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ABSTRACT

The genus Sceletium (Mesembryanthemaceae) consists of eight species, which are
endemic to the south-western Karoo region of South Africa. Sceletium has been used by
local inhabitants for centuries in the form of extracts, through mastication and by smoking.
Sceletium tortuosum, in particular, has generated commercial interest, both locally and
abroad, and many products in various formulations are marketed as supplements for
general wellness or are prescribed for the treatment of central nervous system-related
disorders. Mesembrine-type alkaloids produced by this species are responsible for the
pharmacological activities. However, several problems hinder extensive commercialisation
of the products. Misidentification of the Sceletium species used is a strong possibility, due
to the undifferentiated use, similarities in the local names, and various methods of
preparation of the taxa by different communities. Quality control of products has been
neglected, because reference standards for the psychoactive alkaloids are not
commercially available and validated analytical methods for determination of these
alkaloids are limited. Moreover, chemotypic data for S. tortuosum and biopharmaceutical
data for the psychoactive alkaloids are lacking. This study has addressed these
challenges.

High-speed countercurrent chromatography was used for isolation of mesembrine-type
alkaloids from S. tortuosum, for use as reference standards. This technique provided
higher yields and purities (> 95%) of the alkaloids, when compared to those obtained
when a combination of column chromatography and preparative high performance thin
layer chromatography, were used. Three quantitative analytical methods (high
performance thin layer chromatography densitometry, reversed phase ultrahigh
performance liquid chromatography and gas chromatography coupled to mass
spectrometry), were developed and validated, for determination of the psychoactive
alkaloids. Each of the methods proved to be rapid, repeatable and precise for the
simultaneous determination of the mesembrine-type alkaloids in wild S. tortuosum
samples and commercial products. Linear relationships (R2 = 0.9657 – 0.9992) were
obtained for each compound when the quantitative data for real samples, determined by
the different analytical methods, were compared by regression analysis.

These methods were subsequently used to determine the inter-species variation of the
alkaloids in wild Sceletium specimens and intra-species variation of the same compounds
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in S. tortuosum, as well as their variation in commercial products. Although the
psychoactive alkaloids were detected in most S. tortuosum collections and all of the
S. crassicaule specimens investigated, they were absent in the other species. Variations
in the mesembrine-type alkaloid profiles were evident between and within the different
populations of S. tortuosum, as well as among the investigated products. Five distinct
chemotypes were identified from the chemometric analysis of the GC–MS data of
mesembrine-type alkaloids produced by S. tortuosum species. It was found that
mesembrenol, mesembrine and mesembrenone can be used as marker compounds for
quality monitoring of S. tortuosum raw materials and products. The three alkaloids are
good inhibitors of serotonin re-uptake and the phosphodiesterase-4 enzyme, hence can
be used for the relief of stress and anxiety. These compounds are suitable biomarkers for
the selection of strains or clones of S. tortuosum with high efficacy. Cluster analyses of
near infrared hyperspectral imaging data of two taxonomically similar species,
S. tortuosum and S. crassicaule, allowed these species to be distinguished.

The analysis of combustion products of S tortuosum revealed the presence of very low
levels of mesembrine-type alkaloids in the smoke fractions and ash of S. tortuosum, when
compared to the un-burnt material. However, despite the low levels of alkaloids present in
the smoke, inhalation of the smoke is known to elicit psychoactive effects, suggesting that
the lungs are a highly efficient route for alkaloid intake. In vitro permeability studies using
porcine mucosal tissues indicated that all four psychoactive alkaloids are permeable
across oral and intestinal mucosa, although at different rates. The permeabilities of the
alkaloids are higher across the intestinal tissue than across the sublingual and buccal
tissues, suggesting that these alkaloids are better absorbed after swallowing than during
mastication of the plant material.

This study has contributed extensively to the available knowledge on Sceletium species,
S. tortuosum

and mesembrine-type alkaloids.

In particular,

information on the

chemotaxonomy and quality control of S. tortuosum, as well as the biopharmaceutics of
the psychoactive alkaloids will provide a scientific basis to contribute towards the
challenges hampering the commercialisation of this species.
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CHAPTER 1
BACKGROUND AND MOTIVATION
1.1

DEPRESSION AND STRESS

1.1.1

Prevalence and costs associated with depression

Depression and stress are becoming increasingly prevalent world-wide, but more so in
developing countries as a result of the many pressures induced by the adoption of a
modern lifestyle, together with political and economic instabilities (Yusuf et al., 2001).
These mental conditions, though not conventionally classified as diseases, are recurrent
life-threatening

heterogeneous

disorders

associated

with

diverse

behavioural,

psychological and physiological symptoms (Minkoff et al., 1973).

Depression can be classified into three levels namely, a very mild condition, normal
depression and a severe psychotic depression accompanied by hallucinations and
delusions (Rajput et al., 2011). Depressive disorder symptoms include severe phobias,
post traumatic stress, social anxiety disorders, panic agoraphobia syndrome and
obsessive-compulsive disorder (Campbell and Lollar, 2006). Suicide attempts are
normally associated with depression immediately prior to the attempt and 15% of suicidal
deaths

occurring

world-wide

are

reported

to

have

resulted

from

depression

(Stafford et al., 2008). Depression is one of the main causes of disability, premature death
of babies and drug and substance abuse, as well as absenteeism and loss of productivity
among working-age adults (Campbell and Lollar, 2006). This condition also leads to
eating disorders such as anorexia and bulimia, which mainly afflicts women and
teenagers1. People with these conditions have a phobia towards weight gain, combined
with a distorted view of their body sizes and shapes. They thus resort to dieting, fasting,
excessive exercise, or forced vomiting after binge eating, and are thus unable to maintain
a normal body weight. Over time, this compulsive behaviour can become both physically
and emotionally life threatening2.

1

www.Eatingdisorders.html. Accessed: 20 July 2012.

2

www.kidshealth.org/teen/disorder.html. Accessed: 20 July 2012.
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Approximately 200 million workdays are lost in the USA each year, at a cost ranging
between US$17 and US$44 billion to employers, as a result of depression (Campbell and
Lollar, 2006). Consequently, more than US$26 billion in costs are incurred by treatment of
the condition. It is estimated that one in ten Americans are likely to experience depression
during their lifetime and that about 70% of the 40,000 suicides occurring in the USA
annually are the result of depression (Campbell and Lollar, 2006). In South Africa, studies
have found that symptoms of depression are prevalent in 18% of rural and in 25% of
urban populations (Tomlinson et al., 2009). By 2003, suicide was ranked eleventh out of
twenty leading causes of death in South Africa (Bradshaw et al., 2004). The occurrence of
symptoms of depression and persisting thoughts of suicide are reportedly higher in HIVpositive patients, than in patients suffering from other medical conditions. Depression is
not recognised as a medical condition in the African culture, instead, its symptoms are
associated with evil spirits or curses (Stafford et al., 2008). The treatment of depression
using traditional medicine has therefore not received much attention.

1.1.2

Neurotransmitters involved in depression

Serotonin (5-hydroxytryptamine or 5-HT), dopamine and nor-adrenaline are some of the
important neurotransmitters that perform vital functions in the nervous system and other
tissues by relaying messages from one area of the brain to another (Bourin et al., 2002;
Dailly et al., 2004; Moltzen and Bang-Andersen, 2006). A deficiency of these
neurotransmitters may result in impaired signaling pathways, which cause debilitating
conditions, including depression.

Serotonin production in the brain is localised in the raphe nucleus and is responsible for
conscious awareness and managing of the sleep/wake cycle. This neurotransmitter plays
a role in physical, emotional and psychological conditions. Symptoms of serotonin
deficiency include anxiety, depression, difficulty in concentrating, fatigue and sleep
disorders (Rajput et al., 2011). It can also result in premenstrual syndrome, bulimia or
other eating disorders. Dopamine production is localised in the basal ganglia and it aids in
controlling movement and learning (Dailly et al., 2004). Receptor neurons for dopamine
are widely distributed throughout the brain and are associated with the transfer of
information within the brain for tasks associated with memory, attention and problemsolving. Some of the symptoms of low dopamine levels include fatigue, lack of motivation
and depression. Phosphodiesterase-4 isoenzymes are abundant in the brain and are the
most widely characterised among the 11 PDE enzymes (Wang et al., 1999). Disruptions in
PDE-4 levels result in neuropsychiatric disorders including depression. Drugs that inhibit

2

PDE-4 enzyme such as Rolipram® and Denbufylline™, have been reported to improve
symptoms of depression and dementia (Zhu et al., 2001).
1.2

PLANTS WITH PSYCHOACTIVE PROPERTIES

Scientific investigations of alkaloids with structural similarities to neurotransmitters in the
human central nervous system (CNS) have led to the development of drugs used as
analgesics and immunomodulators. Unfortunately, some of these drugs have resulted in
addiction

and/or

caused

severe

adverse

effects

(Armstrong,

1998).

Tricyclic

antidepressants (e.g. Imipramine®, Amoxapine™, Nortriptyline™ and Doxepin™) and
selective serotonin re-uptake inhibitors (e.g. Fluoxetine®, Paroxetine™ and Sertraline®),
constitute some of the drugs commonly prescribed for treatment of depression (Hamilton
and Opler, 1992). Many of these have resulted in relapses and side effects, such as
epigastric distress, constipation, dizziness, tachycardia, palpitations, blurred vision,
urinary retention and cardiovascular effects. Other side effects include nausea, vomiting,
headache and sexual dysfunction.

Research suggests that approximately 30% of patients suffering from depression and
stress-related

ailments

do

not

respond

to

conventional

medical

treatment

(Charney et al., 2002). As a result of these shortcomings, plants that produce compounds
with antidepressant and immunomodulation properties have become attractive targets for
the development of new drugs for the treatment of CNS disorders (Kumar, 2006;
Gomes et al., 2009). Many alkaloid-producing plants have been used as mind-altering and
mood-enhancing substances. Smith et al. (1996) reported that 90% of the approximately
200 plant species proved to have psychoactive properties are indigenous to the Americas.
However, this report preceded investigations of the psychotropic plants of Sub-Saharan
Africa, which have been exploited to a lesser extent due to cultural restraints
(Stafford et al., 2008). In South Africa, more than 40 species from 26 different families are
used for treatment of depression-like ailments and for mental health. Agapanthus
campanulatus

F.M.

Leighton

(Agapanthaceae),

Boophone

distica

(L.F.)

herb

(Amaryllidaceae), Mondia whitei (Hook.f.) (Asclepiadaceae), Xysmalobium undulatum (L.)
Aiton.f. (Asclepiadaceae) and Sceletium tortuosum (L.) N.E.Br (Mesembryanthemaceae),
are some of the plants used for treatment of CNS-related ailments in southern Africa
(Smith et al., 1996; Nielsen et al., 2004). Of these species, S. tortuosum is the only one
that has been developed significantly as a commercial product.

3

The genus Sceletium, to which S. tortuosum belongs, includes seven other species
namely S. crassicaule, S. emarcidum, S. exalatum, S. expansum, S. rigidum, S. strictum
and S. varians (Gerbaulet, 1996). These species are endemic to the Northern, Eastern
and Western Cape provinces of South Africa and form part of the dry Karoo vegetation.
For centuries, these species have been esteemed for their narcotic properties when
smoked or chewed (Forbes, 1986; Lewin, 1998). Sceletium emarcidum, S. varians and
S. tortuosum are used to prepare kougoed, a fermented product with enhanced
psychoactive effects (Watt and Breyer-Brandwijk, 1962: 11). Following a review of the
genus Sceletium by Gerbaulet (1996), several species of Sceletium were reduced to
S. joubertii L. Bol. and S. namaquense L.Bol., both of which are currently considered as
S. tortuosum. The latter species is the most popular Sceletium species, and is commonly
used in commercial products. This species has received a great deal of attention as a
result of its ability to mitigate CNS-related disorders (Gericke and van Wyk, 1999).

Traditionally, S. tortuosum is administered through mastication, is taken in the form of
teas, decoctions (both aqueous extracts) and tinctures (alcoholic extracts) or is inhaled as
snuff or smoked (Forbes, 1986; Smith et al., 1996; van Wyk and Gericke, 2003: 172). A
demand for Sceletium products has stimulated interest in commercialisation of these
products, both locally and internationally3. Commercial plantations of S. tortuosum have
been established locally, in the three Cape provinces, and also in Namibia. Sceletium
tortuosum products are sold in numerous health shops, pharmacies and via the internet in
a variety of formulations, such as dry plant material, powder, sprays, teas, drops,
tinctures, tablets and capsules2 (Gericke and van Wyk, 1999).

The psychoactive properties of this genus are mainly ascribed to four mesembrine-type
alkaloids, known as mesembrine, mesembrenone, mesembrenol and mesembranol
(Smith et al., 1996; Jin, 2009). Studies have indicated that the quality of Sceletium
products and raw materials is dependent on their mesembrine-type alkaloid content
(Patnala and Kanfer, 2009). The ability of these alkaloids to inhibit serotonin re-uptake
and PDE-4 are thought to play a role in their positive effect on CNS-related disorders
(Gericke and Viljoen, 2008; Harvey et al., 2011).

The use of herbal medicines for treatment of diseases is very popular in traditional
medicine and is becoming highly lucrative in international markets (WHO, 2008). Annual
expenditure on medicinal plant products was estimated at US$5 billion in Western Europe
3

www.Sceletium.org. Accessed: 10 March 2010.
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between 2003 and 2004 and at US$14 billion in China in 2005. Brazil, with an emerging
economy similar to that of South Africa, boasted revenue of approximately US$160 million
from herbal medicines in 2007. The Cape region of South Africa, which represents only
0.04% of the world's land area, is populated by as much as 3% of the global plant
species4. This rich floral diversity, which encompasses numerous pharmacologically and
commercially important plants such as S. tortuosum, is a valuable asset to the medicinal
plant industry in South Africa. In addition to S. tortuosum, several other medicinal plants
have received commercial attention and are available in South Africa as processed
materials in modern packaging and in various formulations. Some of these include
Agathosma betulina (buchu) (Rutaceae), Aloe ferox (Xanthorrhoeaceae), Artemisia afra
(Asterocea), Hoodia gordonii (Apocynaceae), Sutherlandia frutescens (cancer bush)
(Fabaceae) and Aspalathus linearis (rooibos tea) (Fabaceae) (van Wyk, 2008). Cultivation
of medicinal plants is very important aspect for the development of the formal medicinal
plant industry. Currently, some small scale farmers from disadvantaged communities
especially in the Western and Northern Cape provinces depend on medicinal plant
cultivation as a means of earning their livelihoods (Makunga et al., 2008). Such an
industry has great potential for both foreign revenue generation and creation of jobs.
Sustainable commercialisation of medicinal plants, both locally and abroad, can contribute
extensively to the economy and reduce the burden of unemployment on the government.

For any medicinal plant to be commercially viable, adequate quality control systems are
crucial. Quality assurance systems are aimed at providing the consumer with high quality,
healthy

and

safe

products,

as

well

as

ensuring

profitability

for

producers

(Tadmor et al., 2002: 80). Currently, international regulatory authorities, including the
World Health Organization (WHO), the United States Food and Drug Administration (FDA)
and the European Medicine Agency (EMEA), consider qualitative and quantitative
analysis of herbal medicines mandatory (FDA, 2004; EMEA, 2006; WHO, 2006).
Vibrational spectroscopic techniques (Fourier transform mid infrared, near infrared and
Raman

spectroscopy),

chromatographic

techniques

(gas

chromatography,

high

performance liquid chromatography, ultrahigh performance liquid chromatography, thin
layer chromatography and ultrahigh performance thin layer chromatography) and
spectrometric techniques (mass spectrometry and nuclear magnetic resonance), have
been used for the determination of secondary metabolites in plants (Schulz et al., 2003;
Schulz et al., 2004; Hu et al., 2006; Li et al., 2007).

4

www.southafrica.info/about/history/worldheritagesites.htm. Accessed: 10 June 2012.
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1.3

RESEARCH PROBLEM

Literature data have indicated that a number of Sceletium species are used for similar
purposes. This is emphasised by the fact that several species are referred to by the same
name by the local communities where they occur (Smith et al., 1996). Species
differentiation has mainly relied on morphological characters, some of which are very
similar (Gerbaulet, 1996). The popularity of S. tortuosum, compared to other Sceletium
species, is emphasised by the number of commercial products on the market containing
this species. Many different formulations are advertised for various purposes, including
supplements for general wellness and treatment of CNS-related disorders. Sceletium
tortuosum produces mesembrine-type alkaloids, which have been shown to be
responsible for the pharmacological activities (Smith et al., 1996). Although some reports
concerning the production of the alkaloids by other Sceletium species exist, the identities
and levels of alkaloids produced by the eight endemic species are not fully established. It
is also unclear whether the production of these alkaloids is linked to the geographical
localities of occurrence.

Although several biological and pharmacological investigations have confirmed the value
of using S. tortuosum and mesembrine-type alkaloids for treatment of CNS-related
ailments, the commercialisation of S. tortuosum products is hampered by a multitude of
challenges. Use of the same name to refer to different species and the undifferentiated
use of the taxa by different communities may result in the incorrect identification of
species. Standard analytical methods for authentication of S. tortuosum raw material and
products are limited, and chemotypic data, based on the pharmacologically important
alkaloids of this species, are not available. In addition, analytical reference standards for
the psychoactive alkaloids cannot be purchased and biopharmaceutical data for the
compounds is lacking. However, to launch S. tortuosum as a lucrative commercial entity,
rapid and reliable analytical methods are necessary for quality control purposes. It is also
necessary to establish whether raw materials contain sufficient amounts of the
psychoactive alkaloids.
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1.4

AIMS

The objectives of the study were to:

isolate and characterise mesembrine-type alkaloids from S. tortuosum for use as
reference standards;

develop and validate analytical methods for the accurate determination of
mesembrine-type alkaloids in S. tortuosum samples and commercial products for
quality control purposes;

investigate inter-species variation of alkaloids in endemic Sceletium species;

establish the variation of mesembrine-type alkaloids within and between different
populations of S. tortuosum specimens and hence identify various chemotypes;

determine the variations of the target alkaloids in S. tortuosum commercial
products purchased from various suppliers;

determine the mesembrine-type alkaloid content of the combustion products from
S. tortuosum; and to

evaluate the in vitro permeation of the alkaloids across oral and intestinal mucosa.
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CHAPTER 2
THE GENUS SCELETIUM
2.1

HISTORICAL BACKGROUND

The use of Sceletium in South Africa was first documented in the journal of Simon van der
Stel, the second governor of the newly established Dutch colony in South Africa, during an
exploration expedition in 1685 (Smith et al., 1996). Van der Stel observed that
consumption of the plant appeared to uplift the spirits of the users. Hendrik Claudius, an
apothecary who accompanied the governor, made a painting of a Sceletium specimen
(Figure 2.1), of which one copy is available at the library of the Trinity College in Dublin,
while another is displayed at the South African Museum in Cape Town (Smith et al., 1996;
Gericke and Viljoen, 2008). Although the species of Sceletium depicted in the painting
could not be identified, it has been proposed that it could be Sceletium expansum,
Sceletium tortuosum or Sceletium strictum (Scott and Hewett, 2008). Sceletium was
known as canna, later spelt kanna, amongst the inhabitants of the Little Karoo and
Namaqualand that included the Khoi, pastoralists and the San, who made a living as
hunters and gatherers. They prepared the plant material by bruising whole plant parts
between stones before storing it sewn up in sheep skins. These plants were used for the
treatment of insomnia in adults, digestive problems and sleeplessness in children
(Smith et al., 1996; van Wyk and Gericke, 2003: 172). In the mid-nineteenth century, the
Khoi people traded Sceletium in exchange for cattle and other commodities in the Little
Karoo (Cannaland) (Herre, 1971).

Traditionally, Sceletium is used in the form of a decoction or tincture, as a sedative and as
a tea (Smith et al., 1996; van Wyk and Wink, 2004). Sceletium whole plant material is also
chewed to induce mildly narcotic, intoxicating and/or psychoactive effects. The Afrikaans
name kougoed, and the Khoi name kanna, both originate from the practice of mastication
of the roots (Smith et al., 1998; van Wyk and Gericke, 2003: 172). Reports indicate that
S. tortuosum and S. expansum are more often used as a means of enjoyment, than as a
medicine (Smith et al., 1996; van Wyk and Wink, 2004). Apart from chewing, plant
materials are occasionally inhaled as snuff or smoked. The juice of Sceletium has
reportedly been used as a soap for washing clothes, because of its alkalinity
(Smith et al., 1996).
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Figure 2.1: A copy of a painting, from the journal of Simon van der Stel, depicting a Sceletium
plant (Adopted from Gericke and Viljoen, 2008)

Traditionally, Sceletium-derived kougoed is prepared by crushing whole plant material
between stones and storing it into canvas or skin bags for several days to allow
‘fermentation’ to take place (Smith et al., 1996). Currently, plastic bags are used, instead
of the canvas or skin bags. The bag is placed in the sun for two to three days to warm up
and ‘sweat’, whereafter the contents are mixed and the bag is again sealed. On the eighth
day, the bag is opened and the fermented plants are spread to dry in the sun. When
completely dry, kougoed is light brown and stringy in appearance (Smith et al., 1996; van
Wyk and Gericke 2003: 172). The fermented product is generally more potent than fresh
plant material. Alternatively, kougoed is prepared by baking the whole plant under hot
sand. This is achieved by making a small fire over sand and after the fire dies off, the
ashes are scraped and a hole is made in the sand. Fresh Sceletium is then placed in the
hole and covered with the hot sand. Kougoed, when used with or without alcohol, was
observed to improve relaxation and social interaction (Smith et al., 1996).

Kougoed, traditionally prepared from S. emarcidum or S. tortuosum by fermentation, is
used as a stimulant and as a narcotic (van Wyk and Gericke, 2003: 172).
Smith et al. (1996) reported that kougoed is more enjoyable when collected at the end of
the growing season, when the leaves are yellow in colour and wilted. The intoxicating
effects of the roots are also more pronounced when most of the leaves are dead.
Alkaloids are responsible for these effects.
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2.2

ETHNOBOTANY AND DISTRIBUTION OF SCELETIUM SPECIES

2.2.1

General botanical aspects of the genus Sceletium

The genus Sceletium belongs to the family Mesembryanthemaceae and sub family
Mesembryanthemoideae (Smith et al., 1996). The genus name is derived from the Latin
word sceletus, which means a skeleton (Jackson, 1990). Plants of this genus are
characterised by prominent skeleton-like leaf venations, which are visible in dry and
withered leaves (Smith et al., 1996). The skeleton-like leaves usually enclose young
leaves during dry seasons, thus protecting them from unfavourable environmental
conditions. Sceletium species are either climbers or decumbent (Gerbaulet, 1996) and
often grow beneath and intertwine with other shrubs (Smith, et al., 1996). They have
characteristic succulent leaves with ‘bladder cells’ or idioblasts and the colour of the
flowers may be white, yellow or pale pink. The plants are perennial and flower from May to
November (autumn to early summer). Fruit capsules consist of numerous kidney-shaped
seeds with colours ranging from brown to black (Smith et al., 1996).

Eight Sceletium species are currently recognised (van Wyk and Gericke, 2003: 172). The
eight species are S. crassicaule (Haw.) L.Bolus, S. emarcidum (Thunb.) L.Bolus ex
H.J.Jacobson, S. exalatum Gerbaulet, S. expansum (L.) L.Bolus, S. rigidum L.Bolus,
S. strictum L.Bolus, S. varians (Haw.) Gerbaulet and S. tortuosum (L.) N.E.Br.
(Gerbaulet, 1996). These species are endemic to South Africa and form part of the dry
Karoo vegetation that occurs in the south-western regions of country. The distribution of
these species in South Africa (Figure 2.2) suggests that they prefer rocky inland areas to
coastal habitats (Smith et al., 1998).

