic

conversion)
3.2.1. 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

MTT was purchased from Sigma-Aldrich (St. Louis, USA). A 5 mg/mL solution was
prepared by dissolving 50 mg per 10 mL distilled water, and stored at 4°C in the dark.

3.2.2. Acetic acid

Glacial acetic acid was purchased from Merck Chemicals (South Africa). A 1% solution
was prepared by diluting 1 mL to 100 mL with distilled water and stored at ambient

temperature.
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3.2.3. Bradford reagent

Quick-Start Bradford® Dye Reagent (1X) was purchased from BioRad Industries
(Hercules, RSA) and stored at 4°C. The solution was vacuum-filtered (0.45 pum) prior

to use.
3.2.4. Neutral red eluent

Glacial acetic acid and ethanol was purchased from Merck Chemicals (South Africa).
Neutral red eluent (50:49:1) was prepared by mixing 250 mL distilled water, 245 mL
ethanol and 5 mL acetic acid. The solution was stored at 4°C.

3.2.5. Neutral red EMEM

Neutral red was purchased from Sigma-Aldrich (St. Louis, USA). A 100 pg/mL solution
was prepared by dissolving 25 mg in 250 mL EMEM, and adjusting the pH to 6.4 using

glacial acetic acid. The solution was filter-sterilized (0.22 um) and stored at 4°C.
3.2.6. Resazurin

Resazurin sodium salt was purchased from Sigma-Aldrich (St. Louis, USA). A 10 mM
stock solution was prepared by dissolving 2.29 mg per 1 mL DMSO and stored at -
80°C in 20 pl aliquots. A 10 uM working solution was prepared by diluting 11 pl per
10 990 pl PBS.

3.2.7. Sulforhodamine B

Sulphorhodamine B was purchased from Sigma-Aldrich (St. Louis, USA). A 0.057%
solution was prepared by dissolving 57 mg per 100 mL acetic acid (1%). The solution

was stored at 4°C.
3.2.8. Tamoxifen

Tamoxifen was purchased from Sigma-Aldrich (St. Louis, USA) in powder form. A 30
mM stock solution was prepared by dissolving 11.1 mg per 1 mL DMSO and stored at
-80°C in 20 uL aliquots. A 10 uM working solution was prepared by diluting 1.3 pL
stock solution per 1 999 uL EMEM.
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3.2.9. Trichloroacetic acid

TCA was purchased from Merck Chemicals (South Africa). A 50% solution was

prepared by dissolving 50 g crystals per 100 mL distilled water and stored at 4°C.
3.2.10. Tris-base buffer

Tris(hydroxylmethyl)aminomethane was purchased from Sigma-Aldrich (St. Louis,
USA) in powder form. A 10 mM solution was prepared by dissolving 121.1 mg per 100
mL distilled water and the pH adjusted to 10.5 using sodium hydroxide.

3.3. Hepatotoxic parameters
3.3.1. Reactive oxygen species content
3.3.1.1. Dichlorodihydrofluorescein diacetate

H2-DCF-DA was purchased from Sigma-Aldrich (St. Louis, USA). A 2 mM stock
solution was prepared by dissolving 4.9 mg per 5 mL DMSO and stored at -80°C in 20
pL aliquots. A 10 uM working solution was prepared by diluting 3 pL stock solution per
1 997 uL PBS.

3.3.1.2. Potassium peroxidisulfate

Potassium peroxidisulfate was purchased from Sigma-Aldrich (St. Louis, USA). A 30
mM stock solution was prepared by dissolving 8.1 mg per 1 mL DMSO and stored at
-80°C in 20 pL aliquots. A 300 uM working solution was prepared by diluting 10 pL
stock solution per 990 yl EMEM.