A detailed discussion of each of the eight Sceletium species is provided in the following
sections.
2.2.2

Sceletium crassicaule

This species occurs in the coastal karroid areas of the Western Cape Province in the
Bredasdorp and Swellendam districts, and also in the karroid regions of the Eastern Cape
Province, from Willmore to Albany (Gerbaulet, 1996). Synonyms used for this decumbent
and scrambling subshrub are Mesembryanthemum crassicaule (Haw.), Pentacoilanthus
crassicaulis (Haw.) and Sceletium albanense L.Bolus. Leaves are flattened, not imbricate,
but have recurved tips and develop up to 4 cm in length (Gerbaulet, 1996). Tepals are
usually 5, or rarely 6, while petaloid staminoides are about 1 mm broad and have a
pointed apex.
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Figure 2.2: Distribution of Sceletium species in South Africa (adopted from Gerike and Viljoen, 2008)

The stigma is obtuse and shorter than 2 mm. Fruits are 5-(6-) locular and have valve
wings, but the valves do not open completely. The diameters of the fruit range from 1 to
1.5 cm. Seeds have crests and are brown in colour.
2.2.3

Sceletium emarcidum

This species is usually a decumbent or scrambling subshrub with weak branches, which
rarely become erect (Gerbaulet, 1996). Sceletium emarcidum was referred to as ”kon” by
the Hottentots and ‘canna’ by the colonialists (Forbes, 1986) The species is distributed
throughout the karroid areas of the Western, Eastern and Northern Cape provinces, in the
districts of Beaufort West, Cradock, Prieska and Calvinia (Gerbaulet, 1996). Synonyms for
this

species

anatomicum

are
var.

Mesembryanthemum
emarcidum

Thunb.,

emarcidum

Thunb.,

Mesembryanthemum

Mesembryanthemum
anatomicum

(Haw.),

S. anatomicum (Haw.) L.Bolus, Tetracoilanthus anatomicus (Haw.), Mesembryanthemum
anatomicum var. fragile Haw. and Sceletium dejagerae L.Bolus.

Leaves are typically flat and not imbricate, with recurved tips, and grow up to 3.5 cm in
length (Gerbaulet, 1996). The leaf venation pattern is the emarcidum-type and the
bladder-cell idioblasts are small, but conspicuously vaulted. Flowers are stalked, whitish,
approximately 2 cm in diameter and consist of 4 or 5 tepals. Petaloid staminodes are
about 1 mm broad and have pointed apices. Stigmas are sabulate and 2 to 5 mm long.
Fruits are 0.5 to 1 cm in diameter, 4-(-5) locular and have valve wings, while the black
seeds have indistinct crests.
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Sceletium emarcidum was regarded as a valuable asset by the Hottentots, who
exchanged the plants for cattle and other commodities (Forbes, 1986). The roots, stalks
and leaves were stamped together and twisted like pig-tail tobacco, which was then
fermented and kept for chewing to relieve thirst, although it could cause intoxication. It is
reported that the San first chewed the canna and then smoked it. Juice from the plant was
mixed with milk and given to babies by San mothers as a soothing colic remedy. Adults
also chewed the leaves to elicit a calming effect and as a remedy for stomach problems.
Sceletium anatomicum (S. emarcidum) was one of the most popular Sceletium species
used by the Khoi (Palmer, 1966: 29). The plant was also eaten by the Afrikaners as an
anesthetic to enable painless removal of teeth, from there the name ‘tandtrekbos’,
meaning ‘tooth pulling bush’. Sceletium emarcidum was also popular amongst San
mothers as a remedy to treat symptoms similar to those treated by the Nama people using
S. tortuosum.
2.2.4
This

Sceletium exalatum
species

is

a

decumbent

or

scrambling

subshrub

with

weak

branches

(Gerbaulet, 1996). It occurs on rocky hills in eastern Namaqualand and in the Springbok
and Klipland districts of the Northern Cape Province. Leaves are flat, not imbricate, have
recurved tips and develop up to 3.5 cm in length. The leaf venation pattern is emarcidumtype and the bladder-cell idioblasts are small, but conspicuously vaulted. Flowers of this
species are stalked, whitish and about 2 cm in diameter. Each flower has 4 tepals with
petaloid staminodes that are about 1 mm broad and have a pointed apex. The stigmas are
subulate and between 2 and 5 mm in length. Fruits are 0.5 to 1 cm in diameter, 4-locular
and lack valve wings. The word ‘exalatum’ means wingless fruits. Seeds have indistinct
crests and are black in colour.
2.2.5

Sceletium expansum

Sceletium expansum is a decumbent or scrambling subshrub with robust and erect
branches (Gerbaulet, 1996). The species is distributed throughout the wetter parts of the
Western Cape Province, from Malmesbury to Clanwilliam. Common synonyms for this
species are Mesembryanthemum expansum L., Pentacoilanthus expansus (L.) and
Sceletium regium L.Bolus. The bladder-cell idioblasts are usually small and the long
leaves (up to 6.5 cm) are flat, weakly succulent, not imbricate and have recurved tips. The
leaf venation pattern is typically tortuosum-type. Flowers are stalked, pale yellow in colour,
about 4 cm in diameter and have 5 tepals. Petaloid staminodes develop up to 2 mm in
breadth with filamentous staminodes, which conceal the stamens and stigmas. The
stigmas are obtuse and develop up to about 2 mm long. Fruits are approximately 1 cm in
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diameter and have 5-locular valve wings. Sceletium expansum plants have crested seeds
that are brown in colour. The roots of this species (‘channa’) were masticated by
Hottentots for enjoyment (Lewin, 1998). After chewing the roots and keeping them in the
mouth for some time, individuals became excited and intoxicated.
2.2.6

Sceletium rigidum

Sceletium archeri L.Bolus is a synonym for this species, which presents as a scrambling
or erect subshrub with robust branches (Gerbaulet, 1996). It is distributed in the karroid
regions, throughout the Laingsburg and Prince Albert districts of the Western Cape
Province. The bladder-cell idioblasts are small, but very conspicuously vaulted and
glittering. Leaves are flat, not imbricate, with recurved tips and develop up to 2.5 cm long.
The leaf venation pattern is the emarcidum-type. Flowers are sessile, whitish in colour and
about 2.5 cm in diameter. Each flower has 4 tepals, the petaloid staminodes develop up to
1 mm in breadth and have pointed apices. Stigmas are subulate and about 2 to 5 mm
long. Fruits are 0.5 to 1.0 cm in diameter, 4-(5-) locular and lack valve wings. Seeds have
indistinct crests and are black in colour.
2.2.7

Sceletium strictum

This decumbent or scrambling subshrub is distributed in the Ladismith district, in the rocky
parts of the Swartbergen, of the Western Cape Province (Gerbaulet, 1996). Leaves are
flattened, not imbricate, with curved tips and reach 4 cm in length. The leaf venation
pattern is tortuosum-type and the bladder-cell idioblasts are flattened. Flowers are stalked,
with colours ranging from white to pale yellow, and are 2 to 3 cm in diameter. Tepals are 5
or (-4) with petaloid staminodes that develop up to 1 mm in breadth and have a pointed
apex. Stigmas are obtuse and shorter than 2 mm. Fruits are 1 to 1.5 cm in diameter and
5-(4-) locular with valve wings. The brown seeds are crested. Juice obtained from
S. strictum was reportedly used to relieve pain associated with teething in babies by the
Khoi (Palmer, 1966: 29).

2.2.8

Sceletium tortuosum

This is the most well-known species of the genus Sceletium and is commonly used in
commercial products (Gericke and van Wyk, 1999). It is a decumbent or a scrambling
perennial subshrub (Gerbaulet, 1996). The main synonyms for this species are
Mesembryanthemum

tortuosum

L.,Thunb.,

Pentacoilanthus

tortuosum

(L.),

Mesembryanthemum aridum Moench, Sceletium boreale L.Bolus, Sceletium compactum
L.Bolus, Mesembryanthemum concavum (Haw.), Sceletium concavum (Haw.) Schwantes,
Tetracoilanthus concavus (Haw.), Sceletium framesii L.Bolus, Sceletium gracile L.Bolus,
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Sceletium joubertii L.Bolus, Sceletium namaquense L.Bolus var. namaquense, Sceletium
namaquense var. subglobosum L.Bolus, Sceletium ovatum L.Bolus and Sceletium
tugwelliae L.Bolus (Gerbaulet, 1996). Common names include Sceletium in English,
French and German, kanna or canna in Khoi and San and kougoed in Afrikaans5.
Although the name ‘canna’ was used to refer to several species of Sceletium,
S. tortuosum was the most commonly used of these species (Forbes, 1986). Sceletium
tortuosum is distributed in the karroid areas of the Western and Northern Cape provinces,
in a triangle formed by the

Montagu, Aberdeen

and Namaqualand districts

(Gerbaulet, 1996). The whole plant is usually harvested at the end of the flowering period
(spring or summer), depending on the region of cultivation.

Bladder-cell idioblasts of S. tortuosum are large and planar in shape, while the leaves,
which develop up to 4 cm in length, are flattened, imbricate with incurved tips
(Gerbaulet, 1996). The leaf venation pattern is tortuosum-type. Flowers are more or less
sessile and 2 to 3 cm in diameter, with colours ranging from white to pale yellow, pale
salmon or pale pink. Flowers are characterised by 4 or 5 tepals and 1 mm broad petaloid
staminodes with pointed apices. The stigmas are obtuse and less than 2 mm long. Fruit
(1 to 1.5 cm) are 4- or 5-locular with valve wings. Seeds have crests and are brown in
colour. Figure 2.3A and B illustrates a S. tortuosum plant at flowering stage and dry
leaves encapsulating young leaves, respectively.

A

B

Figure 2.3: Flowering stage of (A Sceletium tortuosum and (B young leaves encapsulated by dry
leaves (Photographs courtesy of Prof AM Viljoen)
5

http://www.plantzafrica.com/medmonographs.pdf. Accessed: 15 March 2011
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Sceletium tortuosum is a mood elevator and decreases anxiety, stress and tension
(van Wyk and Gericke, 2003: 172). This plant has been used by the Nama and San
people for the relief of toothache, abdominal pains and, mixed with breast milk, as a colic
remedy for children. In addition, it was used as an appetite suppressant by shepherds
walking long distances in arid areas6. The San and Khoi people inhabiting the Cape region
of South Africa used S. tortuosum as a masticatory drug for the relief of thirst and hunger,
as a traditional medicine and for spiritual purposes (Smith et al., 1996; Gericke and
Viljoen, 2008). Farmers used the plant as a sedative in the form of tinctures and
decoctions (Pappe, 1868). The dried plant material is chewed or smoked, while the
powdered form is inhaled as snuff (Smith et al., 1996; van Wyk and Gericke 2003: 172).
Tea prepared from S. tortuosum (kanna) is used to wean alcoholics off alcohol
(Smith et al., 1996).
2.2.9

Sceletium varians

This species is a decumbent or scrambling subshrub that becomes erect with age. It is
also referred to as soutvygie in Afrikaans, meaning ‘salt mesemb’ (Gerbaulet, 1996). The
species is distributed in the karroid areas of the Western Cape Province, particularly in the
Worcester

and

Robertson

districts.

Common

synonyms

for

this

species

are

Mesembryanthemum varians Haw., Sceletium subvelutinum L.Bolus forma subvelutinum
and Sceletium subvelutinum forma luxurians L.Bolus. Leaves develop up to 2 cm in length
and are flat, not imbricate, with recurved tips (Gerbaulet, 1996). The leaf venation pattern
is typically tortuosum-type. The bladder-cell idioblasts are small and sometimes pointed.
Flowers are stalked and white with bright yellow centres, and are approximately 4 cm in
diameter. Tepals are 5(-4) and the petalloid staminodes develop up to 2 mm in breadth.
The staminodes are emarginate or irregularly denticulate and are filamentous, thus
concealing the stamens and stigmas. The stigmas are subulate and develop up to 2 mm
long. Fruits are 1 cm in diameter, 5-(4-) locular and have valve wings. The seeds, which
have crests and are brown in colour, are used for the commercial cultivation of kougoed in
Australia7.

2.3

SCELETIUM ALKALOIDS

Sceletium produces larger quantities of alkaloids than other members of the
Mesembryanthemaceae family (Smith et al., 1996). However, the alkaloid content may be
6

www.Sceletium.org. Accessed: 10 March 2010.
www.herbalistics.com.au. Accessed: 02 February 2009.
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variable. For example, yields of alkaloids in S. tortuosum were found to range from 0.05%
to 2.3% in dry plant material and from 1 to 1.5% in kougoed (Gericke, 2002: 25).
Commercial plant material is expected to have a total alkaloid content of at least 0.5%, but
the products are often adulterated with Aptenia species or with unknown low alkaloidyielding material5.

An investigation of selected taxa of Mesembryanthemaceae by Smith et al. (1998)
revealed that S. tortuosum (S. namaquense) produced the highest quantities of
mesembrine-type

alkaloids

(mesembrine,

mesembrenone

and

4’-O-

demethylmesembrenol). Alkaloids have been identified in S. tortuosum, S. emarcidum,
S. strictum, S. varians and S crassicaule, but literature could not confirm the presence of
these alkaloids in S. expansum and S. exalatum. However, the absence of mesembrine
alkaloids in S. rigidum has been reported by several investigators (Jeffs et al., 1970;
Snyckers et al., 1971; Jeffs et al., 1974; Smith et al., 1996; Gaffney, 2008: 40).

Scientific investigations have indicated that the psychoactive properties of Sceletium are
associated with four alkaloids (mesembrine, mesembrenone, mesembrenol and
mesembranol), which belong to the mesembrine-type group of alkaloids (Gericke and
van Wyk, 1999; van Wyk and Gericke, 2003: 172; Harvey et al., 2011). Sceletium
tortuosum is the most widely used species and initial reports suggested that mesembrine
is the main active alkaloid. Mesembrine is present in variable amounts (0.30 – 0.86% of
dry weight), depending on the source of the plant material (van Wyk and Gericke, 2003:
172). Clones of Sceletium, yielding high levels of mesembrine, contain at least 0.5 to 1%
of the compound. Mesembrine posesses psychoactive properties and has been under
investigation as a lead compound in the synthesis of antidepressants (Herbert and Kattah,
1990; Gericke and van Wyk, 1999; Crouch et al., 2000). More recently, mesembrenone
and mesembrenol were also found to display psychoactive effects (Harvey et al., 2011).

Kougoed, a fermentation product of Sceletium, is purported to have more enhanced
psychoactive effects than the unfermented plant material (Smith et al., 1998). These
researchers observed that the alkaloid profile of Sceletium material is altered following
traditional preparation by fermentation. After mimicking the traditional fermentation
method, the total alkaloid yield was found to have increased substantially. In addition,
GC–MS analysis indicated that the level of mesembrenone in the material increased,
while that of mesembrine decreased. However, this experiment was conducted using
different plant specimens and chemotypic variations were therefore not considered. A
similar experiment was conducted by Patnala and Kanfer (2009), who observed a steady
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decline in mesembrine from 1.33 to 0.05%, accompanied by an increase in
∆7mesembrenone from below the detection limit to 0.11%, over a period of 10 days.
These results were in stark contrast to those obtained earlier by Smith et al. (1998), who
reported that the mesembrenone content remained constant during the entire
fermentation process. They also reported that the levels of mesembranol and
epimesembranol were unchanged.

2.4

CHEMOTAXONOMY OF SCELETIUM

Previous research on Sceletium alkaloids has focussed mainly on their isolation and
structure elucidation. Little data is available concerning the distribution, comparative
analytical data and chemotaxonomic patterns of the alkaloids within this genus (Gericke
and Viljoen, 2008). Smith et al. (1998) investigated 21 species, representing 9 genera of
the Mesembryanthemaceae family, for the presence of mesembrine-type alkaloids.
Although the presence of alkaloids was evident, only the retention times of the different
alkaloids were listed, due to a lack of appropriate reference standards. The taxonomic
authenticity of the species from which alkaloids were previously isolated has remained a
challenge to modern taxonomists (Gericke and Viljoen, 2008). Species are mainly
differentiated according to their vegetative, flower, fruit and seed characters, but
morphological

similarities

render

this

approach

problematic

(Gerbaulet,

1996).

Congruencies and anomalies in the past and present information recorded for various
taxa emphasises the need for a comprehensive biosystematic evaluation of the entire
genus.

An investigation by Gaffney (2008: 40) of the alkaloid composition of three Sceletium
species (S. tortuosum, S. crassicaule, and S. rigidum) indicated that variations in the
distribution of the alkaloids in different plant parts were evident between the different
species, and even within a particular species. For instance, mesembrenol, mesembrine
and mesembrenone were detected in the leaves, stems and roots of S. crassicaule, but
mesembranol was only present in the leaves and stems. Of the two S. tortuosum
specimens investigated, the four alkaloids were only detected in the leaves of one
specimen, while mesembrine was the only compound detected in the leaves of the other
specimen. The results obtained also indicated that mesembrine-type alkaloids were only
present in S. tortuosum and S. crassicaule, although hordenine was only identified in the
latter species. No alkaloids were detected in S. rigidum, but it must be noted that plant
material for this investigation was limited.
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2.5

PHARMACOLOGICAL ACTIVITIES OF SCELETIUM TORTUOSUM

2.5.1

In vitro studies

Standardised quantities

of

mesembrine

and

related

compounds are

used

in

pharmaceutical formulations for the management of psychiatric and psychological
conditions including depression, anxiety, drug dependence, bulimia and obsessivecompulsive disorder (Gericke and van Wyk, 1999). In vitro studies have indicated that
mesembrine, mesembrenone and mesembrenol inhibit the re-uptake of 5-HT and are able
to inhibit PDE-4. Mesembrine was reported to selectively inhibit the re-uptake of serotonin
with limited inhibition of the uptake of noradrenalin and dopamine at higher concentrations
(Gericke and Viljoen, 2008; Harvey et al., 2011). Mesembrine-HCl has been observed to
be an inhibitor of PDE-4 (Napoletano et al., 2001). These findings were corroborated by
Harvey et al. (2011), who found that mesembrine is a good 5-HT re-uptake inhibitor, while
mesembrenone is a good inhibitor of both 5-HT re-uptake and PDE-4. They also reported
that mesembrenol is able to inhibit PDE-4. An ethanol extract of S. tortuosum, containing
the four alkaloids in variable quantities, was observed to be a good inhibitor of both 5-HT
re-uptake and PDE-4. Serotonin re-uptake and PDE-4 inhibitors are used for treatment of
depression and other ailments affecting the CNS (Houslay et al., 2005). Mesembrenone
has been found to exhibit cytotoxic activity against murine non-tumoral fibroblast cell lines
and human tumoral cell lines (Weniger et al., 1995).

2.5.2

In vivo studies

In vivo studies of S. tortuosum and its alkaloid component were conducted as early as
1889 by Meiring, who injected the alkaloid principle of S. tortuosum into the skin of frogs
and guinea pigs (Meiring, 1898). The effects on the frogs could be observed within a few
minutes and were characterised by a rapid respiratory rate, moistness of the skin and
uneasiness. Although the respiration rate of the frogs slowed down within 10 to 20 min,
the frogs remained conscious, yet unable to right themselves when placed on their backs.
Full recovery took place after 4 to 8 h, but some of the frogs died. The effects of the
alkaloid extract were more subtle in guinea pigs, but the individuals did become uneasy
and refused to eat after administration of the alkaloids.

Watt and Breyer-Brandwijk (1962: 11) reported that isolated mesembrine elicited a
“cocaine-like effect”, although weaker in action. They also mentioned that the compound
caused depression in frogs and rabbits, as opposed to stimulation. Feeding milled
S. tortuosum plant material (10 mg kg-1, twice a day for six days) to healthy beagle dogs,
as well as to dogs with dementia (incessant barking at night), did not cause behavioural
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changes in the healthy dogs (Hirabayashi et al., 2002). No adverse effects were observed
on the dogs suffering from dementia, although a reduction in night barking was observed
and, in some cases, it was completely alleviated. In addition, blood tests did not indicate
any abnormalities in the haematology, liver and kidney functions, as well as in the glucose
or lipid metabolism of the dogs over the entire duration of administering the plant.

A similar study was conducted on six healthy cats, aged between 2 and 10 years
(Hirabayashi et al., 2004). Each cat was fed 100 mg kg-1 of milled S. tortuosum, once a
day for 7 days. Although a slight increase in daytime sleep was observed, no harmful
effects were noted over the entire observation period. Symptoms of a range of disorders
in cats, including cage stress, travel stress, teeth-scaling and excessive nocturnal
meowing,

were

reduced

after

administering

different

doses

of

S.

tortuosum

-1

(Hirabayashi et al., 2004). Doses as high as 90 mg kg , administered for prolonged
periods (183 days), did not result in any adverse effects in the animals, although a doserelated response was observed. An investigation of the effects of varying doses of
S. tortuosum on Wistar rats, exposed to psychological stress, indicated a calming effect at
lower doses, but an increase in anxiety at higher doses (Smith, 2011).
2.5.3

Clinical data

Clinical experiments using a tincture prepared from dried S. tortuosum, indicated that the
plant possesses anodyne (i.e. analgesic) properties, without concomitant side effects
(Meiring, 1898). In 1941, a Swiss student, Zwicky, tested the effects of different doses of
kougoed. He recorded that chewing 5 g of the substance caused nausea, analgesia to the
mouth, discomfort and stuffiness of the head, as well as loss of appetite (Watt and BreyerBrandwijk, 1962: 11). An increased dose of kougoed (15 g) had similar effects, but was
accompanied by headache and local anesthesia, which was weaker than that caused by
cocaine. Traditionally prepared kougoed has been associated with anxiolytic activity,
improved social interaction, decreased self-consciousness, decreased substance abuse,
increased relaxation and a meditative state of mind (Smith et al., 1996).

Capsules and tablets of S. tortuosum are prescribed by general practitioners,
psychologists and psychiatrists for the treatment of severe depression, poor appetite,
weight loss, insomnia, anxiety, emotional stress and even for patients with continual
thoughts of suicide (Gericke, 2001).

Three cases demonstrating the effects of the use of S. tortuosum on patients were
recorded by Gericke (2001). One of the patients suffered from severe depression and
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experienced loss of appetite, weight loss, insomnia, decreased energy and drive, as well
as anxiety and emotional liability. A daily intake of 50 mg Sceletium resulted in a shortlived increase in anxiety, which lasted for three hours, but was no longer apparent after
one week. However, the patient experienced an improvement in mood and sleeping
pattern. When the use of Sceletium was discontinued after 4 months of continued use, no
withdrawal symptoms were observed. A patient diagnosed with dysthymia (personality
disorder), whose symptoms included feeling despondent, socially withdrawn, tearful,
empty and depressed, with pervasive sadness, experienced mood upliftment within 10
days on a daily administration of 50 mg of Sceletium (Gericke, 2001). Doubling of the daily
dose relieved her anxiety and the tendency to over-indulge in alcohol. A severely
depressed patient suffering from Major Depressive Disorder with symptoms of depressed
mood, over-eating, increased sleep, anxiety, psychomotor agitation and suicidal thoughts,
experienced uplifted moods, an improved sleep pattern and increased energy after
administration of 50 mg of S. tortuosum twice daily. This patient initially self medicated
using St. John’s wort, but experienced minimal positive effects. The patient was fully
recovered after 6 weeks.

Sceletium tortuosum has been evaluated to determine its value as a support drug for
psychotherapy, rehabilitation of alcoholics and for smokers, who wish to cease the habit
(Gericke and van Wyk, 1999; Gericke, 2001). Tinctures of the plant are clinically used as
an antidepressant, as well as a remedy for anxiety and stress. Trials indicated that in all
cases the patients benefitted from the drug, with no observable side effects. This plant is
not hallucinogenic and no adverse effects, including physical or psychological
dependency, have been reported, even after many years of habitual use (van Wyk and
Gericke, 2003: 172). However, ingestion of intoxicating doses of S. tortuosum could cause
euphoria with stimulation, followed by sedation. Occasional side effects of S. tortuosum
include self-limiting headaches, insomnia, loose stools, mild abdominal cramping,
sedation and stimulation8.

Clinical safety studies of a S. tortuosum product in tablet formulation (Figure 2.4) sold
under the trade name Zembrine®, in healthy adults were recently completed.

8

http://www.plantzafrica.com/medmonographs.pdf. Accessed: 15 March 2011
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Figure 2.4: Photo of Zembrine®, a standardised Sceletium tortuosum product (Photo courtesy of Dr
Nigel Gericke)

2.6

CULTIVATION AND TRADE

The bartering of kanna for cattle and other commodities by the local inhabitants of
Cannaland was recorded in 1662 (Forbes, 1986; Smith et al., 1998). Storekeepers in
Namaqualand purchased Sceletium and stocked it for resale since approximately 1945.
This trade is ongoing in areas where supplies are still available (Herre, 1971; Gericke and
Viljoen, 2008). Simon van der Stel predicted the commercial cultivation of Sceletium as
early as 1663 (Smith et al, 1996) when he wrote in his journal: “….they chew its stem as
well as its roots, mostly all day, and become intoxicated by it, so that on account of this
effect and its fragrance and hearty taste one can judge and expect some profit from its
cultivation….” Although early cultivation of Sceletium took place in England (1705), and
later in the USA and Germany the first commercial cultivation of S. tortuosum was initiated
by Grassroots Natural Products in 1996, under contract to the phytomedicines programme
of the South African pharmaceutical company known as Pharmacare Ltd. This took place
more than three centuries after Simon van der Stel’s prediction of commercial cultivation.
In recent years, commercial cultivation has rapidly increased and is carried out in the
Eastern Cape, Western Cape and Northern Cape provinces of South Africa, as well as in
Namibia9. Figure 2.5A-D illustrates typical scenes during the commercial production of
S. tortuosum.
9

www.Sceletiumcultivation.htm. Accessed: 10 March 2010.
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Figure 2.5: Commercial production of Sceletium tortuosum. A) tending young plants, B) removal of weeds amongst flowering plants, C) washing and
drying of harvested plants, D) packaged plants ready for export

Although South Africa is the main producer of Sceletium raw materials and products,
many companies (mainly internet-based), trading in Sceletium raw materials and
manufactured products, have been established in various parts of the world, including the
USA, Canada, Australia, the United Kingdom, Germany and China6. In 2009, a South
African company (HG&H Pharmaceuticals Pty Ltd.) was granted the country’s first
integrated export and bio-prospecting permit, allowing it to export a standardised extract
of S. tortuosum under the trade mark Zembrin®10.

The pharmacological important alkaloids produced by S. tortuosum were patented in the
USA by South African researchers (Gericke and van Wyk, 1999). Many S. tortuosum
products are marketed for a variety of purposes that include the reduction of anxiety, for
use as antidepressants, to improve state of mind and as health supplements11. Products
are available in different dosage formulations including teas, tinctures, capsules, tablets,
sprays, extracts and powdered material. Figure 2.6 illustrates a few of these S. tortuosum
product formulations available locally and via the internet.

Figure 2.6: Different product formulations of Sceletium tortuosum available on the market

10

www.zembrin.com. Accessed: 20 September 2012.
www.Sceletium.org. Accessed: 10 March 2010.
12
www.tradealert@service.alibaba.com. Accessed on 01 October 2010.
11
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In recent years, the number of websites advertising Sceletium raw materials and products
with various formulations is increasing rapidly (Patnala and Kanfer, 2009). This plant has
also commanded substantial media attention both locally and abroad as highlighted by
several newspaper articles depicted in Figure 2.7A-H.

Figure 2.7: Newspaper articles promoting Sceletium tortuosum products
A) Rapport Afrikaans Newspaper (South Africa; 09 October 2009)

Figure 2.7: Continued
B) Mail and Guardian Newspaper (South Africa; 02 October 2010)
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Figure 2.7: Continued
C) USA Today Newspaper (USA; 10 January 2010)

Figure 2.7: Continued
D) Mail Online Newspaper (USA; 25 July 2012)
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Figure 2.7: Continued
E) Irish Times Newspaper (Ireland; 12 June 2011)

Figure 2.7: Continued
F) Khoa Học (Taiwan Newspaper; 05 September 2010)
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Figure 2.7: Continued
G) Czech News Agency (Czech Republic; 03 October 2010)

Sceletium tortuosum products are becoming increasingly popular as a result of media
attention. These products have captured the imagination of the Western World, because
of the plant’s link to Ancient Africa. However, Sceletium can only reach its full commercial
potential, if standardisation of the cultivated materials and processed products is
achieved.
2.7

CONCLUSIONS

The ability of the eight recognised Sceletium species to produce mesembrine-type
alkaloids are not well known and it is unclear whether the production can be linked
to the locality of growth;

Sceletium tortuosum is the most commonly used in commercial products, but the
intraspecies variation in terms of chemotypes have not been clarified;

Traditionally, Sceletium is mainly used by chewing, as a tea, by inhaling as snuff or
by smoking. However, it is not clear whether the mesembrine-type alkaloids are
effectively retained or transported via these routes;
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Currently different product formulations of S. tortuosum including tablets, capsules,
teas, tinctures, sprays and drops, are available on the market. However, it is
unknown whether the mesembrine-type alkaloid content of these products are
consistent;

The psychoactive properties of Sceletium are associated with mesembrine-type
alkaloids. However, validated methods of analysis are not in place for quality
control;
For the species to attain it’s full commercial potential several challenges, such as
the unavailability of reference standards, lack of standard analytical methods for
quality assurance as well as the chemotypic data of S. tortuosum and
biopharmaceutics of the psychoactive alkaloids, must be addressed.
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CHAPTER 3
ISOLATION OF ALKALOIDS FROM SCELETIUM TORTUOSUM
3.1

PLANT ALKALOIDS

3.1.1

Occurrence and uses of alkaloids

Alkaloids are basic nitrogen-containing compounds in which the nitrogen atom is a
member of the ring system (Pelletier, 2006: 1; Evans and Evans, 2009: 353). These
compounds are mainly synthesised from L-amino acid precursors such as tryptophan,
tyrosine, phenylalanine, lysine and arginine. In some cases, these precursors are
combined with other moieties, including terpenoids. Although alkaloids are commonly
associated with the toxic properties of plants, phytochemical studies have identified some
valuable pharmacological properties of alkaloids (van Wyk et al., 1997: 20). In addition to
plants, alkaloid-bearing species have been identified in nearly all classes of organisms
and include frogs, ants, butterflies, bacteria, sponges, fungi, spiders, beetles and
mammals. Frogs contain glands on their skins which secrete toxic alkaloids for defence
against predators. However, alkaloids in species other than plants, are not synthesised by
these organisms, but are merely taken up from plants (Evans and Evans, 2009: 353).

In plants, alkaloids are mainly involved in plant defence against herbivores and
pathogens, whereas in insects, they are mainly used as attractants, pheromones and also
as defence substances plants (Evans and Evans, 2009: 353). After isolation of nicotine by
the French apothecary Derosne in 1803, a series of other alkaloids including strychnine,
emetine, brucine, piperine, caffeine, quinine, colchicine and coniine, were isolated
between 1803 and 1826. In medicine, several alkaloids have been used as heart tonics
and drugs prescribed for the treatment of Parkinson,s disease. Morphine, obtained from
Papaver somniferum, is used as a powerful analgesic for the treatment of intense pain,
quinine, from Cinchona pubescens, is used as an antimalarial agent while atropine, from
Datura stramonium, is the active ingredient in many eye drops (van Wyk et al., 1997: 20).

3.1.2

Classes of alkaloids

Alkaloids can be classified into two main groups, namely non-heterocyclic or heterocyclic
alkaloids (Evans and Evans, 2009: 354). Non-heterocyclic alkaloids are also referred to as
protoalkaloids or biological amines and are alkaloid-like amines in which the nitrogen atom
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is not part of the ring system. Some of the examples include hordenine and Nmethyltyramine. These are not restricted to a specific class of alkaloids, but are classified
according to the amino acid from which they are derived. Heterocyclic or typical alkaloids
are classified into different groups, depending on their ring structure (Evans and Evans,
2009: 357). These include tropane alkaloids, purine alkaloids, terpenoid indole alkaloids,
benzylisoquinoline alkaloids, pyrrolizidine alkaloids and quinolizine alkaloids. Examples of
skeletal structures representing the different classes of alkaloids are depicted in
Figure 3.1.

Figure 3.1: Some skeletal structures of alkaloids obtained from medicinal plants (Adopted from
Evans and Evans, 2009: 355)

3.1.3

Alkaloids from Sceletium species

The genus Sceletium produces alkaloids belonging to the crinane class of alkaloids, which
have been classified into four main structural groups namely, 3a-aryl-cis-octahydroindole,
C-seco mesembrane alkaloids, alkaloids containing a 2,3-disubstituted pyridine moiety
and two nitrogen atoms, as well as ring C-seco sceletium alkaloid A4, which is based on
the alkaloid skeleton (Jeffs et al., 1982). The different classes of alkaloids produced by
Sceletium species and corresponding examples are listed in Table 3.1.

This genus was first observed to produce alkaloids in 1898, by Meiring, who isolated an
unidentified alkaloid from S. tortuosum (Smith et al., 1996). Prior to 1970, all of the
alkaloids isolated and identified from the genus Sceletium were mesembrane alkaloids
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Table 3.1: Classes of Sceletium alkaloids, examples and sources
Alkaloid class

Examples

References

3a-aryl-cisoctahydroindole
(mesembrine-type)

mesembrine

1,2,3,5

mesembrenone

Jeffs et al. (1970);

1,2,3,5

Snyckers et al.

1,2,3,5

(1971);

1,2

Jeffs et al. (1974);

mesembrenol
mesembranol
sceletenone

2

Smith et al. (1996)
2,3

4’-O-demethylmesembrenol
2,3

O-acetylmesembrenol

4’-O-demethylmesembrenone
4’-O-demethylmesembranol
Δ7-mesembrenone

2

2,3

1

N-demethylmesembrenol
N-demethylmesembranol
N-demethyl-N-formylmesembrenone
C-seco-mesembranes

joubertiamine

1,4

Jeffs et al. (1969);
Arndt and Kruger

joubertinamine
dehydrojoubertiamine

1

(1970);

1

Jeffs et al. (1970);

dihydrojoubertiamine

O-methyldehydrojoubertiamine
O-methyljoubertiamine

4

Capps et al. (1977);

4

Jeffs et al. (1982);

O-methyldihydrojoubertiamine

4

Herbert and Kattah
1

3’-methoxy-4’-O’-methyljoubertiaminol ,

(1990)

4-(3,4-dimethoxyphenyl)4-[2 (acetylmethylamino)ethyl]cyclohexanone

1

4-(3-methoxy-4-hydroxyphenyl)4-[2-acetylmethylamino)ethyl]cyclohexadienone
1

Ring C-seco sceletium
alkaloid A4 mesembranes

sceletium A4

Mesembrane alkaloids
with 2,3-disubstituted
pyridine moiety and two
nitrogen atoms

tortuosamine

1

Jeffs et al. (1971)

1

Jeffs et al. (1970);
1

Snyckers et al.

1

(1971);

N-formyltortuosamine
N-acetyltortuosamine

Jeffs et al. (1974)
Non-mesembrane type

hordenine

5

Arndt and Kruger
(1970);
Jeffs et al. (1970)

1

2

3

4

S. tortuosum , S. emarcidum , S. strictum , S. varians , S. crassicaule
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5

based upon the 3-aryl-cis-octahydroindole skeleton (mesembrine-type alkaloids). These
include mesembrine, mesembrenone and mesembranol, which were isolated from
S. namaquense

(currently

classified

under

S. tortuosum),

S.

tortuosum,

and

S. anatomicum (currently classified as part of S. emarcidum). In 1970, four new alkaloids,
mesembrenol,

4’-O-demethylmesembrenol,

O-acetylmesembrenol

and

4’-O-

demethylmesembranol, were isolated from S. strictum (Jeffs et al., 1970). In the same
year,

three

new

alkaloids

(joubertiamine,

dehydrojoubertiamine

and

dihydrojoubertiamine), characterised by a different skeletal structure (the secomesembrane alkaloids), were isolated from S. joubertii (now classified as part of
S. tortuosum) by Arndt and Kruger (1970). The same researchers also isolated a known
non-mesembrane alkaloid, referred to as hordenine, from this species. Jeffs et al. (1970)
also isolated the alkaloid, sceletium A4, from S. namaquense. The structure of hordenine
neither belonged to the mesembrine-type nor to the seco-mesembrane-type alkaloids, but
represented a new structural type of Sceletium alkaloids, consisting of a 2,3-disubstituted
pyridine moiety. The same compound, together with tortuosamine, was also isolated from
S. tortuosum by Snyckers et al. (1971). Gaffney (2008: 40) identified four mesembrinetype alkaloids, namely mesembrine, mesembrenol, mesembranol and mesembrenone in
both S. tortuosum and S. crassicaule, although hordenine was only observed in
S. crassicaule. The chemical structures of alkaloids identified in Sceletium species are
illustrated in Figure 3.2.
The synthesis of mesembrine involves the reaction of N-vinylic α-(methylthio) acetamide
and N-chlorosuccinimide to form the 3a-arylhexahydroindole-2-one intermediate, which is
further converted to mesembrine (Jin, 2009).

Although the genus Sceletium produces large amounts of alkaloids, in vitro, in vivo and
clinical studies have indicated that the therapeutic properties of Sceletium are associated
with

four

mesembrine-type

alkaloids,

namely

mesembrenol,

mesembranol,

mesembrenone and mesembrine (Smith et al., 1996). These alkaloids are used in
pharmaceutical formulations for the management of psychiatric and psychological
conditions (Gericke and van Wyk, 1999). However, pure mesembrine-type alkaloids are
not commercially available. It was therefore necessary to develop convenient methods for
the efficient isolation of the alkaloids required for use as reference standards, to facilitate
further pharmacological studies and to develop quality control protocols for plant materials
and products. The aim of this section of the study was to isolate the psychoactive
alkaloids from S. tortuosum using both CC and HSCCC. The yields and purities of the
products obtained from the two methods were then compared.
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Figure 3.2: Chemical structures of alkaloids produced by Sceletium species
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3.2

METHODS OF PURIFICATION OF ALKALOIDS FROM PLANT MATERIAL

3.2.1

Liquid-solid chromatography

Purification methods, including column chromatography (CC), preparative HPLC and
preparative high performance thin layer chromatography, have played a crucial role in the
isolation

of

alkaloids

from

Sceletium

plant

material

(Jeffs

et

al.,

1970;

Snyckers et al., 1971; Jeffs et al., 1982; Gericke and Viljoen, 2008). These methods
involve a solid stationary phase and a liquid mobile phase. The basic nature of alkaloids is
responsible for a number of problems experienced during analysis and purification. Some
of the problems include extensive tailing and irreversible adsorption of the compounds to
column packing materials (Niu et al., 2012). These problems have been reported for
separations using both silica gel and reversed phase (C18) stationary phases. A further
complicating factor is the relatively low (0.05 – 2.3% of dry weight) total alkaloid yield from
S. tortuosum (Gericke and van Wyk, 1999). Large quantities of plant material are
therefore required for the isolation of sufficient amounts of these alkaloids to be used for
clinical trials or as standards for analytical procedures.
3.2.2

Countercurrent chromatography

Countercurrent chromatography (CCC), is a liquid-liquid chromatographic method, which
makes use of a support-free liquid stationary phase that is held in place by a simple or
complex centrifugal force field (Ito, 2005). This technique was developed in the 1970’s, for
isolation and purification of bioactive molecules from plant materials. The original CCC
system was later modified to high speed CCC (HSCCC) and high performance CCC
(HPCCC), which have better resolution, faster separation time and higher loading capacity
(Ito, 1987; Berthod et al., 2009). These techniques offer several advantages over
conventional isolation methods (Conway, 1990: 28; Ito, 2005; Marston and Hostettmann,
2006). These include the ability to accommodate a variety of aqueous and non-aqueous
organic solvent systems, the interchangeable use of liquid mobile and liquid stationery
phases, good resolution achieved and the cost-effectiveness of the technique, since
columns are long-lasting and require only limited volumes of solvent. In addition, CCC is
ideally suited for the clean-up of complex samples prior to HPLC analysis. The technique
eliminates adsorption or catalytic changes encountered with solid supports, as well as
contamination originating from the leaching of adsorbents. Separations are reproducible
and are generally accomplished within 30 min to several hours, allowing for pH
adjustability and ensuring total recovery of metabolites during bioassay-guided isolation
(Conway, 1990: 28; Gu et al., 2004; Berthod et al., 2009).
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Unlike conventional chromatography techniques, CCC relies on a biphasic solvent
system, consisting of a pair of mutually immiscible solvents, one used as the stationary
phase and the other as the mobile phase (Conway, 1990: 29; Ito, 2005; Berthod et al.,
2009). A typical CCC comprises of planetary gears that act as supports for the column
tubing (coils), a pump, which introduces both the mobile phase and the stationary phase
into the columns, and a detector for monitoring of the eluent (Ito, 2005). Rotation of the
gears in a planetary motion around an axis, create centrifugal fields that separate two
immiscible solvent phases along the length of the column. During separation, the column
area is divided into two zone positions, namely the mixing zone, which is near the centre
of the centrifuge and the settling zone, which is the remaining area (Conway, 1990: 29;
Gu et al., 2004). Each mixing zone travels through the spiral column and separation of the
sample mixture is achieved by a repetitive partitioning process involving mixing and
settling of the two phases at high frequencies (800 – 1600 rpm).

The centrifugal forces in CCC keep the liquid stationary phase in place by the use of
hydrostatic or hydrodynamic column configurations (Berthod et al., 2009). Hydrostatic
CCC columns are currently marketed as centrifugal partition chromatographs and are
characterised by a single axis of rotation, which generates a constant centrifugal field and
relies

on

a

pattern

of

connecting

tubes

that

enclose

geometric

volumes

(Delannay et al., 2006). These are also referred to as gravity columns. Hydrodynamic
CCC configuration consists of two rotational axes, the main axis and a planetary axis,
which generate a variable centrifugal force field (Berthod et al., 2009). Single, double and
triple planetary axes are the most commonly used. A bobbin or spool, consisting of
continuously wound teflon tubing coils, is mounted to each planetary axis. These columns
are often referred to as high speed (HS) CCC columns, since they can operate much
more rapidly than the gravity-based columns.

Selection of an ideal two-phase solvent system for separation of target compounds is the
most important step in HSCCC and has been estimated to constitute as much as 90% of
the entire effort needed for CCC separation (Berthod et al., 2009). The same solvents can
be used for CCC, HSCCC and HPCCC. Some of the important requirements for an ideal
solvent system include that the analytes must be soluble and stable in the system, the
solvent system must form two phases with an acceptable volume ratio (~1:1) and the
system

must

provide

an

appropriate

partition

coefficient

to

the

analytes

(Berthod et al., 2009). In addition, the solvent system should result in satisfactory retention
of the stationary phase in the column (Ito, 2005). The partition coefficient (K) is the ratio of
distribution of the solute between the mutually equilibrated two solvent phases. It is
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expressed by the amount of solute in the stationary phase, divided by that of the mobile
phase. Ideal K values for HSCCC range between 0.5 and 1.0. When the instrument is
running in the normal phase mode, the aqueous phase of the solvent system is stationary
phase, while when the instrument is running in the reversed phase mode; the organic
phase becomes the stationary phase (Berthod et al., 2009).

Both forms of CCC (HSCCC and HPCCC) are now widely accepted as efficient
preparative techniques, for separation and purification of various natural and synthetic
products (Berthod et al., 2009). These techniques have been applied for the separation of
numerous plant components including alkaloids, flavonoids, lignans, tannins, terpenes
and saponins. The CCC systems ensure better recovery compared to that of other
techniques, due to the absence of irreversible adsorption of the compounds in the
mixtures to be separated, a phenomenon which is common in techniques that rely on solid
stationary phases (Liu et al., 2004). After CCC separation, the entire solute can be
recovered by evaporation of both the stationary and mobile phases. High purity (> 95%)
products have also been obtained when this technique is used for separation
(Tang et al., 2007; Niu et al., 2012).
3.3

MATERIALS AND METHODS

3.3.1

Sampling and sample preparation

A bulk sample of S. tortuosum plant material (aerial plant parts), growing in the wild, was
harvested from Oudsthoorn in October 2009, and placed in paper bags. The specimen for
authentication was harvested from the same locality and prepared in accordance with the
guidelines provided by the South African National Biodiversity Institute (SANBI), Pretoria
(Fish, 1999: 4). A voucher specimen (SCT016) of the bulk sample was deposited in the
Department of Pharmaceutical Sciences, Tshwane University of Technology. The plant
material was dried in an oven (Labotec Ltd; Johannesburg) at 30 ºC for two weeks prior to
extraction. After drying, the material was milled to a fine powder using a 600 W Bosch
blender (1 L capacity) and sieved using a 500 µm mesh (Endcotts Filters Ltd; UK).
3.3.2

Screening of Sceletium tortuosum bulk material for alkaloids

All solvents used for extraction, screening and isolation, including methanol (MeOH),
dichloromethane (DCM), glacial acetic acid (AA), ammonia (NH3; 25% w/w solution) and
sulfuric acid (H2SO4; 98.08% w/w), were analytical reagent grade (AR). These were
procured from Merck (Johannesburg). Basic bisumith nitrate and potassium iodide were
also AR grade and were purchased from Sigma Aldrich (Johannesburg). High
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performance thin layer chromatography (HPTLC) was used to screen the S. tortuosum
bulk material for the presence of alkaloids prior to extraction. For screening, the alkaloids
were extracted from a small portion (2.0 g) of the powdered bulk sample using the
conventional acid-base extraction method for alkaloid extraction (Alali et al., 2008), with
slight modifications. The modifications involved scaling down the volumes of the solvents
used for extraction. A volume of 24.0 mL of 0.5 M H2SO4 was added to the powdered
plant material (2.0 g) in a 25 mL centrifuge tube and the mixture was vortexed (Vortex
Gene vortex; Scientific Industries, Florida) at 200 rpm for 15 s. The tube was then
centrifuged using a Jouan BR4i centrifuge (DJB Lab Care®; Buckinghamshire, UK) at
5000 rpm for 15 min, before filtering the supernatant into a fresh 25 mL tube. The resulting
filtrate was neutralised using 6.0 mL of 20% aqueous ammonia. A volume of 14.0 mL of
DCM was then added to the basic content of the tube, which was swirled manually for
15 s. The mixture was left to settle and the organic (DCM) phase was filtered into a clean
25 mL glass vial. Extraction with DCM was repeated and the two resulting filtrates were
combined and dried in a Vismara vacuum oven (Vismara Srl Scientific™; Milan, Italy) at
40 oC under partial vacuum (0.2 bar). A flow chart summarising the steps followed during
the acid-base extraction of alkaloids from S. tortuosum is presented in Figure 3.3.

Figure 3.3: Schematic representation of steps followed for acid-base extraction of aerial parts of
Sceletium tortuosum

The dried extract was resuspended in methanol (10 mg mL-1) and screened for alkaloids
using HPTLC. Screening was performed using a semi-automated Camag HPTLC system
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consisting of a TLC 4 Sampler, with an automated ADC2 development chamber, a
Chromatogram Immersion Device III, a Digistore Reprostar 3 and a TLC Scanner 3
(Camag; Switzerland). The HPTLC system was controlled using Wincat® (version
1.4.4.6337; Switzerland) planar chromatography software. The TLC auto-sampler, fitted
with a 25 µL syringe and connected to nitrogen gas, was used for sample application.

Aliquots of the extract representing 2.0 µL per band (15 mm wide and 10 mm apart) were
spray-applied onto a strip (11 x 10 cm) cut from an AlugramTM Sil G/UV254 aluminiumbacked TLC plate (2 mm layer; Macherey-Nagel; Germany; 20 × 20 cm). The plate was
developed in the automated development chamber using a twin trough chamber, by the
ascending technique, to a migration distance of 85 mm. A solvent combination of
CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) was selected as the most appropriate
developing solvent. The chamber was saturated with the mobile phase for 20 min at 25 ºC
and conditioned to 47% relative humidity using KSCN. Ultraviolet/visble (UV/Vis)
wavelengths of 254 and 366 nm were used to visualise developed plates, whereafter the
compounds were derivatised with iodoplatinate reagent in the chromatogram immersion
device. After immersing the plate in iodoplatinate, bands corresponding to cyclic alkaloids,
became visible as orange-brown bands under white light. The iodoplatinate visualisation
reagent was prepared by dissolving 0.15 g potassium chloroplatinate and 3 g potassium
iodide in 100 mL dilute hydrochloric acid (Wagner and Bladt, 2001: 196).

3.3.3

Bulk extraction of alkaloids from aerial parts of Sceletium tortuosum

Alkaloids were extracted from the powdered bulk sample, using the modified acid-base
procedure described in Section 3.3.2. The modification involved the scaling up of the
solvent volumes used for extraction. Six liters of 0.5 M H2SO4 were added to 500.0 g of
the powdered bulk plant material in a 10 L reagent bottle and the resulting mixture was
shaken for 15 min at 200 rpm (25 ºC) in a Labcon platform shaking incubator
(Heppenheim). After allowing the solids to settle for 10 min, the supernatant was filtered
using Whatman no. 4 filter paper (Macherey-Nagel; Germany).