3.3.2. Reduced glutathione content
3.3.2.1. n-Ethylmaleimide

n-Ethylmaleimide was purchased from Sigma-Aldrich (St. Louis, USA). A 50 mM stock
solution was prepared by dissolving 6.3 mg per 1 mL DMSO and stored at -80°C in 10
pL aliquots. A 20 uM working solution was prepared by diluting 0.8 pL stock solution
per 1 999 uL EMEM.
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3.3.2.2. Monochlorobimane

Monochlorobimane was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM
stock solution was prepared by dissolving 5 mg per 880 uL DMSO and stored at -80°C
in 20 pL aliquots. A 16 puM working solution was prepared by diluting 1 pL stock
solution per 1 562 uL PBS.

3.3.3. Mitochondrial membrane potential
3.3.3.1. Rotenone

Rotenone was purchased from Sigma-Aldrich (St. Louis, USA). A 30 mM stock
solution was prepared by dissolving 11.8 mg per 1 mL DMSO and stored at -80°C in
20 pL aliquots. For the hepatotoxicity model: a 200 nM working solution was prepared
by diluting 3.3 pL stock solution per 497 uL EMEM, of which 1 pL was further diluted
per 999 uL EMEM. For the mode of cell death: a 100 nM working solution was
prepared by diluting 3.3 uL stock solution per 497 uL EMEM, of which 1 pL was further
diluted per 1 999 pL EMEM.

3.3.3.2. 5,5-6,6’-Tetrachloro-1,1’-3,3’-tetraethylbenzimidazolylcarbocyanine
iodide

JC-1 was purchased from Sigma-Aldrich (St. Louis, USA). A 1.5 mM stock solution
was prepared by dissolving 5 mg per 5.11 mL DMSO and stored at -80°C in 50 pL
aliquots. A 10 uM working solution was prepared by diluting 13.3 pL stock solution per
1 987 pL PBS.

3.3.4. Fatty acid content
3.3.4.1. Nilered

Nile red was purchased from Sigma-Aldrich (St. Louis, USA). A 1 mM stock solution
was prepared by dissolving 0.3 mg per 1 mL DMSO and stored at -80°C in 10 pL
aliquots. A 1 uM working solution was prepared by diluting 2 pL stock solution per 1
998 uL PBS.
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3.3.4.2. Oleic acid

Oleic acid was purchased from Sigma-Aldrich (St. Louis, USA). A 20 mM stock
solution was prepared by diluting 20 uL oil per 3.15 mL DMSO and stored at -80°C in
20 pL aliquots. A 400 uM working solution was prepared by diluting 20 pL stock
solution per 1 980 uL EMEM.

3.3.5. Caspase-3/7 activity
3.3.5.1. Acetyl-Asp-Glu-Val-Asp-7-amido-4-methylcoumarin (Ac-DEVD-AMC)

Ac-DEVD-AMC was purchased from Sigma-Aldrich (St. Louis, USA). A 5 mM stock
solution was prepared by dissolving 5 mg per 1.48 mL DMSO and stored at -80°C in
10 pL aliguots.

3.3.5.2. Caspase-3/7 assay buffer

HEPES, EDTA, phenylmethylsulfonyl fluoride (PMSF) and acetyl-Asp-Glu-Val-Asp-7-
amido-4-methylcoumarin (Ac-DEVD-AMC) were purchased from Sigma-Aldrich (St.
Louis, USA), while B-mercaptoethanol (14.3 mM) was purchased from Merck
Chemicals (South Africa). A solution of 20 mM HEPES, 2 mM EDTA, 0.5 mM PMSF,
4.3 mM B-mercaptoethanol and 5 pM Ac-DEVD-AMC was prepared by dissolving
476.6 mg HEPES and 58.4 mg EDTA per 100 mL distilled water. The incomplete buffer
was stored at 4°C. Thirty minutes prior to experimentation 50 uL PMSF (100 mM), 3
pL B-mercaptoethanol (14.3 mM) and 10 pL Ac-DEVD-AMC (5 mM) was added per
10 mL cold incomplete assay buffer.