A volume of 1500 mL of the acidic extract was neutralised with 750 mL of a 20% aqueous
ammonia solution. Dichloromethane (875 mL x 2) was then used to extract alkaloids from
the basic mixture. The combined extracts were filtered and concentrated in vacuo using a
rotary evaporator (Bϋchi Rotavapor R-200, Switzerland). These steps were repeated for
the remainder of the filtrate. Finally, the concentrated DCM extracts were combined,
further concentrated and the volume adjusted to exactly 20 mL with chloroform. The mass
of the extract was then determined by weighing a dried aliquot (1.00 mL) and
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extrapolating the mass to that of the entire extract as described by Eloff (2004). Alkaloid
yield was expressed as a percentage of dry weight (dw) of plant material.
3.3.4

Isolation of alkaloids in Sceletium tortuosum extract

3.3.4.1 Column chromatography and preparative thin layer chromatography
Analysis of the crude alkaloid extract by HPTLC revealed that the mixture consisted of
four main compounds (Compounds 1 to 4), which appeared as orange-brown bands.
Compounds 1 to 4, with retardation factors (RF) of 0.76, 0.87, 0.38 and 0.27,
respectively, were targeted for isolation. The extract (9.68 g), dissolved in CHCl 3, was
fractionated using silica gel column chromatography (CC). An initial mobile phase for CC
was

selected

in

accordance

with

the

method

proposed

by

Salituro

and

Dufresne (1998: 123). Aliquots of the extract, each 2 µL, were applied to several strips of
TLC plates (3 × 10 cm). Each strip was then developed in a variety of solvent systems.
The solvent system that enabled the furthest eluting target compound to migrate to an RF
value of 0.2 – 0.3, yet retained the remaining target compounds on the baseline, was
selected as the initial eluting solvent for the column.

A silica gel slurry (200 g; Kieselgel 60, Macherey-Nagel, Germany) was prepared in CHCl3
and subsequently packed into a 7.0 cm i.d. and 75 cm long glass column (Column 1). An
anhydrous Na2SO4 (Merck; AR grade) layer (6 mm) was applied above the column
packing to minimise the moisture content of the sample. The extract-CHCl3 solution was
applied carefully above the Na2SO4 layer and gradient elution, comprising of various ratios
of CHCl3 and MeOH, was employed as listed in Table 3.2. The initial mobile phase for the
gradient was 100% CHCl3. Fractions of approximately 150 mL each were collected during
elution. A volume of 2 µL from selected fractions was analysed by TLC, using
CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) as developing solvent and iodoplatinate as
the visualisation enhancement reagent. Fractions displaying a similar composition were
combined, concentrated in vacuo and further dried in a vacuum oven at 40 ºC and 0.2 bar.
Four main fraction combinations (1A, 1B, 1C and 1D) with masses 0.64 g, 3.25 g, 2.65 g
and 0.82 g, respectively, were made following HPTLC analysis of fractions obtained from
Column 1. Fractions 1B and 1C contained the compounds of interest (Compounds 1 and
2, and Compounds 3 and 4, respectively), hence were targeted for purification.
Conventional TLC was used throughout the investigation for analysing the fractions
collected from the column, while HPTLC was used for the analysis of combined fractions,
using the same mobile phase in both incidences.
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Table 3.2: Eluents used for gradient elution of Column 1, the resulting fraction combinations and
their masses
Fraction
combinations

Column
fractions

Target
compound

Mass of
fraction (g)

1A

1–10

-

1B

11–15

1C
1D

Solvent system
%CHCl3

%MeOH

0.64

100.0

0.0

1 and 2

3.25

99.5

0.5

16–21

3 and 4

2.65

99.0

1.0

21–35

Small amounts of
3 and 4

0.82

97.0

3.0

A portion of Fraction 1B (1.75 g) was selected for purification of Compounds 1 and 2
using Column 2 (4.5 cm i.d. x 60 cm). This column was packed in the same way as
described for Column 1, using a slurry containing 100 g of silica gel in CHCl3. Fraction 1B,
dissolved in CHCl3, was subsequently applied to Column 2. Gradient elution was
employed by increasing the MeOH concentration stepwise, as depicted in Table 3.3.
Fractions, each containing 50 mL of the eluent, were collected and analysed by TLC
before pooling those having a similar composition. The fractions containing only
Compounds 1 and 2 were combined as Fractions 2B and 2D, respectively. Fractions
containing both Compounds 1 and 2 were combined to form Fraction 2C. These were
concentrated using rotary evaporation and dried in a vacuum oven.
Table 3.3: Eluents used for gradient elution of Column 2, the resulting fraction combinations and
their masses
Fraction
combinations

Column
fractions

Target
compound

Mass of
fraction (g)

2A

1–15

-

2B

16–19

2C

Solvent system
%CHCl3

%MeOH

-

100.0

0.0

1

0.04

99.8

0.2

20–25

1 and 2

-

99.8

0.2

2D

26–32

2

0.13

99.5

0.5

2E

33–40

-

-

98.0

2.0

The masses of Fractions 2A, 2C and 2E were not determined

Fraction 1C obtained from Column 1 was targeted for isolation of Compounds 3 and 4. A
portion (1.65 g) of Fraction 1C was applied to Column 3 (4.5 cm i.d. x 60 cm), which was
packed in the same way as Column 1, by utilising 110 g silica gel in CHCl3. Gradient
elution was employed using varying ratios of CHCl3 and MeOH as listed in Table 3.4.
Fractions (25 mL) were collected and analysed by TLC as described for the fractions from
Column 1. Fractions with similar composition were then pooled, concentrated and dried as
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before. Those fractions containing only Compound 3 were combined as Fraction 3B,
while those containing a mixture of Compounds 3 and 4 were pooled as Fraction 3C.

Column 4 (2.5 cm i.d. x 25 cm) was prepared in the same way as described for Column 3
and used for purification of Fraction 3C (1.08 g), containing Compounds 3 and 4. Initially,
compounds were separated using CHCl3: MeOH (99:1.0 v:v), whereafter the eluent was
changed to CHCl3:MeOH (98.5%:1.5% v:v). The collected fractions were analysed by TLC
and, since the two compounds again co-eluted, the resulting fractions were recombined,
concentrated and dried. The final mass of Fraction 3C was 0.85 g.
Table 3.4: Eluents used for gradient elution of Column 3, the resulting fraction combinations and
their masses
Fraction
combinations

Column
fractions

Target
compound

Mass of
fraction (g)

3A

1–5

-

3B

6–11

3C
3D

Solvent system
%CHCl3

%MeOH

-

99.5

0.5

3

0.10

99.0

1.0

12–33

3, 4

1.08

98.0

2.0

33–40

-

-

95.0

5.0

The masses of Fractions 3A and 3D were not determined

The recombined Fraction 3C from Column 4 was further purified using analytical
preparative HPTLC (Prep-HPTLC) plates (Macherey Nagel; 0.25 mm adsorbent
thickness, without fluorescent indicator), to yield Compounds 3 and 4.

Aliquots of

Fraction 3C, dissolved in CHCl3, were spray-applied on the HPTLC plates (10 × 20 cm
sheets) in continuous lines along the origin by the Camag HPTLC system. The plates
were then developed using CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) as developing
solvent. Dry, developed plates were visualised under UV light at 254 nm and a pencil was
used to mark the bands corresponding to Compounds 3 and 4 (RF 0.27 and 0.38,
respectively). The bands were thereafter scraped off using a metal spatula and the
scrapings were transferred to two separate vials. Acetone (10 mL) was added to each vial
and the resulting mixtures were sonicated for 10 min at 25 ºC using a Sonorex digital
ultrasonic bath (Bandelin Electronics; Germany). The acetone extracts were then
separately filtered using hydrophilic 0.45 µm Millipore filters (MilliQ®; South Africa). This
process was repeated twice more and the resulting filtrates, corresponding to each
compound, were separately combined and dried in a vacuum oven, following HPTLC
analysis. Compound 3, obtained from preparative purification, was subsequently
combined with Fraction 3B obtained from Column 3.
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3.3.4.2 High-speed countercurrent chromatography
High-speed CCC was used to separate Compounds 1 and 2, from the remaining Fraction
1B and Compounds 3 and 4 from the remaining Fraction 1C, obtained from Column 1. A
suitable two phase solvent combination, consisting of n-heptane, MeOH, EtOAc and 1%
NH4OH(aq) (1:3:1:3, v:v:v:v), was selected for HSCCC separation of Compounds 1 and 2
from Fraction 1B (1.5 g). A suitable two phase solvent mixture was selected according to
the method described by Marston and Hostettmann (2006). The De Spectrum instrument
(Dynamic Extractions Ltd, Berkshire, UK) employed for HSCCC (Figure 3.4) was fitted
with a Gilson 305 pump, Gilson 151 UV/Vis detector (Lasec SA (Pty) Ltd) and a 4.0 mL
sample loop. After preparation of the solvent mixture, it was allowed to equilibrate to form
two immiscible layers. A portion of Fraction 1B (1.0 g) was dissolved in a mixture of the
upper (2.0 mL) and the lower phases (2.0 mL) and filtered (0.45 µm Millipore filter), prior
to injection into the chromatograph. The coils were first filled with the stationary phase
(lower phase) and then rotated at 1500 rpm. While rotating, the mobile phase (upper
phase) was pumped into the coils at 3.0 mL min-1 (130 psi) until only the mobile phase
exited the coils. The sample, partitioned between the two phases of the solvent mixture,
was then manually introduced via the sample loop. The instrument was run in the normal
phase mode for about 100 min at 30 ºC, before reversing the flow direction and beginning
elution with the lower phase. The detector was set at 280 nm, corresponding to the
analytical wavelength of the compounds.

Figure 3.4: Photograph of the HSCCC instrument used for isolation of alkaloids from Sceletium
tortuosum. A) pressure gauge, B) binary pumps, C) chiller, D) sample injection loop, E) HSCCC coils,
F) UV/Vis detector, G) fraction collector
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Fractions were collected for 5 min per tube, except at peak separation, when smaller
aliquots were collected to prevent the separated compounds from mixing. Separation was
achieved within 3 h and a combined volume of 284 mL of both upper and lower phases
was used. Fractions obtained were analysed by TLC and fractions with similar
composition were combined and concentrated by rotary evaporation. Countercurrent
chromatographic separation of the remainder of Fraction 1C (1.0 g), to yield Compounds
3 and 4, was conducted using the same solvent combination and conditions, but in the
normal phase mode. Figure 3.5 is a flow chart summarising the stepwise isolation of
Compounds 1 to 4, using a combination of CC, Prep-HPTLC and HSCCC.

Figure 3.5: Schematic representation of stepwise isolation of Compounds 1 to 4 from the crude
alkaloid extract of Sceletium tortuosum

3.3.5

Purity determination and characterisation of isolated compounds

The purities of the isolated compounds (Compounds 1 to 4) were primarily determined by
HPTLC and GC–MS, while their structures were elucidated using NMR. Further
confirmation of identities was obtained by comparing data from UV/Vis spectroscopy,
FTIR and GC–MS to literature data.

3.3.5.1 Purity determination using HPTLC
The purity of each of the four isolated compounds (Compound 1 – 4) was initially
determined by two dimensional (2D) TLC using the Camag HPTLC system. Each
compound was separately dissolved in MeOH (1 mg mL-1) and sonicated for 5 min at
25 ºC. An aliquot (2 µL) of each compound was applied near the corner (1 x 1 cm from
each end) of a square TLC plate (10 x 10 cm) and developed using CHCl3:MeOH:10%
NH4OH(aq) (90:10:0.1 v:v:v) as the initial development solvent. After drying each of the
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developed plates, it was rotated by 90° and developed using CHCl3:MeOH:AA (90:10:1
v:v:v) as the mobile phase. The developed plates were viewed under both UV light (254
and 366 nm) and subsequently immersed in iodoplatinate reagent. Another set of plates
was spotted and developed using the same mobile phases, but these were sprayed using
p-anisaldehyde reagent, which is a universal reagent, to ascertain whether non-alkaloid
impurities were present. p-Anisaldehyde reagent was prepared by adding 85.0 mL MeOH
and 10.0 mL glacial acetic acid to 0.5 g p-anisaldehyde, prior to the addition of 5.0 mL of
concentrated H2SO4 (Wagner and Bladt, 2001: 363).
3.3.5.2 Purity determination using GC–MS
The purity of a solution of each of the isolated compounds was confirmed using GC–MS.
The GC–MS used was comprised of an Agilent 6890N gas chromatograph, coupled to an
Agilent 5973 mass spectrometer. Sample separation was achieved using a HP-5MS 5%
phenyl methyl siloxane column (30 m x 250 µm i.d. x 0.25 µm film thickness; Agilent
Technologies: Illinois, USA). Splitless injection (2 µL) was done using an auto-injector and
an auto-sampler at 24.0 psi and an inlet temperature of 250 ºC. The oven temperature
program was set at an initial temperature of 90 ºC and raised to 259 ºC, at a rate of 80 ºC
min-1, held constant for 1 min, and raised to 262 ºC, at a rate of 20 ºC min-1, and then held
constant for 6 min. Carrier gas (helium) flow rate was maintained at 1.4 mL min -1 and
spectra were obtained following electron impact ionization at 70 eV (35 to 550 m/z). The
transfer line temperature was set at 280 ºC. In addition to purity determination, the GC–
MS was also used to obtain the molecular masses and mass spectra of the compounds.
3.3.6

Structure elucidation of the isolated compounds

3.3.6.1 Structure elucidation using nuclear magnetic resonance spectrometry
Structures of the isolated compounds were elucidated using both one and two
dimensional 1H and

13

C NMR spectrometry. Approximately 20 mg of each compound was

dissolved in 2 mL of deuterated chloroform (CDCl3) and transferred to an NMR tube prior
to analysis. A 600 MHz Brucker Avance NMR spectrometer (Brucker: Coventry, UK) was
used to obtain resonance spectra. All spectra were recorded at 25 °C and the chemical
shifts were recorded in parts per million (ppm). Both tetramethylsilane (TMS) and CDCl3
were used as reference signals for the determination of chemical shifts. One dimensional
(1D) NMR analysis included 1H and

13

C NMR, as well as distortionless enhancement

through polarisation transfer (DEPT) and attached proton test (APT) experiments. Two
dimensional (2D) NMR involved correlated spectroscopy (COSY), heteronuclear multiple
quantum coherence (HMQC) and heteronuclear multiple bond connectivity (HMBC)
analyses.
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3.3.6.2 Analysis of isolated compounds using UV/Vis spectroscopy
The optimal absorption wavelengths associated with the characteristic chromophores of
Compounds 1 to 4 were verified through UV/Vis spectrophotometry. A solution (2 mL) of
each compound in MeOH (0.05 mg mL-1) was transferred to a quartz cuvette and
analysed using a UV/Vis double beam spectrophotometer from Biochrome Ltd
(Cambridge). The samples were scanned from 200 to 700 nm using MeOH as reference
solvent.

3.3.6.3 Analysis of isolated compounds using Fourier transform infrared spectroscopy
The mid-IR spectra of the isolated compounds were recorded using a portable alpha-P
Bruker spectrometer, mounted with an ATR diamond crystal (Bruker OPTIK GmbH,
Ettlingen), and OPUS 6.5 software. An aliquot (2 µL) of a solution of each compound in
MeOH (1 mg mL-1) was applied to the surface of the diamond composite ATR crystal. The
solvent was allowed to dry prior to scanning. A total of 32 scans in the range between 550
and 4000 cm-1 were accumulated for each sample with a spectral resolution of 4 cm-1.

3.4

RESULTS AND DISCUSSION

3.4.1

Screening and bulk extraction of alkaloids from Sceletium tortuosum

Bulk material of S. tortuosum was screened using HPTLC to confirm the presence of
alkaloids. The acid-base extraction method was used for extraction of the target
compounds from plant material, because pH adjustment of the extract allows for highly
selective

extraction

of

the

alkaloids,

while

eliminating

interfering

compounds

(Alali et al., 2008). Dilute H2SO4 was used to convert the basic alkaloids into salts to
enable their initial extraction from the plant material. These salts were then converted
back to less polar free bases by the addition of ammonia, prior to partitioning with DCM.
Screening of the crude alkaloid extract by HPTLC indicated that the mixture consisted of
four main compounds (Compounds 1 to 4, with RF values of 0.87 0.76, 0.38 and 0.27,
respectively), which were targeted for isolation (Figure 3.6).

A solvent mixture of CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) was selected for
HPTLC analysis, because it resulted in optimal separation of the target compounds.
These compounds appeared as brown bands after immersing the developed plate in
iodoplatinate reagent. Thin layer chromatography plays a crucial role in the screening of
natural products (Sharma et al., 1998).
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Figure 3.6: The HPTLC profile of the crude acid-base extract of Sceletium tortuosum
Development reagent: CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent: iodoplatinate.
The numbers indicate the target compounds. Track: Cr) crude extract

A variety of universal and selective reagents can be used to visualise impurities and
detect analytes with certain functionalities, respectively (Gibbons and Gray, 1998: 219).
Iodoplatinate reagent is a selective visualisation reagent that indicates the presence of
alkaloids, amines and other nitrogen-containing organic compounds as brown spots or
bands on TLC plates (Wagner and Bladt, 2001: 362). The reagent revealed the presence
of the targeted mesembrine-type alkaloids and was an indispensable aid during the
isolation.

3.4.2

Column chromatography and preparative thin layer chromatography

The mass of the alkaloid extract was 9.68 g, corresponding to a yield of 1.94% (m/m of
dw). Various solvent combinations were evaluated by TLC analysis to identify an
appropriate eluent for CC. A combination of CHCl3 and MeOH was found to result in
satisfactory resolution of the least polar target alkaloid, while retaining the others on the
origin of the TLC plate. Analysis of fractions obtained from Column 1 by TLC and pooling
those with similar compositions, resulted in four major combinations (1A-D) as indicated in
Figure 3.7. The masses of Fractions 1A-D were 0.64 g, 3.25 g, 2.65 g and 0.82 g,
respectively.

Although Fraction 1A was devoid of the target alkaloids, it contained other compounds
that were visible under UV light (254 nm). However, these did not react with iodoplatinate
reagent, implying the absence of alkaloids. Fraction 1B consisted primarily of
Compounds 1 and 2, while 1C consisted mainly of Compounds 3 and 4.
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Figure 3.7: High performance thin layer chromatograms of combined fractions obtained from
Column 1. Development reagent: CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent:
iodoplatinate. Tracks: Cr) crude extract, 1A-D) Column 1 fraction combinations. 1-4: Target compounds.

These compounds appeared as brown bands on the HPTLC plate after derivatisation with
iodoplatinate reagent. Although Fraction 1D contained Compounds 3 and 4, it was
discarded due to the relatively small amounts of these compounds and the presence of
impurities. Fractions 1B and 1C were pursued for further purification of Compounds 1
and 2 and Compounds 3 and 4, respectively, by both CC and HSCCC, since they
contained the target compounds.

Analysis of fractions, obtained from Column 2, by TLC and combining those with similar
composition, resulted in five major combinations (Fractions 2A-E) as illustrated in Figure
3.8.

The HPTLC profiles of Fractions 2B and 2D revealed a single band each,

corresponding to Compounds 1 (40.4 mg) and 2 (130.3 mg), respectively. Fractions 2A
and 2E were devoid of the two compounds, while Fraction 2C consisted of a mixture of
Compounds 1 and 2.

Analysis of fractions collected from Column 3 by TLC, resulted in four main fractions (3AD) as illustrated in Figure 3.9. No alkaloids were evident in Fractions 3A and 3D. Fraction
3B revealed one band (Compound 3, 102.5 mg), while Fraction 3C consisted of a mixture
of Compounds 3 and 4. Preparative TLC was used to further purify Compounds 3
(78.1 g) and 4 (110.1 g), after it was established that coelution of the compounds occurred
during CC separation of Fraction 3C.
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Figure 3.8: High performance thin layer chromatograms of combined fractions obtained from
Column 2. Development reagent: CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent:
iodoplatinate. The numbers indicate the target compounds. Tracks: Cr) crude extract, 1B) fraction applied on
the column, 2A-E) Column 2 fraction combinations. 1-4: Target compounds

Figure 3.9: High performance thin layer chromatograms of combined fractions obtained from
Column 3. Development reagent: CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent:
iodoplatinate. The numbers indicate the target compounds. Tracks: Cr) crude extract, 1C) fraction applied on
the column, 3A-D) Column 3 fraction combinations. 1-4: Target compounds

3.4.3

High speed countercurrent chromatography

After evaluating a variety of solvents, a two-phase solvent mixture consisting of nheptane, MeOH, EtOAc and 1% NH4OH(aq) (1:3:1:3, v:v:v:v), was selected for HSCCC
separation of Compounds 1 and 2 from 1.5 g of Fraction 1B and for the separation of
Compounds 3 and 4 from 1.0 g of Fraction 1C. This solvent mixture was selected,
because it ensured uniform distribution of the compounds of interest between the two
phases, hence the partition coefficient of each compound in the mixture was ~1.
According to Marston and Hostettman (2006), the ideal partition coefficient for good CCC
separations range from 0.5 to 1.5. Baseline separation was achieved in both cases
(Figures 3.10 and 3.11).
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Figure 3.10: High speed countercurrent chromatogram of Fraction 1B originating from silica gel
column chromatography. Solvent mixture: n-heptane, MeOH, EtOAc and 1% NH4OH (1:3:1:3, v:v:v:v)

Figure 3.11: High speed countercurrent chromatogram (HSCCC) of Fraction 1C originating from
silica gel column chromatography. Solvent mixture: n-heptane, MeOH, EtOAc and 1% NH4OH (1:3:1:3,
v:v:v:v)

Compounds 1 and 2 were obtained in the reversed phase mode, when the mobile phase
was the lower phase (aqueous) of the solvent mixture. Separation was achieved within
3 h. Analysis of the fractions by TLC revealed that Fractions 21 and 22 corresponded to
Compound 1, while Fractions 24 – 26 corresponded to Compound 2. Compounds 3
and 4 were obtained in the normal phase mode when the upper phase (organic phase)
was the mobile phase. Separation was achieved within 2,5 h. Analysis of fractions,
obtained from the HSCCC separation of Fraction 1C, by TLC, indicated that Fractions 8
and 9 corresponded to Compound 3, while Fractions 11 – 13 corresponded to
Compound 4. An HPTLC plate showing the purified compounds (Compounds 1 to 4) is
depicted in Figure 3.12.
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Figure 3.12: High performance thin layer chromatograms of alkaloids isolated from aerial parts of
S. tortuosum using high speed countercurrent chromatography. Development reagent:
CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent: iodoplatinate. Numbers indicate the
isolated compounds: 1) Compound 1, 2) Compound 2, 3) Compound 3, 4) Compound 4

3.4.4

Evaluation of the purities of isolated compounds

Only a single spot was observed for each of the four isolated compounds after 2D HPTLC
analysis and thus GC–MS was used for quantitative determination of their purities.
Results indicating the mass of each isolated compound and the purity after CCC and
CC/prep-HPTLC separation are summarised in Table 3.5. The peak area normalisation
method, whereby the peak area of a compound is expressed as a percentage of the total
peak areas of all the peaks present in the chromatogram (Skoog et al., 1998: 18), was
used for establishing the percentage purity of each isolated compound. Higher yields of
pure compounds were obtained from smaller quantities of extracts when HSCCC was
used for separation, instead of the CC/prep-HPTLC combination. During HSCCC
isolation, only 1.50 g of the total 3.25 g of Fraction B was used to produce 482.4 mg and
545.2 mg of Compounds 1 and 2, respectively (Table 3.5). For Fraction C, 1.0 g from a
total of 2.65 g was used to obtain 300.0 mg and 47.8 mg of Compounds 3 and 4,
respectively.

The masses of three of the compounds obtained (1: 130.3 mg, 2: 40.4 mg and
3: 180.6 mg) from CC/prep-HPTLC separation were substantially lower than those
obtained from HSCCC separation. However, the mass of Compound 4 from CC/prepPTLC (110.1 mg) separation was more than that obtained from HSCCC (47.8 mg),
although the purity was lower (80.0%).

The additional clean-up steps required to remove the contaminants would, however, have
resulted in a lower final mass of pure compound.
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Table 3.5: Yields and purities of alkaloids, isolated from Sceletium tortuosum using HSCCC and
CC/prep-HPTLC techniques. Purity was determined using GC–MS
Cpd
no.

Compound

RF

Rt (min)

Mass isolated (mg)

TLC

GC–MS

HSCCC

CC/prep-

Purity (%) (GC–MS)
HSCCC

HPTLC
1
2
3
4
a
d

mesembrenone
mesembrine
mesembrenol
mesembranol

0.87
0.76
0.38
0.27

545.2

a

482.4

a

3.56

300.0

b

3.59

b

4.16
4.48

47.8

b

c

40.4

CC/prepHPTLC

98.4

90.0

c

98.5

96.0

180.6

d

98.2

87.1

110.1

d

95.4

80.0

130.3

c

Isolated from 1.50 g of Fraction 1B, Isolated from 1.00 g of Fraction 1C, Isolated from 1.75 g of Fraction 1B,
Isolated from 1.65 g of Fraction 1C, RF = retardation factor, Rt = retention time

When a CC/prep-HPTLC combination is used for isolation, the lower recoveries of
compounds may be attributed to losses arising from irreversible adsorption to the silica gel
stationery phase (Conway, 1990: 32). Other losses occur when small amounts of
compounds discarded after each column, during pooling of fractions, to conserve the
purity of the combined fractions. These considerations limit the use of the two techniques
for isolation of the alkaloids, which are reported to occur in organisms in small quantities.
Since the total alkaloid yield of S. tortuosum was quite low (1.94% of dry weight), large
amounts of plant material would be required to obtain significant quantities of pure
compounds when both CC and prep-HPTLC are used for isolation. The problem is
eliminated with the use of HSCCC, since all the constituents in the sample can be
recovered by evaporation of both liquid mobile and stationary phases (Conway, 1990: 32).
Separation using HSCCC involves partitioning of the sample between two immiscible
phases of a solvent mixture, in this case, heptanes: MeOH:EtOAc:1% NH4OH(aq), one
acting as the stationery phase and the other as the mobile phase (Marston and
Hostettmann, 2006). Good separation was achieved since fractions containing
compounds were collected based on the observation of the peaks on the detection
system. Fractions were then analysed using TLC, whereafter fractions with the same
composition were pooled. The use of HSCCC for purification of compounds was found to
be cost effective, because the time required for isolation and the solvent consumption
were much lower than those required for CC. A total volume of 284 mL of solvent mixture
was sufficient for a complete one-step HSCCC separation of compounds from one fraction
in under 3 h.

The purities of compounds obtained during CC separation were compromised by tailing,
which resulted in overlap of the compounds during elution from the columns. This
observed tailing was the result of interaction of the basic alkaloids with the acidic silanol
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groups of the silica gel packing material (Conway, 1990: 32; Liu et al., 2004). Further
separation was achieved by applying partially purified fractions, containing the target
compounds, to successive columns, until the number of compounds in the fractions was
sufficiently reduced to enable separation by prep-HPTLC.

The purity of the alkaloids obtained by scraping the bands from prep-HPTLC also proved
to be unsatisfactory (80.0 – 96.0%), due to overlap of bands caused by tailing. Preparative
TLC analysis is a costly process, particularly when compounds are required in significant
quantities (> 100 mg). Many successive plates are required in order to obtain sufficient
quantities. In this study, the amount of alkaloid extract that could be applied to each TLC
plate was limited to ~100 µg, while the relative amount of each alkaloid obtained from
each plate was also very small (< 50.0 µg). In contrast, with HSCCC it was possible to
apply much more sample (1.0 g) for separation and better results (higher purities) were
achieved within a total duration of 6 h than those achieved by both CC and prep-HPTLC,
within a period of several weeks.

Literature reports have indicated that CCC is a universal technique for isolation of a wide
range of secondary metabolites, including flavonoids and other phenolic compounds and
their glycosides, terpenes, terpenoids and alkaloids of high purity (Ito, 2005; Marston and
Hostettmann, 2006). This technique has been applied in the isolation of high purity
(> 98%) alkaloids incuding psoralen (39.6 mg) and isopsoralen (50.8 mg) from 1.0 g
Psoralea corylifolia plant material (Tang et al., 2007) and protopine (20 mg), corynoloxine
(18 mg), and 12-hydroxycorynoline (8 mg) from 200 mg of the crude alkaloid extract of
Corydalis bungeana (Niu et al., 2012). Compounds of high purity are not only important for
use as reference standards, but are also ideal for drug formulation since they contain
fewer impurities that may have undesired effects on cells.
3.4.5

Structure elucidation of isolated compounds

3.4.5.1 Compound 1
Compound 1 is a white powder at room temperature with a molecular weight (MW) of
287.15 g mol-1 and chemical formula C17H21NO3. Analyses using both 1H and

13

C NMR

techniques indicated that Compound 1 is an indole alkaloid. Seventeen carbon
resonances were observed in the

13

C spectrum and integration of the 1H spectrum

resulted in 21 protons. Compound 1 consists of two ring systems. The first ring system is
comprised of a cyclohexenone ring fused to a pyrrolidine ring (five-membered nitrogen
containing ring) and is linked to a disubstituted benzene ring (the second ring system).
Comprehensive structure determination involved 2D NMR spectroscopic analyses,
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including APT, COSY, HSQC and HMQC. The data obtained from the spectra of
Compound 1 are summarised in Table 3.6 and the 1H and

13

C NMR spectra are

presented in Appendix 1.
1

Table 3.6: A summary of H and

13

C NMR data for Compound 1
1

13

H data

C

Carbon
atom no.

∂H (ppm)

J (Hz)

Integration

∂C (ppm)

APT

2

3.32

t (2.58, 2.58)

2H

55.97

CH2

3

2.64

m

2H

36.26

CH2

50.93

C

Quaternary

3a

Comments

4

6.67

d (2.1)

1H

110.19

CH

Olefinic

5

6.06

dd (1.0, 10.5)

1H

111.23

CH

Olefinic

197.44

C

Carbonyll

6
7

2.41

dd (2.5, 4.5)

2H

40.08

CH2

7a

2.84

t ( 3.2, 3.2)

1H

73.76

CH

8

2.34

m

3H

38.62

CH3

-N-Methyl

148.19

C

Quaternary

126.47

CH

3’

153.76

C

4’

149.16

C

1’
2’

6.81

dd (2.2, 8.3)

1H

Quaternary

5’

6.69

d (2.0)

1H

119.09

CH

6’

6.91

Overlaps with 2’

1H

135.67

CH

7’

3.96

s

3H

56.09

-OCH3

Methoxy

8’

3.98

s

3H

56.07

-OCH3

Methoxy

Quaternary

s (singlet), d (doublet), dd (doublet of dublets), t (triplet), m (multiplet)

The presence of a trisubstituted aromatic ring was evident as confirmed by the presence
of six carbon signals (∂C:119.09, 126.47, 135.67, 148.19, 149.16, 153.76 ppm) in the
aromatic region, corresponding to the benzene ring. Three aromatic proton signals at
∂H: 6.69, 6.81 and 6.91 ppm, in the 1H spectrum, further provide evidence of the presence
of the trisubstituted aromatic ring. The outstanding feature of the 1H NMR spectrum of
Compound 1 is the presence of three singlet proton signals at ∂H 3.96, 3.98 and
2.34 ppm, corresponding to the two methoxy groups and one N-methyl group,
respectively. Methoxy substituent signals in the 1H spectrum at ∂H 3.96 and 3.98 ppm,
correlate with ∂c 56.07 and 56.09 on the HSQC spectrum. This compound is therefore a
pyrrolidine alkaloid, since the N-methyl proton signal from the 1H spectrum at ∂H 2.34 ppm
is within the range ∂H 2.32 – 2.36 ppm, which is common for N-methylpyrrolidine models
(Jeffs et al., 1970).
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The presence of the methoxy and N-methyl signal is confirmed by the methyl carbon
signal in the APT spectrum. This spectrum indicates that the two ring systems are linked
via two quaternary carbons at ∂C 50.93 and 148.19 ppm. The signal of the carbonyl
carbon on the cyclohexenone ring is represented by the chemical shift at ∂c 197.44 ppm in
the 13C spectrum.
The 13C signals at ∂C 110.19 and 111.23 ppm indicate the presence of the double bond on
the cyclohexenone ring. This was confirmed by the presence of an olefinic proton signals
at ∂H 6.06 and 6.69 ppm. The NMR spectral data obtained closely correlates with literature
data of mesembrenone isolated from S. namaquense (Jeffs et al., 1982). MestRenova
version 7.0.0 software (Mestrelab Research; Escondido, USA) was used to confirm the
calculated values of the coupling constants from the 1H spectrum.
The mass spectrum of Compound 1 (Appendix 5) confirms the molecular weight of the
compound as the correct structure is reflected by the molecular ions at m/z 287, and
fragment ions at m/z 219 and 258). The UV spectrum of mesembrenone indicates
maximum absorption (λmax) at 225 and 279 nm (Appendix 6), corresponding to literature
values reported by Jeffs et al. (1969). Data from IR spectroscopy (KBr; ν = cm-1) verifies
the presence of C-N (1029), carbonyl (C=O; 1413), aromatic (C=C; 1518) and olefinic
(C=C; 1686) functions. Other absorbance bands obtained in the IR spectrum include
ν = cm-1 773, 814, 855 (CH; aromatic) and 1464, 2956 (CH; alkanes) and 1147 (CO,
ether). The FTIR spectrum of Compound 1 is illustrated in Appendix 7 and the chemical
structure is presented in Figure 3.13.

Figure 3.13: Chemical structure of Compound 1 (mesembrenone) isolated from Sceletium
tortuosum

3.4.5.2 Compound 2
Compound 2, which is a clear oil at room temperature, has a MW of 289.17 g mol-1 and a
molecular formula of C17H23NO3. Table 3.7 summarises the 1H and 13C NMR spectral data
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for Compound 2. The 1H and

13

C NMR spectra of Compound 2 are presented in

Appendix 2. This compound is an alkaloid with spectra closely resembling those of
mesembrenone (Compound 1). Although unlike Compound 1, this compound consists of
a cyclohexanone ring, fused to a pyrrolidine ring. The singlet proton signals corresponding
to the two methoxy groups and one N-methyl group can be observed at ∂H 3.84, 3.86 and
2.31 ppm, respectively. Six signals in the 13C and APT spectra (∂C 110.00, 111.03, 117.93,
140.23, 147.51 and 149.02 ppm) indicate the presence of the trisubstituted benzene ring.
Aromaticity is verified by the presence of proton signals at ∂H 6.81, 6.86 and 6.94 in the 1H
spectrum. The chemical shift at ∂C 211.42 ppm confirms the presence of the carbonyl
carbon, while the shift at 47.51 and 147.51 ppm indicate the presence of quaternary
carbons linking the two ring systems.
1

Table 3.7: A summary of H and

13

C NMR data for Compound 2

1

13

H data

C data

Carbon
atom no.

∂H (ppm)

J (Hz)

Integration

∂C (ppm)

APT

2

3.13

d ( 2.8)

2H

54.86

CH2

3

2.62

m

2H

36.25

CH2

47.51

C

3a

Comments

Quaternary

4

2.03

m

2H

35.29

CH2

5

2.44

m

2H

38.85

CH2

211.42

C

2H

40.07

CH2

1H

70.26

CH

3H

38.95

CH3

140.23

C

111.03

CH

3’

149.02

C

Quaternary

4’

147.51

C

Quaternary

6
7

2.25

7a

2.91

8

2.31

s
t (3.61, 3.61)
s

1’
2’

6.86

dd (8.3, 2.3)

1H

Carbonyll

-N-Methyl
Quaternary

5’

6.81

d (8.4)

1H

110.00

CH

6’

6.94

Overlaps with 2’

1H

117.93

CH

7’

3.86

s

3H

56.02

C

Methoxy

8’

3.84

s

3H

55.90

C

Methoxy

s (singlet), d (doublet), dd (doublet of dublets), t (triplet), m (multiplet)

Three singlet proton signals, corresponding to the one N-methyl and two methoxy groups
groups, are observed at ∂H 2.31, 3.84 and 3.86 ppm, respectively. The presence of these
signals can be confirmed by ∂C 55.90 and 56.02 ppm (methoxy groups) and 38.95 ppm
(N-methyl group) in the

13

C spectrum. The proton triplet at 2.91 ppm indicates the
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presence of the H atom on the carbon (C-7a) linking the cyclohexanone and pyrrolidine
rings.

The calculated values of the coupling constants were verified by comparing them to those
determined by MestRenova software. The NMR spectral data is congruent with literature
values for mesembrine reported by Jeffs et al. (1969), Taber and Neubert (2001) and
Gaffney (2008: 96).
The mass spectrum of Compound 2 is illustrated in Appendix 5. The prominent m/z
fragments of this compound are 96, 218 and 289. The UV spectrum indicates λmax at 229
and 279 nm (Appendix 6). Infrared (KBr; ν = cm-1) spectral bands, confirming the
presence of the main functional groups in the structure, include 766, 804 and 859 (CH;
aromatic), 1030 (CN; amine), 1147 (CO; ether), 1453 and 2946 (CH; alkane), 1519 (C=C;
aromatic) and 1716 (C=O; carbonyl) (Appendix 7). The MS, UV and IR spectra are in
agreement with those from published literature for mesembrine (Taber and Neubert, 2001;
Gaffney, 2008: 96). The chemical structure of mesembrine is depicted in Figure 3.14.
Mesembrine was isolated from S. tortuosum by these researchers.

Figure 3.14: Chemical structure of Compound 2 (mesembrine) isolated from Sceletium tortuosum

3.4.5.3 Compound 3
Compound 3 is also a clear oil with a MW of 290.17 g mol-1 and a chemical formula of
C17H23NO3. Seventeen carbon resonances can be observed in the

13

C spectrum and the

1

integration of the H spectrum resulted in twenty three protons (Table 3.8). Appendix 3
illustrates the 1D and 2D, 1H and

13

C spectra used for structure elucidation of this

compound. Compound 3 is an alkaloid with similar spectral characteristics to
mesembrenone and mesembrine. However, unlike the two previous compounds, which
are ketones, mesembrenol is an alcohol with a broad peak at ∂H 1.89 ppm in the 1H
spectrum.
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1

Table 3.8: A summary of H and
Carbon
atom no.

13

C NMR data for Compound 3

1

13

H data

C data

∂H

J (Hz)

Integration

∂C

DEPT

2

3.26

m

2H

55.93

CH2

3

2.42

m

2H

29.66

CH2

49.42

C

Quaternary

3a

Comments

4

5.71

dd (1.8, 10.0)

1H

110.79

CH

Olefinic

5

5.85

m

1H

110.85

CH

Olefinic

6

4.33

m

1H

73.84

CH

2⁰ alcohol

7

2.29

d (3.84)

2H

40.43

CH2

7a

2.42

m

1H

63.89

CH

8

2.32

m

3H

39.46

CH3

-N-Methyl

139.51

C

Quaternary

128.70

CH

3’

148.64

C

Quaternary

4’

147.51

C

Quaternary

1’
2’

6.86

dd (2.2, 8.3)

1H

5’

6.79

d (8.4)

1H

119.34

CH

6’

6.90

Overlaps with 2’

1H

134.97

CH

7’

3.86

s

3H

56.04

C

Methoxy

8’

3.84

s

3H

56.50

C

Methoxy

s (singlet), d (doublet), dd (doublet of dublets), t (triplet), m (multiplet)

The benzene ring of this compound is linked to the cyclohexenol-pyrrolidine ring system
via two quaternary carbons, the signals of which are evident at ∂C 49.42 and 148.64 ppm.
Three singlet protons, corresponding to the two methoxy groups and the N-methyl group,
are evident at ∂H 3.84, 3.86 and 2.32 ppm respectively. The presence of these groups can
be confirmed by ∂C 39.46 (N-Me), 56.04 (-OCH3) and 56.50 (-OCH3) resonances in the
13

C spectrum. Six carbon signals at ∂C 119.34, 128.70, 134.97, 139.51, 147.51 and

148.64 ppm indicate the presence of a trisubstituted benzene ring. Three aromatic proton
signals at ∂H 6.79, 6.86 and 6.90 ppm are also observed on the 1H spectrum.
The double bond on the cyclohexenol ring is verified by the presence of olefinic proton
signals at ∂H 5.71 and 5.85 ppm. This is confirmed by methylene carbon signal
resonances observed at ∂C 110.79 and 110.85 ppm. Values of the calculated coupling
constants were confirmed by comparing them to those determined by MestRenova
software. Compound 3 was identified as mesembrenol after comparing the NMR data
with literature values (Jeffs et al., 1969; Gaffney, 2008: 96).
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From the mass spectrum, the MW of the compound was determined as 290 g mol-1 and
the prominent fragmentation ions are at m/z 204, 274 and 290 (Appendix 5). Two
absorbance bands at λmax 230 and 279 nm can be observed on the UV spectrum
(Appendix 6). Bands, due to the presence of the different functional groups are observed
on the IR spectrum (Appendix 3). These include the signals at (ν = cm-1) 764, 805 and 852
(CH; aromatic), 1028 (CN; amine), 1145 (CO; ether), 1458, 2831 and 2937 (CH; alkane),
1516 (C=C; aromatic), 1579 (alkenes) and 3402 (OH, 2⁰ alcohol). These data are in
agreement with literature values reported by Jeffs et al. (1969) for mesembrenol
(Figure 3.15).

Figure 3.15: Chemical structure of Compound 3 (mesembrenol) isolated from Sceletium
tortuosum

3.4.5.4 Compound 4
Compound 4 is a clear oil with a molecular mass of 291.18 g mol-1 and a molecular
formula of C17H25NO3. This compound is an alcohol with 1H and

13

C spectra (Appendix 4)

similar to those of mesembrenol (Compound 3). The broad -OH signal in this compound
is further downfield at ∂H 5.51 ppm (Table 3.9). The trisubstituted aromatic ring is linked to
the cyclohexanol-pyrrolidine ring system via two quaternary carbons, with signals at
∂C: 46.99 and 139.25 ppm. Three carbon resonances at ∂C 55.87, 55.96 and 40.21 ppm,
corresponding to the two methoxy groups and one N-methyl group, respectively, were
observed on the 13C spectra.
These functions were verified by three singlet protons at ∂H 3.84, 3.86 and 2.31 ppm in the
1

H spectrum, corresponding to the two methoxy groups and the N-methyl group,

respectively. The six carbon signals, corresponding to the trisubstituted benzene ring, are
at ∂C 110.58, 110.81, 118.72, 139.25, 147.04 and 148.71 ppm in the

13

C spectrum. The

presence of the benzene ring is further verified by three 1H spectral signals at 6.81, 6.87
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and 6.93 ppm. Compound 4 was identified as mesembranol after comparing the NMR
results with reported values (Jeffs et al., 1969; Gaffney, 2008: 96).
1

Table 3.9: A summary of H and
Carbon
atom no.
2
3
3a
4
5
6
7
7a
8
1’
2’
3’
4’
5’
6’
7’
8’

13

C NMR data for Compound 4

1

13

H data

C data

∂H
3.23
2.39

J (Hz)
m
d (16.8)

Integration
2H
2H

2.36
2.28
4.01
2.25
2.79
2.31

m
m
m
d (3.6)
t ( 2.5, 2.5)
m

2H
2H
1H
2H
1H
3H

6.87

dd (2.3, 8.3)

6.81
6.93
3.86
3.84

d (8.7)
dd ( 8.3, 2.3)
s
s

APT
CH2
CH2
C
CH2
CH2
CH
CH2
CH
CH3
C
CH

Comments

1H

∂C
54.34
32.81
46.99
33.14
34.91
69.99
40.55
66.74
40.21
139.25
110.81

C
C
CH
CH
C
C

Quaternary
Quaternary

1H
1H
3H
3H

148.71
147.04
110.58
118.72
55.87
55.96

Quaternary

2º alcohol

-N-Methyl
Quaternary

Methoxy
Methoxy

s (singlet), d (doublet), dd (doublet of dublets), t (triplet), m (multiplet)

The MW of Compound 4 was confirmed as 289 g mol-1 from the mass spectrum, in which
the molecular ion was at m/z 289 and prominent fragment ions at m/z 70 and 232
(Appendix 5). The UV spectrum revealed λmax bands at 228 and 279 nm (Appendix 6).
Signals representing the various functional groups from the IR spectrum of Compound 4
(Appendix 3) were observed at ν = cm-1 766, 804 and 854 (CH; aromatic), 1028 and 1254
(CN; amine), 1145 (CO; ether), 1453 and 2941 (CH; alkane), 1407, 1518 (C=C; aromatic),
3410 (2º alcohol). This data are congruent with values reported by Jeffs et al. (1969) for
mesembranol (Figure 3.16).

Figure 3.16: Chemical structure of Compound 4 (mesembranol) isolated from Sceletium
tortuosum
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3.5

CONCLUSIONS

Countercurrent chromatography proved to be a superior alternative to CC and
preparative HPTLC for the isolation of alkaloids from S. tortuosum, since it is an
efficient, rapid and economical technique. Superior yields and high purity (> 95%)
products were realised using relatively small volumes of solvents;

In the case of HSCCC, smaller amounts of plant material can be used to acquire
the required masses of pure mesembrine-type alkaloids, than when using CC for
purification;

Analyses by NMR in combination with other verification techniques confirmed the
identities of the isolated compounds as the four mesembrine-type alkaloids,
mesembrenone, mesembrine, mesembrenol, mesembranol;

The high purities of the compounds obtained using HSCCC make them ideal for
use as reference standards or for formulation in drug manufacture.
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CHAPTER 4
VALIDATION OF ANALYTICAL METHODS FOR DETERMINATION
OF MESEMBRINE-TYPE ALKALOIDS
4.1

QUALITY, SAFETY AND EFFICACY OF PHYTOMEDICINES

Traditional medicines, also referred to as herbal or phytomedicines, consist of herbs,
herbal materials, herbal preparations and finished herbal products, of which the active
ingredient(s) include plant materials, animal parts and/or minerals (WHO, 2002). These
have been used world-wide for centuries to support, promote, retain and regain human
and animal health. An increase in the use of medicinal and aromatic plants as food, in
pharmacology, cosmetics, animal husbandry and in agricultural pest management, has
resulted in the establishment of industries dealing in products of plant origin all over the
world (Başer, 2005). According to a World Health Organisation report (WHO, 2002) more
than 80% of the world’s population depends on herbal medicines for their primary health
care needs. Herbal medicines are increasingly valued by rural and urban dwellers, both in
developing and developed countries, because of the often false perception that “natural”
products are safe and harmless (Rates, 2001). In addition, these medicines are affordable
and easily accessible to a large proportion of the general populace. Preference for
phytomedicines has also been attributed to the high cost of conventional medicines, which
are associated with problems including the development of resistance by disease-causing
pathogens and unpleasant side effects. In many cases, herbal medicines are used to
supplement modern drugs.

By 2008, the annual global market in phytomedicinal products was estimated to be worth
US$83 billion, with an exponential annual growth (WHO, 2011). In Asia and Latin
America, the use of phytomedicines is intertwined with cultural beliefs and firmly
entrenched in their history. Chinese herbal medicines account for 30 to 50% of total
medicine consumption in China. It has been reported that between 70% and 90% of the
populations in developed countries including Germany, Italy, France and Canada, have
used phytomedicines as complementary, alternative or non-conventional medicines
(WHO, 2011). In Africa, up to 80% of the population relies on herbal medicines for their
primary health care needs. South Africa is endowed with a particularly rich floral diversity,
which provides medicine for about 50% of the population (Hutchings et al., 1996: 260). An
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estimated 70% of people living with HIV/AIDS throughout South Africa, have reportedly
used herbal medicines (WHO, 2011).

In many countries, herbal medicines are used as self-medication, health foods, functional
foods, phytoprotectants and as prescription medications (WHO, 2002).