3.3.5.3. Lysis buffer

HEPES, 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS),
EDTA and PMSF were purchased from Sigma-Aldrich (St. Louis, USA), while (-
mercaptoethanol (14.3 mM) was purchased from Merck Chemicals (South Africa). A
solution of 10 mM HEPES, 2 mM CHAPS, 5 mM EDTA, 0.5 mM PMSF and 4.3 mM
B-mercaptoethanol was prepared by dissolving 71.5.6 mg HEPES, and 58.4 mg EDTA
per 100 mL distilled water. The incomplete buffer was stored at 4°C. Thirty minutes
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prior to experimentation 50 uL PMSF (100 mM) and 3 pL B-mercaptoethanol (14.3

mM) was added per 10 mL cold incomplete assay buffer.
3.3.5.4. Phenylmethylsulfonyl fluoride

PMSF was purchased from Sigma-Aldrich (St. Louis, USA). A 100 mM stock solution
was prepared by dissolving 17.4 mg per 1 mL DMSO and stored at -80°C in 50 pL

aliquots.
3.3.5.5. Staurosporine

Staurosporine was purchased from Sigma-Aldrich (St. Louis, USA). A 2.14 mM stock
solution was prepared by dissolving 0.5 mg per 500 pL DMSO and stored at -80°C in
10 uL aliquots. A 20 uM working solution was prepared by diluting 10 pL stock solution
per 1 060 pL EMEM.

3.3.6. ATP levels
3.3.6.1. ApoSENSOR™ ATP cell viability chemiluminesnence kit

The ApoSENSOR™ ATP cell viability chemiluminesnence kit manufactured by MBL
International Corporation was purchased from The Scientific Group (Gauteng, South
Africa). The kit was stored at -20°C. The nucleotide releasing was brought to room
temperature prior to experimentation. The ATP monitoring enzyme was dissolved in
2.1 mL enzyme reconstitution buffer and stored on ice.

3.3.6.2. Saponin

Saponin was purchased from Sigma-Aldrich (St. Louis, USA). A 2% stock solution was
prepared by dissolving 100 mg per 10 mL EMEM. The solution was filter-sterilized
(0.22 pm) and stored at 4°C.
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3.3.7. Lipid peroxidation
3.3.7.1. 2,2’-azobis(2-amidopropane dihydrochloride)

2,2’-azinobis-(3-ethyl benzothiazoline 6-sulfonic acid) (AAPH) was purchased from
Sigma-Aldrich (St. Louis, USA). A 20 mM stock solution was prepared by dissolving
5.4 mg AAPH per 1 mL DMSO and stored at -80°C in 50 pL aliquots. A 1 mM working
solution was prepared by diluting 50 puL stock solution per 950 pL EMEM.

3.3.7.2. Trichloroacetic acid

TCA was purchased from Merck Chemicals (South Africa). A 16.5% solution was
prepared by dissolving 3.3 g crystals per 20 mL distilled water and stored at ambient

temperature.
3.3.7.3. Thiobarbituric acid

Thiobarbituric acid was purchased from Merck Chemicals (South Africa). A 2.5%
solution was prepared prior to experimentation by dissolving 0.5 g per 20 mL distilled

water containing 80 mg sodium hydroxide and 0.3 mg EDTA.

3.3.8. Cell cycle kinetics
3.3.8.1. Curcumin

Curcumin was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM stock solution
was prepared by dissolving 9.2 mg per 1 mL DMSO and stored at -80°C in 10 pL
aliquots. A 40 uM working solution was prepared by diluting 1.6 pL stock solution per
998 pL EMEM.

3.3.8.2. FCS-supplemented PBS

A 1%-FCS supplemented solution was prepared by diluting 90 mL sterile PBS with 10
mL FCS. The solution was stored at 4°C.

3.3.8.3. Methotrexate

Methotrexate was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM stock
solution was prepared by dissolving 11.4 mg per 1 mL DMSO and stored at -80°C in
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10 pL aliquots. A 20 uM working solution was prepared by diluting 0.8 pL stock solution
per 998 uL EMEM.