Unlike

conventional medicines, most of these products are not regulated and are sold as overthe-counter medicines (Bauer, 1998). A survey by the WHO in 142 countries indicated
that 99% of traditional medicines and supplements were purchased without prescription
(WHO, 2002). However, severe toxic reactions and even fatalities have been reported
following the use of phytomedicines in underdeveloped and even in developed countries.
This could be the result of inappropriate use (highly concentrated doses), the incorrect
form of use, misidentification of the plant species, mislabeling, contamination or
adulteration (Rates, 2001). Toxic effects have also been reported after simultaneous
administering of certain herbal drugs with synthetic drugs (Bauer, 1998). In some
developed countries, herbal medicines are regulated by well-established authorities such
as the WHO (WHO, 2006), Food and Drug Administration (FDA, 2004), European
Medicine Agency (EMEA, 2006) and Medicinal and Healthcare Products Regulatory
Agency (MHRA, 2006), that regulate trade in traditional medicines and promote their
safety and efficacy. Unfortunately, legislative criteria for the regulation of these products
are non-existent in the majority of developing countries (WHO, 2011).

Currently, there is no parallel development of standards and methods for evaluating
traditional medicines, both nationally and internationally, because these practices have
been developed within different cultures and in different regions (WHO, 2011).
Phytomedicines most often consist of complex arrays of metabolites. The therapeutic
properties of these botanicals are frequently attributed to synergistic interaction of two or
several components, some unknown, in these mixtures (Bauer, 1998; Li et al., 2007).
Factors such as geographical location, soil type, season of growth, cultivation methods,
biological variation, processing techniques and storage conditions are known to influence
the quantities of the active components present in natural products (Li et al., 2007). For
consistency of a medicinal product in eliciting the desired therapeutic response, the
composition of the product should not be variable and the active constituent/s should be
present in the appropriate effective, yet non-toxic, amounts. Information on botanical
taxonomy, plant identification, definition and description of the part of the plant used as
medicine is therefore vital for all crude plant material used as medicinal substances
(Bauer, 1998). The quality of phytomedicines and their products can be controlled by
isolation and identification of the active constituent\s and by controlling the constituting
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matrix. An official monograph is also important, since it outlines all the processing
procedures.

Secondary metabolites are produced primarily by plants for self-protection, mainly against
micro-organisms and predators (Weiss, 1997: 8), as well as to attract pollinating insects.
For many centuries, these compounds have been harnessed by people to treat human
infections and diseases, including bacterial and fungal infections, inflammation and pain.
Typical biologically active secondary metabolites include flavonoids, terpenoids, alkaloids,
tannins and coumarins (van Wyk et al., 1997: 200). These classes of compounds are
characterised by a variety of chemical structures and analytical methods must therefore
be customised to determine each of them according to their volatilities, UV absorbance,
polarities and other properties. Although the ethnopharmacological use provides clues to
the biological activities of natural products, claims of therapeutic efficacy must be
supported by proper scientific data. Currently, both qualitative and quantitative analytical
methods are considered mandatory for standardisation of herbal medicines, in an attempt
to address the challenges related to the quality of herbal preparations (WHO, 2011).

In addition to other analytical techniques, chromatographic methods have played a crucial
role in evaluating the phytochemistry of medicinal plants for quality assurance purposes. It
is well known that specified markers (biomarkers) or pharmacologically active compounds
are generally used as standards for the quality control of traditional medicines (Li et al.,
2007). In recent years there has been a drastic increase in the number of companies
marketing Sceletium products in various formulations via the internet13. Available
information indicates that capillary electrophoresis, GC–MS, HPLC and TLC have been
used for qualitative determination of alkaloids in the genus Sceletium (Smith et al., 1998;
van Wyk and Gericke, 2003: 172; Patnala and Kanfer, 2009; Patnala and Kanfer, 2010).
However, only one validated method, involving HPLC with photodiode array (PDA)
detection, has been reported for the quantitative determination of these alkaloids (Patnala
and Kanfer, 2010). This section of the study was therefore aimed at developing standard
analytical protocols for routine monitoring and quantification of the psychoactive alkaloids
in S. tortuosum specimens and commercial products using RP–UHPLC coupled to a PDA
detector, GC–MS and HPTLC densitometry methods. The proposed methods were
validated for linearity, repeatability and recovery according to the requirements set out by
the International Conference of Harmonisation (ICH, 2005).

13

www.Sceletium.org. Accessed: 10 March 2010.
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4.2

MATERIALS AND METHODS

4.2.1

Sample preparation

The same solvents were used for extraction as described in Section 3.3.1. Acetonitrile
(HPLC grade) used for RP–UHPLC analysis was procured from Merck (Germany).
Deionised water was filtered through hydrophilic 0.25 µm Millex-HV membranes from
Millipore (Johannesburg, South Africa). The reference standards (mesembrenol,
mesembranol, mesembrenone and mesembrine) were isolated from S. tortuosum and
characterised as described from Section 3.3.3 to 3.5.

Plant materials, with voucher specimen numbers SCT019, SCT020, SCT021, SCT077,
SCT081, SCT082, SCT099 and SCT103, were selected for the quantitative determination
of the psychoactive alkaloids using the developed methods. The localities from which the
samples were collected are listed in Section 5.2.1. Eight commercial products, containing
S. tortuosum powder in capsule form (Com1–8), were purchased from health shops and
local manufacturers in South Africa. Leaves of the various plant specimens were dried in
an oven (Labotec Ltd, Johhanesburg, South Africa) at 30 ºC for two weeks prior to
extraction. A Retsch MM 400 ball mill (Monitoring and Control (Pty) Ltd; Haans, Germany)
was used to pulverise the dry material to fine powder at a frequency of 30 Hz for 2 min.
The pulverised plant material was then sieved using a 500 µm mesh (Endcotts Filters Ltd;
London, UK). Alkaloids were extracted from the sieved powder using the conventional
acid-base extraction method for alkaloid extraction (Alali et al., 2008), with slight
modifications as described in Section 3.3.3. The same mass of powder (2.0 g), removed
from the capsules of each of the commercial products, was extracted in the same way as
described for the wild samples.
4.2.2

Preparation of calibration standards

Masses of 5.1 mg of mesembrine (purity: 98.5%), mesembrenol (98.4%), mesembrenone
(98.2%), and 5.2 mg of mesembranol (95.4%) were each separately weighed and
quantitatively transferred into a 5 mL volumetric flask with MeOH. The mixture was
dissolved by sonication in an ultrasonic bath for 5 min at 25 °C, before diluting to the
graduation mark with MeOH. A stock solution, prepared from the individual standards,
contained each of the four alkaloids at a concentration of 1.0 mg mL-1. For RP–UHPLC
and GC–MS methods, the stock solution was diluted to prepare six calibration standards
for each analyte within the ranges 5.0 to 100 µg mL-1 and 0.10 to 1.0 mg mL-1,
respectively. For HPTLC densitometry analysis, a mixture containing three of the alkaloid
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standards at a concentration of 0.60 mg mL-1, and mesembrenone at 0.20 g mL-1, was
used as the stock solution for calibration.
4.2.3

Development of analytical methods

4.2.3.1 RP–UHPLC analysis
The UHPLC system used was comprised of a Waters Acquity ultrahigh performance liquid
chromatography sample manager (Waters; Ireland), a binary solvent manager and a
photo diode array (PDA) detector (210 – 400 nm). Separation was achieved using a
Waters Acquity reversed phase UHPLC BEH C18 column (2.1 x 150 mm, 1.7 µm particle
size), fitted with a Van Guard pre-column (2.1 x 5 mm, 1.7 µm), both supplied by Waters.
An injection volume of 1 µL was applied and the sample and column temperatures were
adjusted to 25 and 30 ºC, respectively. The mobile phase consisted of (A) 0.1% aqueous
ammonia and (B) acetonitrile at a flow rate of 0.3 mL min-1. Gradient elution was
employed, starting with 80% A and 20% B, changing to 40% B in 2 min, then changing to
50% B in 2 min and held constant for 3 min, with a postrun time of 1 min. A wavelength of
280 nm (resolution 1.2 nm) was selected as the most appropriate for the analysis.

4.2.3.2 GC–MS analysis
The instruments and conditions used for GC–MS analysis of Sceletium plant material for
the presence of mesembrine-type alkaloids has been described in Section 3.3.5.2.

4.2.3.3 HPTLC densitometric analysis
For HPTLC densitometric analysis, silica gel pre-coated glass plates (Silica gel 60 F254
HPTLC, Merck, Germany; 20 x 10 cm) were used for the analysis. After various
developing solvents were investigated, the DCM: MeOH: NH4OH (10% w/w) (90:10:0.1
v:v:v) solvent system was selected for the analysis since it resulted in optimal band
separation. Bands (6 mm wide and 3 mm apart) of the standard mixtures and samples
were spray-applied onto the HPTLC plates prior to development. The point of application
of the first band was 15 mm from the vertical end of the plate, while the baseline was
10 mm from the lower end. A total of 18 bands were applied to each plate, representing
five levels of each standard mixture and four samples in duplicate. Samples and product
extracts were prepared as described in Section 4.2.2 and diluted to 5.0 mg mL-1 in MeOH,
before HPTLC densitometric analysis. The extracts were then spray-applied on the
HPTLC plates in varying quantities. After development of the HPTLC plates
(Section 3.3.2), quantification was done using the TLC scanner III and UV/Vis
densitometer (Camag; Switzerland), in absorbance mode (D2 and W lamp) at 280 nm and
a slit width of 5 x 0.45 mm. Derivatisation was not necessary for quantification, since the
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alkaloids could be detected on the developed plates at the selected wavelength (280 nm).
Nevertheless, the alkaloids were visualised by derivatisation with iodoplatinate reagent in
the chromatogram immersion device.
4.2.4

Validation of methods

The main aim for validating an analytical procedure is to demonstrate that the procedure
is suitable for the intended purpose and the results obtained are of an acceptable quality
and are defendable (ICH, 2005). The analytical methods (RP–UHPLC, GC–MS and
HPTLC densitometry) developed for the determination of psychoactive alkaloids in the
extracts of selected S. tortuosum specimens and commercial products, were validated for
linearity, recovery and repeatability in accordance with the lCH guidelines (ICH, 2005).

4.2.4.1 Linearity
For RP–UHPLC, the six calibration standards for each analyte (5.0 to 100 µg mL-1) were
analysed for the construction of a calibration curve from the resulting peak areas. The
linearity of each curve, representing a specific alkaloid, was determined by regression
analysis using Microsoft Excel 2007 software. This process was repeated for GC–MS
analysis using the six calibration standards with concentrations ranging from 0.10 to
1.0 mg mL-1.

To construct an HPTLC densitometry calibration curve for each alkaloid, five levels of the
standard mixture were analysed in duplicate on each plate. Increasing volumes of the
standard mixture, representing the different calibration levels, were spotted on each plate
alongside the samples. The calibration range for mesembrenone was 60 – 300 ng per
band, while that of mesembrine, mesembrenol and mesembranol was 180 and 420 ng per
band. This was achieved by applying a volume range of 0.3 – 0.7 µL of the standard
mixture, representing the different standard calibration quantities. Calibration curves were
obtained as plots of peak areas of each alkaloid from the HPTLC densitogram versus the
amount spotted. The area of each peak in the densitogram is proportional to the intensity
and size of the relevant band on the HPTLC plate.

4.2.4.2 Limits of detection and quantification
The limits of detection (LOD) and quantification (LOQ) for each alkaloid were calculated
following regression analyses of the calibration data obtained by each technique
(Miller and Miller, 2000: 123; ICH, 2005).
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4.2.4.3 Repeatability
Intra- and inter-day repeatability assays for each method was assessed by independently
extracting and analysing a real sample (Sample SCT077 for RP–UHPLC and GC–MS
analyses; Sample SCT081 for HPTLC analysis) repeatedly. For the intra-day assay, 0.50,
1.00 and 1.50 g of pulverised plant material were extracted in triplicate (Section 3.3.2) and
analysed at three different times within a day. Each extract was diluted to 2.0 mg mL -1 in
MeOH for RP–UHPLC and HPTLC densitometry analyses and to 10 mg mL-1 for GC–MS
analysis. The precision of the results obtained was expressed as percentage relative
standard deviation (%RSD). This procedure was repeated for an additional two days for
each analytical method in order to determine inter-day repeatability (n = 9). Specimen
SCT081 was used for HPTLC densitometry analysis, instead of SCT077, because the
amount of the latter remaining after RP–UHPLC and GC–MS analyses was insufficient for
further validation studies.

4.2.4.4 Recovery
The recovery of each analyte, for each method, was determined by means of standard
addition assays. Samples were spiked with the four alkaloid standards at three
quantitative levels representing low, medium and high concentrations of each analyte.
Pulverised material of Sample SCT077 was weighed (1.00 g) into four separate 25 mL
centrifuge tubes. No standard was added to the sample in the first tube, while 0.50, 1.0
and 1.5 mg of each alkaloid standard was added to the sample in the second, third and
fourth tubes, respectively. All the samples were then extracted as described in Section
3.3.2. Resultant extracts were diluted to 4.0 mg mL-1 with MeOH prior to RP–UHPLC
analysis. The recovery of each alkaloid was expressed as the percentage concentration of
the compound recovered against the concentration of the relevant spike. This procedure
was repeated and the resulting extracts were analysed using the GC–MS (10 mg mL-1)
and HPTLC densitometry (5.0 mg mL-1) methods. Note that, Sample SCT081 was used
for recovery studies using the HPTLC densitometry method.

4.2.5 Quantitative analysis of mesembrine-type alkaloids in wild Sceletium
tortuosum specimens and products
The dried alkaloid-enriched extracts, resulting from acid-base extraction of the selected
S. tortuosum samples and products, were each reconstituted in MeOH at 1.0, 5.0 and
10 mg mL-1, and analysed using the validated RP–UHPLC, HPTLC densitometry
methods, respectively. Alkaloids in the extracts of the wild samples and commercial
products were quantified based on their peak areas. Quantitative data for each alkaloid
obtained from the different chromatographic methods were then compared by regression
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analysis. To compare the lowest amounts of each compound that can be quantified in the
plant material using each analytical method, the LOQ value established for each alkaloid
from the regression analysis of the calibration standards was extrapolated to the plant
material using a real sample (SCT077).
4.2.6

Data analysis

Statistical analyses, including regression analysis, calculation of means, standard
deviation (SD) and relative standard deviation (%RSD), were performed using Microsoft
Excel 2007 software.

4.3

RESULTS AND DISCUSSION

4.3.1

Identification of compounds in the extracts

Satisfactory resolution of the four alkaloids, with no peak overlap evident, was achieved
within 8.0 min runs for both RP–UHPLC and GC–MS analyses. For RP–UHPLC analysis,
compounds were identified by comparison of retention times of the peaks with those of the
relevant standards and also by spiking. The PDA detector was useful for confirming the
identity of the compounds. This detector is valuable since the purity of individual
components in a mixture can be determined by comparing the specta at various points on
each peak of the chromatogram with that of a reference standard (Keller et al., 1992).
Figure 4.1 represents chromatograms of a wild S. tortuosum sample (SCT077) and a
commercial product (Com1).

The target alkaloids in the GC–MS chromatograms of the extracts were identified by
comparison of retention times and mass spectra of the peaks of interest to those of
reference standards. Mass spectra of the four alkaloids are depicted in Appendix 1. Each
compound was quantified by selective ion monitoring (SIM), which was performed by
targeting a set of three fragmentation ions with the highest abundances for each alkaloid.
The m/z values of the ions selected for the quantification of the four alkaloids were 204,
274 and 290 for mesembrenol, 70, 232 and 289 for mesembranol, 219, 258 and 287 for
mesembrenone and 96, 218 and 289 for mesembrine. For SIM quantification, the
constituents in a sample mixture are identified and quantified based on their molecular
weights and their mass spectra (Nielsen, 2003).

The most suitable developing solvent for separation of the alkaloids in the extracts on
HPTLC plates was DCM:MeOH:10% w/w NH4OH (90:10:0.1 v:v:v). Figure 4.2 represents
the HPTLC fingerprints of wild S. tortuosum samples and commercial products, together
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with pure alkaloid standards. These results indicate substantial quantitative and qualitative
variation of the alkaloids between the different specimen and products.

Figure 4.1: The RP–UHPLC chromatograms of Sample SCT077 and Product Com1, indicating the
presence of the four mesembrine-type alkaloids. Mesembrenol (Rt 3.43 min); mesembranol (Rt 3.68
min); mesembrenone (Rt 3.90 min); mesembrine (Rt 4.64 min)

Figure 4.2: Chromatograms (HPTLC) of extracts from wild Sceletium tortuosum samples, alkaloid
standards and commercial products. Track 1) SCT077, 2) SCT081, 3) SCT082, 4) SC099, 6)
mesembranol, 7) mesembrenol, 8) mesembrine, 9) mesembrenone, 10) Com1, 11) Com4, 12) Com7 and 13)
Com8. Developing solvent: CHCl3:MeOH:10% NH4OH(aq) (90:10:0.1 v:v:v) Visualisation reagent: iodoplatinate
(Wagner and Bladt, 2001: 362)
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The HPTLC densitogram of Sample SC081 is depicted in Figure 4.3. Compounds in the
extracts were identified by comparing the RF values of the bands and peaks on the
densitogram to those of the pure standards and also by spiking. The UV/Vis absorbance
spectrum of each compound was useful for confirmation of the identities of the bands and
peaks.

Figure 4.3: The HPTLC densitogram of Sample SCT081, a wild-crafted specimen of Sceletium
tortuosum, containing the four mesembrine-type alkaloids

4.3.2

Method validation

4.3.2.1 Linearity
According to the ICH Guideline Q2(R1), the linearity of an analytical method is the ability
to obtain results that are proportional to the concentration of an analyte within a given
range (ICH, 2005). In this study, linear relationships were obtained within the calibration
ranges selected for each analyte. This is reflected by the regression coefficients (R2)
obtained for the various calibration curves, constructed from data obtained from the three
analytical methods. Regression results, derived from calibration curves for each analyte
from RP–UHPLC analysis over three days, are summarised in Table 4.1.
Values representing the uncertainties in the y intercept (Sa), slope (Sb) and the random
calibration uncertainty (Sy/x) of each calibration were determined at a 95% confidence
limit. The Sa values were found to be greater than the Sb values in all analyses, indicating
78

that an adequate range was selected for calibration of each analyte (Miller and
Miller, 2000: 123). The concentrations of the standards were suitably selected, since the
Sa and Sb values obtained were lower than those of Sy/x for each calibration. Moreover, the
Fcalc values were greater than the corresponding Fsig values for all the calibrations,
indicating significant linearity.
Table 4.1: Regression results, LOD and LOQ values from RP–UHPLC analysis of alkaloids from
Sceletium tortuosum
Analyte

Mesembrenol

Mesembranol

Mesembrenone

Mesembrine

3.43

3.68

3.90

4.64

5.0 – 100

5.0 – 100

5.0 – 100

5.0 – 100

y = 3260x- 630

y = 3290x - 1010

y = 6980x - 1500

y = 3200x - 1220

R

2

0.9987

0.9991

0.9977

0.9984

Sa

9.20E2

1.08E3

2.55E3

1.04E3

Sb

19.55

22.92

75.38

22.13

Sy/x

9.90E2

1.19E3

2.72E3

1.35E3

Fcalc

3.15E3

4.26E3

1.76E3

2.51E3

Fsig

6.02E-7

3.30E-7

19.41E-7

9.52E-7

0.9

1.0

1.2

1.2

2.7

3.3

3.6

3.7

Rt (min)
Calibration
range
-1
(µg mL )
Regression
equation

LOD
-1
(µg mL )
LOQ
-1
(µg mL )
2

Rt = retention time, R = Regression coefficient, Sa = uncertainty in the y intercept, Sb = uncertainty in slope,
Sy/x= random calibration uncertainty, LOD = limit of detection, LOQ = limit of quantification, *95% confidence
limit

The regression analysis data for the four alkaloids obtained from GC–MS analysis are
indicated in Table 4.2. This data was derived from the calibration curves of each standard,
obtained from GC–MS results collected within three days. The values of Sa, Sb and Sy/x for
each calibration were determined with a 95% confidence limit (Table 4.2). The Sa and Sb
values obtained were lower than those of Sy/x for each calibration, indicating good
selection of standard concentrations. Significant linearity was also achieved (Fcalc > Fsig).
A linear (pseudo-linear) relationship between quantities applied and the peak areas or
heights were observed for the four alkaloids, following HPTLC densitometry analysis.
Peak areas were used for the construction of calibration plots, since these measurements
reportedly offer higher precision than peak heights (Szepesi, 1996).
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Table 4.2: Regression results, LOD and LOQ values from GC–MS analysis of alkaloids from
Sceletium tortuosum
Analyte

Mesembrenol

Mesembranol

Mesembrenone

Mesembrine

Rt (min)

3.56

3.59

4.16

4.48

0.10 – 1.00

0.10 – 1.00

0.10 – 1.00

0.10 – 1.00

y = 5.31E5x - 5.92E4

y = 8.12E6x - 1.60E6

y = 7.20E6x - 3.92E5

y = 6.63E6x - 4.25E5

0.9988

0.9995

0.9981

0.9979

9.12E3

9.53E3

1.06E4

1.08E4

5.99E3

6.39E3

8.24E3

1.14E4

1.10E4

1.12E4

1.17E4

1.28E4

3.25E3

4.81E3

1.56E5

1.46E5

5.74E-7

2.60E-7

1.41E-6

1.83E-6

11.8

13.0

19.0

22.8

35.3

39.1

57.1

68.3

Calibration
range
-1
(mg mL )
Regression
equation
2
R
Sa
Sb
Sy/x
Fcalc
Fsig
LOD
-1
(µg mL )
LOQ
-1
(µg mL )

2

Rt = retention time, R = Regression coefficient, Sa = uncertainty in the y intercept, Sb = uncertainty in slope,
Sy/x= random calibration uncertainty, LOD = limit of detection, LOQ = limit of quantification, *95% confidence
limit

Peak areas are generally less sensitive to RF changes and baseline fluctuations. The Sa
values obtained in this analysis were greater than the corresponding Sb values for all the
analytes (Table 4.3), therefore calibration ranges were deemed appropriate. The standard
concentration ranges that were selected were acceptable, because the Sa and Sb values
obtained were lower than those of Sy/x for each calibration. The Fcalc values were greater
than the Fsig values for all calibration curves, thereby indicating significant linearity.
Calibration plots for the four alkaloids are presented in Appendix 8, and the results of the
regression analyses are listed in Table 4.3.

4.3.2.2 Limits of detection and quantification
Determination of the LOD and LOQ is of importance when evaluating the active
constituents in natural products such as botanical samples, since the quantities of these
components may be highly variable (Rajpur and Sonanis, 2011; Renger et al., 2011). For
each analytical method, the LOD and LOQ values represent the lowest concentrations of
an analyte that can be detected and quantified within specified confidence limits
respectively, by the analytical method. The LOD and LOQ for each alkaloid for the RP–
UHPLC method are listed in Table 4.1. The ranges of the LOD and LOQ values for
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quantification of the alkaloids were found to be between 0.9 and 1.2 µg mL-1, and 2.7 and
3.7 µg mL-1, respectively.
Table 4.3: Regression results, LOD and LOQ values from HPTLC desitometry alkaloids from
Sceletium tortuosum
Analyte

Mesembranol

RF

0.08

Calibration range
(ng/band)
Regression equation

Mesembrenol
0.28

Mesembrine

Mesembrenone

0.60

0.71

180 – 420

180 – 420

180 – 420

60 – 300

y = 3.43x - 329.02

y = 2.97x - 325.33

y = 4.64x - 633.55

y = 4.14x - 179.63

R

0.998

0.999

0.996

0.996

Sa

8.37

27.90

26.55

26.25

Sb

4.23E-2

1.54E-1

2.04E-1

2.08E-1

Sy/x

1.38E1

4.58E1

4.36E1

6.59E1

Fcalc

3.56E3

5.82E2

4.54E2

5.61E2

Fsig

1.04E-5

1.56E-4

2.19E-3

1.78E-3

LOD (ng/band)

24.7

31.5

27.2

18.4

LOQ (ng/band)

74.7

95.4

80.0

44.4

2

2

RF = retardation factor, R = Regression coefficient, Sa = uncertainty in the y intercept, Sb = uncertainty in
slope, Sy/x= random calibration uncertainty, LOD = limit of detection, LOQ = limit of quantification, 95%
confidence limit

Tables 4.2 and 4.3 are lists of the the LOD and LOQ values from GC–MS and HPTLC
densitometry analyses of the alkaloids, respectively. For GC–MS analysis, the LOD
values were within the range 11.8 and 22.8 µg mL-1, while the LOQ values ranged from
35.3 to 68.3 µg mL-1. The LOD values determined for the alkaloids using HPTLC were
within the range of 18.4 to 31.5 ng per band, while LOQ values ranged between 44.4 and
95.4 ng per band. These values were low enough for quantitative determination of the
alkaloids since low levels of the alkaloids will affect the efficacy of the material.

4.3.2.3 Repeatability
Results for intra- and inter-day repeatability analyses of Sample SCT077 using RP–
UHPLC analytical method are summarised in Table 4.4. The intra-day repeatability data
are presented as %RSD values, calculated for each alkaloid in the sample. These values
were found to be equal or below 3.3% for all the target compounds, indicating that the
analysis performed at different times throughout the day yielded precise results. Data
calculated for the inter-day precision of each compound was determined by comparing
nine measurements made during analyses conducted over three days. The inter-day
variation was, as expected, higher than the intra-day variations. However, results of these
analyses (Table 4.4) still indicated excellent repeatability over three days with %RSD
values for the alkaloids ranging between 1.2 and 3.4%.
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Table 4.4: Intra- and inter-day RP–UHPLC repeatability assay for mesembrine-type alkaloids from Sceletium tortuosum
Analyte

Mesembrenol

Mesembranol
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Mesembrine

Mesembrenone

Analyte
Level

Intra-day analysis
Day 1

Inter-day analysis

Day 2

Day 3

Observed
Conc.
-1
(µg mL )

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Low

21.4 ± 0.5

2.1

21.2 ± 0.5

2.1

21.2 ± 0.5

2.3

21.2 ± 0.5

2.4

Medium

41.2 ± 0.7

1.7

40.9 ± 0.7

1.6

40.6 ± 0.7

1.6

41.0 ± 0.7

1.7

High

67.4 ± 0.8

1.1

67.5 ± 0.7

1.0

67.7 ± 0.6

1.0

67.4 ± 0.8

1.2

Low

10.1 ± 0.3

2.6

10.1 ± 0.3

2.5

10.0 ± 0.3

3.0

10.1 ± 0.4

3.4

Medium

19.1 ± 0.3

1.6

18.9 ± 0.3

1.3

18.8 ± 0.3

1.3

18.8 ± 0.3

1.8

High

32.9 ± 0.5

1.2

32.7 ± 0.5

1.4

32.9 ± 0.5

1.4

32.8 ± 0.5

1.5

Low

5.4 ± 0.2

2.9

5.3 ± 0.2

2.9

5.2 ± 0.2

3.0

5.3 ± 0.2

3.0

Medium

10.6 ± 0.4

3.3

10.2 ± 0.3

2.9

10.1 ± 0.3

3.0

10.3 ± 0.4

3.4

High

18.2 ± 0.5

2.5

18.3 ± 0.4

1.9

18.2 ± 0.3

1.5

18.3 ± 0.4

2.4

Low

14.2 ± 0.3

1.8

14.0 ± 0.3

1.8

14.1 ± 0.2

1.4

14.0 ± 0.3

2.0

Medium

26.8 ± 0.6

2.1

26.8 ± 0.4

1.3

27.0 ± 0.5

1.9

26.9 ± 0.6

2.1

High

45.3 ± 0.8

1.7

45.8 ± 0.7

1.6

45.9 ± 0.5

1.0

45.7 ± 0.8

1.7

Each observed conc value for intra-day repeatability = mean ± SD (n = 3); Each observed conc value for inter-day repeatability = mean ± SD (n = 9)
Low: 1.0 g of plant material extracted, Medium: 1.5 g of plant material extracted, High: 2.0 g of plant material extracted

Different quantities of the sample are used for repeatability assays to ensure that the
method is appropriate for determination of the relevant compounds, both at low and high
concentrations.

Table 4.5 indicates the GC–MS results for intra- and inter-day repeatability analyses of the
four psychoactive alkaloids in Sample SCT077. The %RSD values for intra-day assay for
the compounds were below 3.3% while those for inter-day repeatability assay were within
the range 1.2 and 3.2%. Results obtained from the intra- and inter-day repeatability
assays of the psychoactive alkaloids in Sample SCT081 from HPTLC densitometry
analysis are depicted in Table 4.6. The obtained %RSD values from the intra-day assay
for the compounds ranged from 1.1 to 3.0%, while those for the inter-day repeatability
assay were between 1.4 and 3.5%. These values were regarded as acceptable for plant
products (Renger et al., 2011). Intra- and interday repeatability assay values were lower
than those (6%) obtained by Patnala and Kanfer (2010), from HPLC analysis of the MeOH
extract of S. tortuosum.

4.3.2.4 Recovery
The accuracy of an analytical method is an expression of the closeness of the
conventional or acceptable true value and the value obtained by the method (ICH, 2005;
Rajpur and Sonanis, 2011). It is expressed as a percentage recovery, after analysing
samples containing known (certified reference materials) or spiked amounts of the
standard in a sample. Isolated compounds were used as reference standards and these
were used to spike samples for recovery studies, because certified reference materials of
mesembrine-type alkaloids were not commercially available. Recovery values from RP–
UHPLC analyses of Sample SCT077, spiked with three levels of each of the four
reference standards, are presented in Table 4.7.

The recoveries of the four alkaloids were found to range from 80.0 to 89.8%. Recoveries
of between 80 and 120% are regarded as acceptable for compounds in botanical
substances (Renger et al., 2011). This is due to the high quantitative variability of
compounds in these plant materials. Although the recovery values were acceptable, the
losses of analytes were mainly attributed to acid-base extraction of the alkaloids from the
plant material. This extraction method involves many steps, including extraction using
dilute acid, followed by filtration, then neutralisation using aqueous ammonia, and finally
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Table 4.5: Intra- and inter-day GC–MS repeatability study for mesembrine-type alkaloids from Sceletium tortuosum
Analyte

Mesembrenol

Mesembranol

Analyte
Level

Intra-day analysis
Day 1

Day 2

Inter-day analysis
Day 3

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Observed
Conc.
-1
(µg mL )

%RSD

Low

427.1 ± 9.0

2.1

424.0 ± 9.0

2.1

423.6 ± 8.1

1.9

424.8 ± 9.3

2.2

Medium

824.0 ± 14.0

1.7

817.3 ± 13.0

1.6

812.4 ± 13.1

1.6

815.9 ± 13.4

1.7

High

1348.5 ± 5.3

1.1

1350.7 ± 13.1

1.0

1353.1 ± 12.9

1.0

1346.0 ± 15.8

1.2

Low

202.8 ± 5.3

2.6

201.3 ± 5.0

2.5

200.2 ± 6.0

3.0

200.2 ± 6.0

3.0

Medium

381.4 ± 6.1

1.6

377.1 ± 5.0

1.3

375.3 ± 5.0

1.3

376.6 ± 6.4

1.7

High

658.1 ± 8.0

1.2

654.7 ± 9.0

1.4

658.6 ± 9.0

1.4

653.8 ± 9.4

1.4

Low

107.4 ± 3.1

2.9

105.4 ± 3.1

2.9

103.7 ± 3.1

3.0

280.0 ± 5.2

1.9

Medium

211.4 ± 7.0

2.8

205.0 ± 6.0

2.9

202.1 ± 6.0

3.0

535.7 ± 11.0

2.1

High

362.7 ± 7.0

1.9

365.9 ± 7.0

1.9

364.0 ± 5.3

1.5

916.1 ± 15.3

1.7

Low

283.4 ± 5.0

1.8

280.7 ± 5.0

1.8

280.2 ± 4.0

1.4

105.3 ± 3.2

3.0

Medium

536.1 ± 11.1

2.1

535.3 ± 7.0

1.3

539.3 ± 10.1

1.9

206.1 ± 6.5

3.2

High

905.4 ± 15.3

1.7

916.7 ± 14.7

1.6

917.3 ± 9.0

1.0

362.1 ± 7.4

2.1
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Observed
Conc.
-1
(µg mL )

Mesembrine

Mesembrenone

Each observed conc value for intra-day repeatability = mean ± SD (n = 3); Each observed conc value for inter-day repeatability = mean ± SD (n = 9)
Low: 1.0 g of plant material extracted, Medium: 1.5 g of plant material extracted, High: 2.0 g of plant material extracted

Table 4.6: Intra- and inter-day HPTLC densitometry repeatability assay for mesembrine-type alkaloids from Sceletium tortuosum
Analyte

Analyte
Level

Intra-day analysis
Day 1

Mesembrenol

Mesembranol

Day 2

Inter-day analysis
Day 3

%RSD

Observed
Conc.
(ng/band)

%RSD

Observed
Conc.
(ng/band)

%RSD

Observed
Conc.
(ng/band)

%RSD

Low

185.1 ± 5.5

2.99

178.5 ± 3.7

2.1

190.2 ± 2.2

1.1

184.6 ± 6.2

3.3

Medium

235.5 ± 5.5

2.35

246.8 ± 4.3

1.8

243.0 ± 4.7

2.0

241.8 ± 6.5

2.7

High

359.9 ± 8.7

2.41

361.4 ± 7.0

2.0

352.8 ± 7.7

2.2

358.0 ± 7.9

2.2

Low

190.6 ± 4.6

2.40

188.3 ± 4.2

2.2

199.3 ± 4.4

2.3

192.7 ± 6.3

3.3

Medium

245.3 ± 4.7

1.90

239.8 ± 5.6

2.3

247.3 ± 5.8

2.3

244.1 ± 5.7

2.4

High

314.1 ± 3.9

1.25

317.5 ± 4.3

1.4

315.8 ± 6.3

2.0

315.8 ± 4.5

1.4

Low

231.9 ± 6.8

2.95

232.1 ± 6.9

3.0

233.1 ± 6.0

2.6

80.8 ± 2.8

3.5

Medium

290.6 ± 6.8

2.36

285.7 ± 7.6

2.6

283.7 ± 5.5

1.9

153.3 ± 3.6

2.3

High

395.8 ± 5.9

1.48

387.1 ± 5.5

1.4

397.0 ± 7.3

1.8

247.6 ± 4.2

1.7

Low

85.9 ± 2.5

2.95

77.7 ± 2.3

3.0

79.1 ± 2.2

2.8

232.3 ± 5.8

2.5

Medium

155.9 ± 3.2

2.06

152.5 ± 3.6

2.4

151.4 ± 3.3

2.2

286.7 ± 6.5

2.3

High

244.4 ± 4.8

1.97

249.1 ± 2.8

1.1

249.2 ± 4.1

1.7

393.3 ± 7.2

1.8
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Observed
Conc.
(ng/band)

Mesembrine

Mesembrenone

Each observed conc value for intra-day repeatability = mean ± SD (n = 3); Each observed conc value for inter-day repeatability = mean ± SD (n = 9)
Low: 1.0 g of plant material extracted, Medium: 1.5 g of plant material extracted, High: 2.0 g of plant material extracted

partitioning using DCM. These steps are likely to limit the recoveries of compounds, due
to losses incurred during each of these steps. Nevertheless, the acid-base extraction was
highly effective at removing interfering compounds, yielding an extract consisting almost
entirely of alkaloids.
Table 4.7: Results of recovery studies for mesembrine-type alkaloids from Sceletium tortuosum
(Sample SCT077) as determined by RP–UHPLC analysis
Analyte

Mesembrenol

Mesembranol

Mesembrenone

Mesembrine

Sample content
-1
(µg mL )

Spike
-1
(µg mL )

53.4 ± 1.2

25.2 ± 0.7

35.4 ± 0.7

13.5 ± 0.3

Recovery
content
-1
(µg mL )
4.0 ± 0.3

%Recovery

5.0

Sample +
spiked content
-1
(µg mL )
57.4 ± 1.2

10

61.9 ± 1.2

8.5 ± 0.3

84.7

20

70.7 ± 2.8

17.3 ± 0.5

86.3

5.0

29.3 ± 1.8

4.1 ± 0.2

81.3

10

33.7 ± 0.9

8.4 ± 0.2

84.3

20

42.1 ± 1.2

16.8 ± 1.1

84.2

5.0

39.4 ± 0.8

4.0 ± 0.1

80.0

10

44.1 ± 2.8

8.6 ± 0.3

86.0

20

53.4 ± 2.0

18.0 ± 0.6

89.8

5.0

17.3 ± 0.6

4.1 ± 0.2

81.3

10

21.4 ± 1.6

8.0 ± 0.4

80.3

20

30.3 ± 2.2

17.0 ± 0.5

84.7

80.7

Each value represents mean ± SD (n = 4)

Recovery data from analysis of Sample SCT077, spiked with four reference standards,
using the GC–MS method are presented in Table 4.8. The recoveries of the four alkaloids
were found to be within the range of 80.8 and 90.0%. These values are similar to those
obtained from RP–UHPLC analysis.

Recovery data from HPTLC densitometric analysis of Sample SCT081, spiked with
different quantities of each of the four reference standards, are presented in Table 4.9.
These values (81.5 – 92.2%) are similar to those obtained from both RP–UHPLC and
GC–MS analyses and are within the acceptable range for compounds in plant material
(Renger et al., 2011).
4.3.3

Quantification of alkaloids in wild Sceletium tortuosum samples and
products

The validated RP–UHPLC, GC–MS and HPTLC densitometry methods were used for the
quantitative determination of the four alkaloids in selected wild samples (8 specimens)
and commercial products (4 products) of S. tortuosum. Quantitative data for each alkaloid
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in the selected samples and products, as obtained from each of the three analytical
methods, were compared by regression analysis as illustrated in Figures 4.4, 4.5 and 4.6.
Table 4.8: Results of recovery studies for mesembrine-type alkaloids from Sceletium tortuosum as
determined by GC–MS analysis
Analyte

Mesembrenol

Mesembranol

Mesembrenone

Mesembrine

Sample
content
-1
(µg mL )
529.5 ± 9.5

253.6 ± 5.1

351.7 ± 9.3

135.1 ± 4.6

Spike
-1
(µg mL )

Sample +
spiked content
-1
(µg mL )

Recovery
content
-1
(µg mL )

%Recovery

50

570.0 ± 11.1

40.4 ± 2.5

80.7

100

614.4 ± 11.6

84.8 ± 2.3

84.3

200

703.4 ± 13.1

173.1 ± 3.8

86.7

50

294.4 ± 4.0

40.7 ± 1.2

81.4

100

335.3 ± 4.0

81.3 ± 1.5

81.5

200

423.2 ± 8.5

169.1 ± 11.6

84.5

50

392.7 ± 8.3

41.1 ± 3.0

82.1

100

435.0 ± 5.6

83.3 ± 3.8

83.4

200

529.7 ± 9.9

178.0 ± 4.7

90.0

50

175.4 ± 4.5

40.3 ± 0.6

80.6

100

218.0 ± 5.3

83.1 ± 2.7

83.0

200

303.4 ± 1.5

168.2 ± 5.5

84.2

Each value represents mean ± SD (n = 4)

The results indicate linear correlations (R2 = 0.9657 – 0.992) between data obtained for
the three methods. The quantitative data obtained from the analysis of the selected
specimens of S. tortuosum and commercial products using the three validated methods is
also depicted in Figure 4.7. Similar results were obtained for each sample by analyses
using the different methods. This is a clear indication that these methods are reliable tools
for the determination of mesembrine-type alkaloids in S. tortuosum raw materials and
commercial products.
Table 4.10 is a summary of the LOQ values established for each alkaloid from the
regression analysis of the calibration standards and those obtained by extrapolation to the
plant material using sample SCT077 using each method. It is evident from this table that
the LOQ values obtained from the regression analysis of the calibration standards must
be extrapolated back to the plant material if an accurate reflection of the levels of alkaloids
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that can be determined is to be obtained. This is because the extract dilutions that were
necessary for analysis using each of the methods were different.
Table 4.9: Results of recovery studies for mesembrine-type alkaloids from Sceletium tortuosum as
determined by HPTLC densitometry analysis
Analyte

Mesembrenol

Mesembranol

Mesembrine

Mesembrenone

Amount in blank
(ng/band)

Amount
added
(ng/band)

Total amount
(Blank + spike)
(ng/band)

Amount
recovered
(ng/band)

%Recovery

181.0 ± 7.1

50

222.4 ± 15.3

41.4 ± 2.4

82.7

100

266.0 ± 14.6

84.9 ± 6.6

84.9

150

315.4 ± 20.7

134.4 ± 8.9

89.6

50

227.7 ± 17.7

42.5 ± 4.0

84.9

100

272.5 ± 12.0

87.2 ± 5.2

87.2

150

318.7 ± 13.5

133.5 ± 8.3

89.0

50

126.3 ± 7.8

42.4 ± 1.9

84.8

100

170.2 ± 8.9

86.3 ± 4.6

86.3

150

222.2 ± 14.9

138.3 ± 9.4

92.2

50

268.2 ± 9.0

40.8 ± 1.8

81.5

100

315.0 ± 15.6

87.6 ± 4.2

87.6

150

360.2 ± 16.0

132.8 ± 8.5

88.5

185.3 ± 5.7

83.9 ± 8.0

227.4 ± 6.6

Each value represents mean ± SD (n = 3)

Figure 4.4: Plots indicating linear correlation of RP–UHPLC and GC–MS results for wild Sceletium
tortuosum specimens and commercial products. A) mesembrenol; B) mesembranol; C) mesembrenone;
D) mesembrine
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Figure 4.5: Plots indicating linear correlation of HPTLC densitometry and RP–UHPLC results for
wild Sceletium tortuosum specimens and commercial products. A) mesembrenol; B) mesembranol; C)
mesembrenone; D) mesembrine

Figure 4.6: Plots indicating linear correlation of HPTLC densitometry and GC–MS results for wild
Sceletium tortuosum specimens and commercial products. A) mesembrenol; B) mesembranol; C)
mesembrenone; D) mesembrine
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Figure 4.7: Quantitative data for mesembrine-type alkaloids in extracts of Sceletium tortuosum samples and products as determined by
RP–UHPLC, GC–MS and HPTLC densitometry analyses. Each bar represents mean ± SD (n = 4)

Table 4.10: The LOQ values for each alkaloid from regression analysis and their extrapolated
equivalents in a real sample when analysed by the different methods
-1

Compound

LOQ values (µg g of dw)

RP–UHPLC

GC–MS

HPTLC
densitometry

Mesembrenol

LOQ from regression data

2.7*

35.3*

74.7**

LOQ extrapolated to plant

25.4

33.2

140

LOQ from regression data

3.3*

39.1*

95.4**

LOQ extrapolated to plant

31.0

36.8

179

LOQ from regression data

3.6*

57.1*

80.0**

LOQ extrapolated to plant

33.8

53.7

150

LOQ from regression data

3.7*

68.3*

44.4**

LOQ extrapolated to plant

34.8

64.2

83.5

Mesembranol

Mesembrenone

Mesembrine

-1

dw: dry weight, *µg mL , **ng/band

4.4

CONCLUSIONS

Simple, repeatable and precise RP–UHPLC, GC–MS and HPTLC densitometry
methods were developed for the identification and simultaneous quantitative
analysis of four pharmacologically active alkaloids in wild S. tortuosum samples
and commercial products;

Quantitative data indicated a linear relationship between the results obtained by
the three analytical methods, thus indicating that they are reliable for quantitative
evaluation of mesembrine-type alkaloids in Sceletium raw materials and products;

Both RP–UHPLC and GC–MS, could be used to quantify lower amounts of the
alkaloids in plant material than HPTLC densitometry;

These methods are suitable for assay and quality control of Sceletium raw
materials and products, but could also be valuable tools for the chemotaxonomic
evaluation of the species.
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CHAPTER 5
VARIATION OF PSYCHOACTIVE ALKALOIDS IN SCELETIUM SPECIES
5.1

ASSESSMENT OF HERBAL MEDICINES

5.1.1 Introduction
The use of medicinal plants is not only ascribed to their therapeutic value in traditional
health care, but they also serve as a source of new chemical entities for drug discovery
(Clarkson et al., 2004). In some cases, morphological and taxonomical similarities
between different species of the same genus have resulted in misidentification and even
poisoning (Fraser et al., 2000). It is therefore essential to establish reliable scientific
protocols for authentication of phytomedicines in order to ensure quality, safety and
efficacy of each herbal drug.

Medicinal plants constitute complex mixtures of secondary metabolites with diverse
chemical properties and variations in their concentrations (Hu et al., 2006). A single
technique that is applicable to all or a majority of plant secondary metabolites is therefore
seldom feasible (Fraser et al., 2000). Quality assurance systems, aimed at providing
consumers with high quality, healthy and safe products, as well as ensuring profitability for
the producers, are very important. The method of choice for identification of a “botanical
drug” is one that provides a characteristic fingerprint for a specific plant. This fingerprint
must represent the presence of a particular quality, which defines the chemical
constituents (Tadmor et al., 2002: 81).

Metabolomics is a comprehensive and simultaneous systematic evaluation of metabolite
levels in the metabolome and their periodical changes (Villas-Boas et al., 2005). A
metabolome is a complete set of small-molecule metabolites, which are either
intermediates or the products of metabolism. Primary metabolites are associated with
plant growth and reproduction, and examples are carbohydrates, fatty acids and amino
acids. Secondary metabolites are mostly produced by plants and can be considered to be
an expression of the individuality of the species. These include terpenes, alkaloids,
flavonoids, phenylpropanoids and naphthoquinones that serve diverse functions such as
protection of the plant against predators and pathogens and for the attraction of pollinating
insects (Weiss, 1997: 8). Metabolomics is a useful tool for the quality control (QC) of
herbal materials and derived products. This technique is a valuable approach for profiling
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and comparison of metabolites in biological systems. Numerous applications of
metabolomics

in

human,

microbial

and

plant

systems

have

been

reported

(De Vos et al., 2007; Mishur and Rea, 2012).

Metabolomic approaches include targeted and untargeted analyses (Lomen et al., 2007).
The targeted approach involves identification and analysis of specific compounds or a
group/s of compounds possessing particular desired properties within a species. Such
biologically or pharmacologically active compounds are generally used as biomarkers in
the QC of traditional medicines (Li et al., 2007). In contrast, the goal of the untargeted
approach is to measure as many compounds as possible in the plant, regardless of their
biological value. In the latter approach, identification of the metabolites is not mandatory
prior to data processing. Chemometric analysis is used to point out trends in the data or
identify metabolites as biomarkers for specific activities. Analytical techniques, including
chromatography, spectrometry and vibrational spectroscopy, are useful for both targeted
and untargeted metabolomic assessment of phytomedicines and their raw materials
(Schulz et al., 2003; Hu et al., 2006; Li et al., 2007).
5.1.2

Evaluation of herbal medicines using vibrational spectroscopy

Vibrational spectroscopy involves two types of vibrational transitions, namely infrared (IR)
and Raman spectroscopy (Whisnant, 2005). In both types, transitions between vibrational
energy levels occur within a molecule, but the transitions are induced either by absorption
of IR radiation (IR spectroscopy) or as a result of the scattering of light by molecules
(Raman spectroscopy). Both techniques generate spectra that present characteristic key
bands of individual components in a sample (Schulz and Baranska, 2007). Since the
bands obtained provide information concerning the chemical composition, the spectra are
useful for the discrimination of different species, as well as for the identification of
chemotypes or cultivars within the same species. Raman and IR spectroscopy have been
used successfully in the food, agricultural and pharmaceutical industries, as well as for the
qualitative and quantitative determination of various constituents (Paul, 2008; Sinija and
Mishra, 2009).
The IR spectrum is separated into three regions namely, the near infrared (NIR; 750 –
2500 nm or 10 000 – 4000 cm-1), mid infrared (MIR; 2500 – 50 000 nm or 4000 – 400 cm1

) and far infrared (FIR; 50 000 – 1000 000 nm or 400 – 100 cm-1) regions. Both NIR and

MIR constitute the most useful regions for evaluation of the chemical characteristics of
various substances (Subramanian and Rodriguez-Saona, 2009: 25). Fourier transform
NIR (FT–NIR) and FT–MIR spectroscopy have been adopted for fingerprinting of
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medicinal plants, since these techniques are rapid, versatile and environmentally friendly
(solvent extraction is not necessary) (Tripathi and Mishra, 2009). In addition, they are nondestructive of samples and require minimal sample preparation steps. In both incidences,
powdered samples can be analysed in solid state. Raman and IR spectroscopy are useful
for measuring the relative concentrations of compounds in mixtures, based on the relative
intensities of the bands representing the respective compounds.