3.3.8.4. Propidium iodide staining solution

DNA-free RNase and Triton X-100 were purchased from Sigma-Aldrich (St. Louis,
USA). A solution of 40 pg/mL propidium iodide, 100 pg/mL DNA-free RNase and 0.1%
Triton X-100 was prepared by dissolving 4 mg propidium iodide and 100 pL Triton X-
100 per 99.9 mL distilled water. The incomplete staining solution was stored at 4°C.
Five minutes prior to staining 1 mg DNA-free RNase was added per 10 mL incomplete

staining solution.
3.3.8.5. Thymidine-fortified EMEM

Thymidine was purchased from Sigma-Aldrich (St. Louis, USA). A 3.3 mM solution
was prepared by dissolving 8 mg per 10 mL FCS-free EMEM medium prior to
experimentation. The solution was filter-sterilized (0.22 um) and 8.1 mL diluted to 9
mL with 900 uL FCS to obtain a 3 mM thymidine and 10% FCS-fortified EMEM

solution.

3.3.9. Cell viability
3.3.9.1. Annexin V-FITC

Annexin V-FITC was purchased from The Scientific Group (Gauteng, South Africa)
and stored at 4°C.

3.3.9.2. Annexin V-FITC binding buffer

2-[4-(2-hydroxyethyl)piperazin-1-yl] ethanesulfonic acid (HEPES), sodium chloride,
potassium chloride, magnesium chloride and calcium chloride was purchased from
Merck Chemicals (South Africa). A solution of 10 mM HEPES, 150 mM sodium
chloride, 5 mM potassium chloride, 5 mM magnesium chloride and 1.8 mM calcium
chloride was prepared by dissolving 238.3 mg HEPES, 876.6 mg sodium chloride,
37.2 mg potassium chloride, 47.6 mg magnesium chloride and 20.0 mg calcium
chloride per 100 mL distilled water. The solution was pH adjusted to 7.4 using sodium

hydroxide, and stored at 4°C.
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3.3.9.3. Propidium iodide

Propidium iodide was purchased from Sigma-Aldrich (St. Louis, USA). A 3 mM solution
was prepared by dissolving 2 mg per 1 mL PBS, and stored at 4°C.

4. Drug-herb interactions
4.1. P-glycoprotein inhibitory activity
4.1.1. Rhodamine-123

Rhodamine-123 was purchased from Sigma-Aldrich (St. Louis, USA). A 2.6 mM stock
solution was prepared by dissolving 1 mg per 1 mL and stored at -80°C in 20 uL
aliquots. A 10 uM working dilution was prepared by dissolving 27 pL stock solution per
6 973 uL PBS.

4.1.2. Verapamil

Verapamil was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM stock
solution was prepared by dissolving 11.3 mg per 1 mL DMSO and stored at -80°C in
20 pL aliquots. A 1 mM working dilution was prepared by diluting 40 pL stock solution
per 960 pL PBS. A 200 uM working dilution was prepared by diluting 8 pL stock per
992 uL Hank’s Buffered Saline Solution (HBSS).

4.2. Caco-2 bidirectional permeability assay
4.2.1. Ammonium formate

Ammonium formate was purchased from Sigma-Aldrich (St. Louis, USA). A 10 mM

solution was prepared by dissolving 630.6 mg per 1 L deionised water.
4.2.2. Hank’s Buffered Saline Solution

HBSS was purchased from Life Technologies (South Africa) and used undiluted. The

solution was stored at 4°C.
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4.2.3. Lucifer yellow

Lucifer yellow CH dipotassium salt was purchased from Sigma-Aldrich (St. Louis,
USA). A 6 mM stock solution was prepared by dissolving 3.1 mg per 1 mL DMSO and
stored at -80°C in 10 pL aliquots. A 60 uM working dilution was prepared by diluting
10 pL stock solution per 990 uL HBSS.

4.2.4. Nevirapine

Nevirapine was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM stock
solution was prepared by dissolving 6.7 mg per 1 mL DMSO and stored at -80°C in 20
pL aliquots. A 320 uM working dilution was prepared by diluting 12.8 uL stock solution
per 997.2 uL PBS.

4.25. Zidovudine

Zidovudine was purchased from Sigma-Aldrich (St. Louis, USA). A 25 mM stock
solution was prepared by dissolving 6.7 mg per 1 mL DMSO and stored at -80°C in 20
pL aliquots. A 20 uM working dilution was prepared by diluting 0.8 pL stock solution
per 999.2 uL ammonium formate (10 mM).

4.3. CYP450 inhibitory assays and reagents
4.3.1. NADPH-cofactor mix components

4.3.1.1. Cofactors solution

A mixture of 1.3 mM NADP*, 66 mM magnesium chloride and 66 mM glucose 6-
phosphate was purchased from The Scientific Group (Gauteng) as part of the
CYP2B6/EFC, CYP2D6/AMMC and CYP3A4/BFC High Throughput Inhibitor
Screening Kits (Corning, USA). The cofactor solution was stored at -20°C, thawed

prior to use and stored on ice during experimentation.
4.3.1.2. Glucose 6-phosphate dehydrogenase solution

A 40 units/mL glucose 6-phosphate dehydrogenase solution in 5 mM citrate buffer (pH
7.5) was purchased from The Scientific Group (Gauteng) as part of the CYP2B6/EFC,
CYP2D6/AMMC and CYP3A4/BFC High Throughput Inhibitor Screening Kits
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(Corning, USA). The glucose 6-phosphate dehydrogenase solution was stored at -

20°C, thawed prior to use and stored on ice during experimentation.
4.3.1.3. NADPH-cofactor mix

A NADPH-cofactor mix was prepared by diluting 1.5 mL cofactors and 1.2 mL glucose
6-phosphate dehydrogenase per 117.8 mL deionized water (37°C) prior to

experimentation.

4.3.2. Substrate-enzyme mix
4.3.2.1. Buffer solution

A 0.5 M potassium phosphate buffer (pH 7.4) was purchased from The Scientific
Group (Gauteng) as part of the CYP2B6/EFC, CYP2D6/AMMC and CYP3A4/BFC
High Throughput Inhibitor Screening Kits (Corning, USA). The buffer solution was

stored at room temperature, and heated to 37°C prior to use.
4.3.2.2. CYP450 enzyme solutions

CYP2B6 (containing P450 reductase and cytochrome b5), CYP2D6*1 (containing
CYP2B6 (containing P450 reductase) and CYP3A4 (containing P450 reductase and
cytochrome b5) were purchased from The Scientific Group (Gauteng) as part of the
CYP2B6/EFC, CYP2D6/AMMC and CYP3A4/BFC High Throughput Inhibitor
Screening Kits (Corning, USA). The enzyme solutions were stored at -80°, thawed

prior to use and stored on ice during experimentation.
4.3.2.3. 7-Ethoxy-4-trifluoromethylcoumarin-CYP2B6 mix

EFC was purchased from The Scientific Group (Gauteng) as part of the CYP2B6/EFC
High Throughput Inhibitor Screening Kit (Corning, USA). A 25 mM stock solution was
prepared by dissolving 0.39 mg per 60 pL acetonitrile and stored at -20°C. An EFC-
CYP2B6 mix was prepared by diluting 24 yL EFC, 600 pL CYP2B6 and 24 mL buffer
solution per 95 mL deionized water (37°C).
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4.3.3. 3-[2-(N,N-diethyl-N-methylamino)ethyl]-7-methoxy-4-methylcoumarin-
CYP2D6 mix

AMMC was purchased from The Scientific Group (Gauteng) as part of the
CYP2D6/AMMC High Throughput Inhibitor Screening Kit (Corning, USA). A 10 mM
stock solution was prepared by dissolving 0.30 mg per 70 pL acetonitrile and stored
at -20°C. An AMMC-CYP2D6 mix was prepared by diluting 36 uyL AMMC, 900 pL
CYP2D6 and 24 mL buffer solution per 95 mL deionized water (37°C).

4.3.4. 7-Benzyloxy-trifluoromethylcoumarin-CYP3A4 mix

BFC was purchased from The Scientific Group (Gauteng) as part of the CYP3A4/BFC
High Throughput Inhibitor Screening Kit (Corning, USA). A 50 mM stock solution was
prepared by dissolving 4.3 mg per 270 pL acetonitrile and stored at -20°C. A BFC-
CYP3A4 mix was prepared by diluting 240 uL BFC, 600 pL CYP3A4 and 96 mL buffer

solution per 23 mL deionized water (37°C).

4.3.5. Positive controls
4.35.1. Ketoconazole

Ketoconazole was purchased from The Scientific Group (Gauteng) as part of the
CYP3A4/BFC High Throughput Inhibitor Screening Kit (Corning, USA). A 250 uM
stock solution was prepared by dissolving 80 ng per 60 pL acetonitrile and stored at -
20°C.

4.3.5.2. Quinidine

Quinidine was purchased from The Scientific Group (Gauteng) as part of the
CYP2D6/AMMC High Throughput Inhibitor Screening Kit (Corning, USA). A 25 uM
stock solution was prepared by dissolving 0.6 ng per 60 pL acetonitrile and stored at -
20°C.

4.3.5.3. Tranylcypromine

Tranylcypromine was purchased from The Scientific Group (Gauteng) as part of the
CYP2B6/EFC High Throughput Inhibitor Screening Kit (Corning, USA). A 25 mM stock
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solution was prepared by dissolving 0.25 mg per 60 pL acetonitrile and stored at -
20°C.

4.3.6. Stop solution

A 0.5 M Tris-base solution was purchased from The Scientific Group (Gauteng) as
part of the CYP2B6/EFC, CYP2D6/AMMC and CYP3A4/BFC High Throughput
Inhibitor Screening Kits (Corning, USA). The stop solution was diluted with 72 mL
acetonitrile per 18 mL and stored at room temperature.
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Appendix IV: Additional cellular experiments

Materials and Methods

MCF-7 breast carcinoma (ATCC HTB-22), MDA-MB-231 breast carcinoma (ATCC
HTB-26) and Sk-Br-3 breast carcinoma (ATCC HTB-30) cells were grown identical to
the HepG2 and Caco-2 cell lines in Chapter 3, however Dulbecco’s Modified Eagle’s
Medium (MCF-7 [5 000 cells/well] and MDA-MBA-231 [5 000 cells/well]) and Roswell
Park Memorial Institute-1640 (Sk-Br-3 [5 000 cells/well]) medium was used. The SRB

assay was performed as described in Chapter 3.

BEST PFE.com==

Results
Plant Extract ICs0 £ SEM (ug/mL)
MCF-7 MDA-MB-231 SK-Br-3
A oppositifolia _Hotwater 129+ 1.13 383+ 1.04 701+ 1.12
Methanol 272+ 111 8.88 + 1.21 15.76 + 1.12
__ Hot water 729+ 111 2114 + 1.10 2387 + 1.19
B. disticha Methanol 9.49 + 1.05 15.36 + 1.09 36.44 +1.13
M. oleifera Hot water >100 >100 >100
Methanol >100 >100 >100
L cericen Hot water | 64.34 « 1.14 >100 36.44 + 1.25
Methanol 239+1.16 9.25 + 1.07 19.28 + 1.16
Hot water | 59.12 « 1.14 31.67 + 1.03 50.26 + 1.09
S aculeastrum - =0 ol | 18.13 £ 1.07 16.88 + 1.24 21.3+1.28
. Hot water >100 >100 >100
S- puniceus Methanol |  56.78 + 1.06 13.27 + 1.06 23.95 + 1.07
Hot water | 50.17 + 1.09 6528 + 1.18 52.67 + 1.04
T. elegans
Methanol 035+ 1.06 1.92 + 1.10 335+ 1.07
S cromata Hot water | 98.81 « 1.09 >100 >100
Methanol |  70.98 + 1.11 >100 >100
Tamoxifen 3.02+1.10 4.06 + 1.06 424 + 1.50
e [J]

276 |Page