Advancement of IR and Raman spectroscopy has resulted in the development of
hyperspectral imaging (HSI) techniques, which include near infrared chemical imaging
(NIR–CI) and Raman chemical imaging (Raman–CI). These techniques are used in
diverse fields such as astronomy, agriculture, pharmaceuticals, food and medicine
(Gowen et al,. 2008). In HSI spectroscopy, each pixel area of the sample is defined by
large amounts of spectral and spatial data, acquired over a defined surface of the sample
and covering a wide wavelength range (Furukawa et al., 2007). Hyperspectral images
(hypercubes) are three dimensional data blocks, comprised of two spatial and one
wavelength dimension. Owing to the complexity of IR and Raman spectra, multivariate
statistical techniques, such as chemometric analysis, have become leading tools for data
processing to ensure short product development time (Furukawa et al., 2007).
5.1.3

Assessment of herbal medicines using NMR spectrometry

Nuclear magnetic resonance spectrometry is widely used for structure elucidation of
compounds in natural products (Zhao et al., 2011). This technique provides
comprehensive qualitative and quantitative information on the constituents of a mixture. It
is one of the most applicable techniques in metabolomics for untargeted analysis,
because it provides unbiased detection of compounds over a wide range of organic
classes and allows direct quantitative comparisons. Proton (1H) NMR allows the detection
of any compound containing hydrogen atoms in the structure. The NMR signals can be
used as spectral markers (spectral-feature-signatures) when using NMR fingerprinting for
authentication (Zhao et al., 2011). A significant amount of structural information of the
constituents of a sample is also revealed by this technique (Tarachiwin et al., 2008).
However, it offers low sensitivity, since it is not based on the separation of compounds in
a mixture. The NMR spectrum of a mixture yields complex data that are difficult to
interpret. Nevertheless, NMR spectroscopy combined with multivariate data analysis
techniques has been used to solve problems associated with plant species, including
cultivar discrimination, metabolite profiling and quality assessment of herbal products and
food (van der Kooy et al., 2008; Zhao et al., 2011).
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5.1.4 Evaluation
spectrometry

of

herbal

medicines

using

chromatography

and

mass

Chromatographic techniques such as HPTLC, GC, HPLC and UHPLC are widely
accepted for fingerprinting or profiling of secondary metabolites in plants (Hu et al., 2006).
Methods incorporating these techniques are recommended by various regulatory
authorities such as the WHO, FDA and EMEA, to assess the consistency of
phytochemical

dosage

formulations

(FDA,

2004;

WHO,

2006;

EMEA,

2006).

Chromatographic techniques are powerful and effective for fingerprint analysis, since they
act as a link between the chemical profiles of plants and their respective botanical
identities. Quantitative determination of chemical and biochemical markers is also
achieved using chromatography (Hu et al., 2006).

It has been reported that HPLC with continuous wavelength UV detection is one of the
most commonly used analytical techniques for the evaluation of natural products (Patnala
and Kanfer, 2010). However, photodiode array (PDA) detectors improve the versatility of
the analysis by allowing simultaneous multi-wavelength detection of compounds, based
on the presence of distinct chromophores. This detector is particularly useful for
determination of the purity of individual peaks, representing compounds in a mixture
(Keller et al., 1992). Advances in HPLC have resulted in the development of the UHPLC
system that makes use of sub-2 µm porous particles for separation (Narasimham and
Barhate, 2010). This column packing enables separation to be achieved at higher mobile
phase linear velocities and pressures (6 000 – 15 000 psi), resulting in improved
selectivity and higher resolution. The development of UHPLC has also led to an increase
in

the

number

of

compounds

that

can

be

detected

within

a

single

run

(De Vos et al., 2007). Gas chromatography with flame ionisation detection (GC–FID) is
commonly used for evaluation of the profiles of a wide range of plant volatiles, although it
can also be used to analyse semi-volatile metabolites following derivatisation (VillasBoas et al., 2005).

Mass spectrometry methods are mainly used for selective determination and identification
of compounds of interest in a sample (Lomen et al., 2007). In this technique, the analysis
is based on the mass-to-charge ratio (m/z) of its ionised constituents (Mishur and Rea,
2012). A conventional mass spectrometer consists of an ionisation source, mass analyser
and detector. The MS technique does not discriminate between compounds in a mixture.
Complex mixtures are therefore separated prior to MS analysis, using other analytical
techniques such as HPLC, GC or capillary electrophoresis. Complex mixtures can be
profiled in a short time using combinations of MS with other analytical techniques
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(Lomen et al., 2007); such combinations are referred to as hyphenated MS techniques.
After separation, the constituents in a sample mixture can be identified and quantified
based on their accurate molecular weights and/or fragmentation patterns (Mishur and
Rea, 2012). This makes it possible to obtain a complete chemical profile of a sample
when measuring in SIM mode. In LC–MS, UHPLC–MS and GC–MS or GC–MS/MS, the
analytical data obtained from the profiles are transformed to coordinates on the basis of
mass-to-charge ratios, retention times and amplitudes. The coordinates representing
different chemical profiles are processed and compared using sophisticated software,
such as metAlign™, to provide information on the differences or similarities between the
profiles (Lomen et al., 2007). Chromatographic methods have been applied for profiling
and quantification of secondary metabolites in pharmaceutical products, health
supplements, perfumery, food, pesticides, animal feeds and agricultural products
(Hu et al., 2006; De Vos et al., 2007; Zhao et al., 2011).
5.1.5

Multivariate data analysis

Multivariate data (MVD) are data captured in a complex experimental data set in which
multiple variables are measured for a large number of observations (samples)
(Eriksson et al., 2006: 1). The application of classical statistical methods of data analysis
to

complex

MVD

collected

from

analytical

techniques

is

very

challenging

(van der Kooy et al., 2008). In MVD, the number of samples (observations) analysed is
usually smaller than the number of variables, particularly when near infrared and mid
infrared measurements are made (Naes et al., 2007: 5). Chemometric computation
techniques are therefore crucial for the processing of this type of data. Multivariate
projection or chemometric techniques are useful for summarising, visualising and
interpreting complex data structures in a robust and statistically appropriate way
(Ericksson et al., 2006: 2).

Multivariate data analysis methods can be grouped into cluster analysis and discriminant
analysis (Naes et al., 2007: 6). Cluster analysis methods are unsupervised methods used
for finding groups and identifying patterns or trends in a data set, without predefined class
structure. Principle component analysis (PCA) is a multivariate projection method
designed to extract and display systematic variation in a data matrix and is commonly
used for cluster analysis and pattern recognition (Ericksson et al., 2006: 39). This method
does not rely on class information for discrimination of samples (Mishur and Rea, 2012).
In contrast, discriminant analysis methods are supervised MVD analysis projection
techniques that are used for building classifiers for allocating unknown samples to
particular groups (Naes et al., 2007: 14). These include principle component regression
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(PCR), partial least squares (PLS) and partial least squares discriminant analysis (PLS–
DA) methods, which can be used to predict the class to which an unknown sample
belongs, as well as for multivariate calibrations. The variables in a data set are projected
to a few linear combinations, resulting in improved prediction results. The PLS projection
method relates two data matrices, X and Y, to each other by a linear multivariate model
(Ericksson et al., 2006: 63), The X values represent descriptor matrices, while the Y
values are response matrices. In a PLS–DA model, the covariance between the
independent and dependent variables is maximised in order to differentiate samples
(Mishur and Rea, 2012). It therefore offers better discrimination between classes than a
PCA model. Orthogonal projections to latent structures (OPLS), is a more specialised
form of PLS–DA in which non-correlated systematic variance is removed from the model.
5.1.6

Evaluation of Sceletium tortuosum using analytical methods

High performance liquid chromatography, capillary electrophoresis, GC–MS and HPLC
have been used for fingerprint analysis of the alkaloid profiles of S. tortuosum (Gaffney,
2008: 39; Patnala and Kanfer, 2010). The use of GC–MS coupled to a nitrogenphosphorus detector for analysis of the psychoactive alkaloids in S. tortuosum has also
been reported (Smith et al., 1998). However, these techniques have not been used for
differentiation of the different Sceletium species nor for the determination of chemotypic
data for S. tortuosum. The aims of this section of the study were to determine the interspecies variability of mesembrine-type alkaloids in different Sceletium species, as well as
the intra-species variability of the same compounds in S. tortuosum samples, in order to
establish the different chemotypes of this species and their provenances. Other aims were
to determine the variation of the alkaloids in commercial products of S. tortuosum and to
identify suitable biomarkers for S. tortuosum plant material and products.
5.2

MATERIALS AND METHODS

5.2.1

Sampling

Aerial parts of seven wild Sceletium species were harvested from various localities in the
south western region of South Africa in August and November, 2009. The specimens
were authenticated by staff at the Bolus Herbarium (University of Cape Town). Voucher
specimens of all collections were prepared (Section 5.2.1) and deposited at the
Department of Pharmaceutical Sciences, Tshwane University of Technology. The
geographical localities of the collection sites and the respective voucher specimen
numbers of samples harvested from the different localities are listed in Table 5.1.
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Table 5.1: Localities, altitudes and voucher specimen numbers of Sceletium specimens
Species

Locality

Locality
id.

No. of
specimens

Altitude
(m ASL)

Voucher specimen
no.

S. tortuosum

Lemoenshoek

L1

3

306

SCT001-SCT003

S. tortuosum

Zoar

L2

4

479

SCT004-SCT007

S. tortuosum

Oudtshoorn
hill (S side)

L3

4

297

SCT008-SCT011

S. tortuosum

Oudtshoorn
hill (N side)

L4

4

368

SCT012-SCT015

S. tortuosum

Oudsthoorn
(Beleza)

L5

5

306

SCT016-SCT020

S. tortuosum

Oudtshoorn

L6

6

375

SCT021-SCT026

S. tortuosum

Calitzdorp

L7

4

265

SCT027-SCT030

S. tortuosum

Calitzdorp

L8

4

429

SCT031-SCT034

S. tortuosum

Calitzdorp

L9

4

251

SCT035-SCT038

S. tortuosum

Calitzdorp

L10

4

232

SCT039-SCT042

S. tortuosum

Uniondale

L11

3

648

SCT043-SCT045

S. tortuosum

Ockertskraal

L12

4

253

SCT046-SCT049

S. tortuosum

Cacadu

L13

6

803

SCT050-SCT055

S. tortuosum

Toorwater

L14

7

745

SCT056-SCT062

S. tortuosum

Toorwater

L15

6

784

SCT063-SCT068

S. tortuosum

Steildrift

L16

7

442

SCT069-SCT075

S. tortuosum

Steildrift

L17

6

329

SCT076-SCT081

S. tortuosum

Van Wyksdorp

L18

7

284

SCT082-SCT088

S. tortuosum

Van Wyksdorp

L19

5

343

SCT089-SCT093

S. tortuosum

Plathuis

L20

4

34

SCT094-SCT097

S. tortuosum

Steildrift

L21

6

655

SCT098-SCT103

S. tortuosum

Steildrift

L22

6

640

SCT104-SCT109

S. tortuosum

Ladismith

L23

8

599

SCT110-SCT117

S. tortuosum

Volmoed

L24

4

446

SCT118-SCT121

S. tortuosum

Volmoed

L25

4

439

SCT122-SCT125

S. tortuosum

Volmoed

L26

4

431

SCT126-SCT129

S. tortuosum

Volmoed
(Vodacom
tower)

L27

4

420

SCT130-SCT133

S. tortuosum

Volmoed

L28

5

321

SCT134-SCT138
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Table 5.1 (continued)
Species

Locality

Locality
id.

No. of
specimens

Altitude
(m ASL)

Voucher specimen
no.

S. tortuosum

Volmoed

L29

5

407

SCT139-SCT143

S. tortuosum

Volmoed

L30

4

382

SCT144-SCT147

S. tortuosum

Volmoed

L31

4

344

SCT148-SCT151

S. strictum

Hennie
Cloete

L32

4

438

SST001-SST004

S. strictum

Hennie
Cloete

L33

4

527

SST005-SST008

S. strictum

Hennie
Cloete

L34

4

589

SST009-SST012

S. expansum

Swartland

L35

4

400

SEP001-SEP004

S. emarcidum

Beaufort
West

L36

9

826

SEM001-SEM009

S. emarcidum

Beaufort
West

L37

3

1277

SEM010-SEM012

S. rigidum

Laingsburg

L38

3

640

SRG001-SRG003

S. rigidum

Prince Albert

L39

8

599

SRG004-SRG006

S. varians

Vrolijkheid
Nature
Reserve

L40

3

235

SVR001-SVR003

S. varians

Vrolijkheid
Nature
Reserve

L41

3

225

SVR004-SVR006

S. varians

Vrolijkheid
Nature
Reserve

L42

3

230

SVR007-SVR009

S. crassicaule

Infanta,
Kontiki

L43

11

1

SCC001-SCC011

ASL: Above sea level

Global positioning satellite (GPS) coordinates of the collection sites have been omitted as
result of bioprospecting reasons. Products in capsule form (Com1 – 8), containing milled
S. tortuosum, were purchased from local health shops and directly from manufacturers.
Some of the commercial products acquired for the investigation are illustrated in
Figure 5.1.
5.2.2

Variation of mesembrine-type alkaloids in Sceletium species and Sceletium
tortuosum products

Chromatographic profiling of the four mesembrine-type alkaloids in the extracts of seven
Sceletium species collected from the wild and in extracts of commercial products of
S. tortuosum was done using the developed GC–MS method described in Section 4.2.3.

101

Figure 5.1: Some of the commercial products of Sceletium tortuosum used for the investigation
(Photos courtesy of Prof AM Viljoen)

Dried extract of each sample was re-suspended in methanol at a concentration of
10.0 mg mL-1 prior to GC–MS analysis (3.3.5.2). This extract almost exclusively consists
of alkaloids, since the acid-base extraction method selectively extracts basic substances
such as alkaloids from a plant mixture (Alali et al., 2008). The total alkaloid yield of each
sample (mass of the extract) was expressed as a percentage of dry weight (%dw) of plant
material. The percentage of each alkaloid in an extract was expressed as a percentage of
the total composition of the four alkaloids in an extract as determined by GC analysis.

Cluster and classification analysis of the GC–MS data were performed by chemometric
computations using SIMCA-P+® version 12.0 software (Umetrics AB., Malmo, Sweden).
Unsupervised PCA was performed to provide an overview of the clustering patterns of the
samples (observations). Hierarchical cluster analysis was done through construction of a
dendrogram and scatter scores plot to evaluate grouping and trends in the S. tortuosum
data set.
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5.2.3

Differentiation of Sceletium tortuosum and Sceletium crassicaule species

5.2.3.1 Ultrahigh performance liquid chromatography analysis
Alkaloid extracts of Samples SCT064, SCT128 and SCT138 of S. tortuosum from
Toorwater and two localities in Volmoed, respectively, and SCC003, SCC004, SCC009 of
S. crassicaule from Infanta, were selected for this investigation. The extracts were each
diluted further to a concentration of 1.0 mg mL-1 using MeOH prior to analysis by the
developed RP–UHPLC method, as reported in Section 4.2.3.

5.2.3.2 Near infrared hyperspectral imaging
A reference hyperspectral image of five S. tortuosum (SCT007, SCT035, SCT064,
SCT128 and SCT138) and five S. crassicaule (SCC001, SCC003, SCC004, SCC009 and
SCC011) powders was obtained using a SisuChema spectrophotometer (Specim spectral
imaging Ltd; Oulu, Finland), coupled to a 2D array mercury-cadmium-telluride detector
(Figure 5.2). These selected wild specimens were used as test samples to aquire spectral
data from which the chemometric models were constructed. The S. tortuosum specimens
were selected based on their alkaloid profiles. Images were acquired using the macrolens
(10 mm) camera with a 100 x 100 mm field of view. Each pixel represented NIR spectra
over the range 1000 – 2500 nm, with a 10 nm resolution and a spectral sampling rate of
6.3 nm per pixel. The sample was placed on a mobile plane carriage that moves in a
horizontal direction under the stationary camera. The illumination source, consisting of a
dual linear light, covering the spectral range of 900 – 2500 nm, was used for image
illumination. Evince software version 2.5.0 from Umbio AB (Umea; Sweden) was used to
acquire spectral image data.

Pulverised material from each sample was placed on the moving tray beneath the camera
and the full spectrum of each individual point of the sample area was measured by linescanning across the samples by the camera. The hyperspectral images (hypercubes)
representing S. tortuosum and S. crassicaule samples (reference images) were collected
in diffuse reflectance mode. The exposure time was set to 0.3 µs. A binary hyperspectral
image was created by manually selecting the region in the image representing the sample
and eliminating the background. After standard normal variate pretreatment of the original
spectra, a PCA model was constructed from the spectra to indicate the clustering pattern
of the different samples in the reference image. A partial least squares discriminate
analysis (PLS–DA) model was then constructed to allow prediction of an external data set.
The external data set consisted of spectral data of an additional three S. tortuosum
(SCT028, 081 and 134) and three S. crassicaule (SCC005, 007 and 010) samples.
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Figure 5.2: An illustration of a push-broom near infrared hyperspectral imaging camera

5.3

RESULTS AND DISCUSSION

5.3.1

Variation of mesembrine-type alkaloids in Sceletium species

The total alkaloid yields (expressed as %dw) of the Sceletium specmens analysed were
highly variable for S. tortuosum (0.11 to 1.99%) and the other species (0.06 – 0.46%) as
listed in Tables 5.2 and 5.3, respectively. The highest total alkaloid yields were observed
for S. tortuosum and S. crassicaule (0.50 – 1.15%). Sceletium emarcidum specimens
portrayed the lowest total alkaloids yields (0.06 – 0.23%).

Of the seven Sceletium species (S. emarcidum, S. expansum, S. crassicaule, S. rigidum,
S. strictum, S. tortuosum and S. varians), which were investigated, the four psychoactive
alkaloids were only observed in S. crassicaule and S. tortuosum specimens. This findings
are in agreement with previous observations by Gerbaulet (1996) and Gaffney (2008: 40),
indicating that these alkaloids are produced by S. crassicaule and S. tortuosum.
Gaffney (2008: 40) also reported that none of the alkaloids are produced in S. rigidum.
Literature data on the presence of these alkaloids in S. exalatum and S. expansum are
not available. However, contrary to our findings, these compounds have been identified
previously in S. strictum and S. emarcidum (Jeffs et al., 1970).
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Table 5.2: Alkaloid yields and percentage compositions of different Sceletium species collected from the wild
Locality
S. strictum

S. strictum

S. strictum

Locality id.
Hennie Cloete

Hennie Cloete

Hennie Cloete

Locality
code

Voucher
specimen no.

%alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

L32

SST001

0.31

Nd

Nd

Nd

Nd

SST002

0.29

Nd

Nd

Nd

Nd

SST003

0.16

Nd

Nd

Nd

Nd

SST004

0.34

Nd

Nd

Nd

Nd

SST005

0.12

Nd

Nd

Nd

Nd

SST006

0.28

Nd

Nd

Nd

Nd

SST007

0.16

Nd

Nd

Nd

Nd

SST008

0.25

Nd

Nd

Nd

Nd

SST009

0.31

Nd

Nd

Nd

Nd

SST010

0.30

Nd

Nd

Nd

Nd

SST011

0.44

Nd

Nd

Nd

Nd

SST012

0.46

Nd

Nd

Nd

Nd

SEP001

0.30

Nd

Nd

Nd

Nd

SEP002

0.20

Nd

Nd

Nd

Nd

SEP003

0.23

Nd

Nd

Nd

Nd

SEP004

0.31

Nd

Nd

Nd

Nd

SEM001

0.12

Nd

Nd

Nd

Nd

SEM002

0.12

Nd

Nd

Nd

Nd

SEM003

0.13

Nd

Nd

Nd

Nd

SEM004

0.13

Nd

Nd

Nd

Nd

SEM005

0.12

Nd

Nd

Nd

Nd

SEM006

0.06

Nd

Nd

Nd

Nd

L33

L34
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S. expansum

S. emarcidum

Swartland

Beaufort West

L35

L36

Table 5.2 (continued)
Locality

S. emarcidum

S. rigidum
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S. rigidum

S. varians

S. varians

Locality id.

Beaufort West

Laingsburg

Prince Albert

Vrolijkheid Nature
Reserve

Vrolijkheid Nature
Reserve

Locality
Code

Voucher
specimen no.

%alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

L36

SEM007

0.14

Nd

Nd

Nd

Nd

SEM008

0.13

Nd

Nd

Nd

Nd

SEM009

0.15

Nd

Nd

Nd

Nd

SEM010

0.18

Nd

Nd

Nd

Nd

SEM011

0.23

Nd

Nd

Nd

Nd

SEM012

0.23

Nd

Nd

Nd

Nd

SRG001

0.26

Nd

Nd

Nd

Nd

SRG002

0.30

Nd

Nd

Nd

Nd

SRG003

0.24

Nd

Nd

Nd

Nd

SRG004

0.24

Nd

Nd

Nd

Nd

SRG005

0.27

Nd

Nd

Nd

Nd

SRG006

0.27

Nd

Nd

Nd

Nd

SRG007

0.26

Nd

Nd

Nd

Nd

SRG008

0.24

Nd

Nd

Nd

Nd

SRG009

0.27

Nd

Nd

Nd

Nd

SRG010

0.25

Nd

Nd

Nd

Nd

SRG011

0.15

Nd

Nd

Nd

Nd

SVR001

0.17

Nd

Nd

Nd

Nd

SVR002

0.42

Nd

Nd

Nd

Nd

SVR003

0.25

Nd

Nd

Nd

Nd

SVR004

0.10

Nd

Nd

Nd

Nd

SVR005

0.22

Nd

Nd

Nd

Nd

SVR006

0.15

Nd

Nd

Nd

Nd

L37

L38

L39

L40

L41

Table 5.2 (continued)
Locality
S. varians

S.
crassicaule

Locality id.
Vrolijkheid
Nature
Reserve
Infanta,
Kontiki
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Locality
code

Voucher
specimen no.

%alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

L42

SVR007

0.13

Nd

Nd

Nd

Nd

SVR008

0.20

Nd

Nd

Nd

Nd

SVR009

0.30

Nd

Nd

Nd

Nd

SCC001

0.59

22.42

31.16

41.16

5.26

SCC002

0.69

10.98

21.34

63.38

4.27

SCC003

0.50

23.03

29.29

41.60

6.08

SCC004

0.62

22.03

30.39

41.27

6.30

SCC005

0.52

16.00

12.84

61.23

9.96

SCC006

0.55

20.21

31.29

43.38

5.12

SCC007

1.15

21.37

25.14

45.59

7.90

SCC008

0.52

25.64

25.13

36.76

12.47

SCC009

0.76

19.30

35.87

37.99

6.85

SCC010

0.57

16.76

49.82

27.06

6.33

SCC011

0.74

24.58

23.12

42.39

9.93

L43

Alkaloid yield expressed as %mass of extract/dry mass of sample, Nd: not detected

Table 5.3: Total alkaloid yields, percentage compositions and chemotypic classification of different specimens of Sceletium tortuosum collected from the wild
Locality
Lemoenshoek

Zoar

Oudtshoorn hill
(S side)
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Oudtshoorn hill
(N side)

Oudsthoorn
(Beleza restaurant)

Locality id

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

L1

SCT001

A

0.28

Nd

Nd

Nd

Nd

SCT002

A

0.11

Nd

Nd

Nd

Nd

SCT003

A

0.80

Nd

Nd

Nd

Nd

SCT004

B

1.09

80.02

1.51

3.99

14.48

SCT005

B

0.97

92.71

2.96

0.21

4.12

SCT006

B

1.44

93.05

2.34

0.00

4.61

SCT007

B

1.46

68.00

3.68

1.01

27.31

SCT008

E

0.60

13.22

7.12

14.63

65.03

SCT009

E

0.58

27.93

7.06

14.01

51.00

SCT010

E

1.49

10.92

12.94

3.63

72.51

SCT011

B

0.42

91.03

3.90

1.06

4.01

SCT012

A

0.82

Nd

Nd

Nd

Nd

SCT013

A

0.54

Nd

Nd

Nd

Nd

SCT014

A

0.42

Nd

Nd

Nd

Nd

SCT015

A

0.34

Nd

Nd

Nd

Nd

SCT016

D

0.75

6.97

14.18

33.91

44.95

SCT017

D

0.49

8.48

15.93

21.53

54.06

SCT018

E

0.38

7.04

7.70

14.09

71.17

SCT019

D

0.72

27.85

18.20

22.26

31.69

SCT020

D

0.52

36.81

15.34

13.57

34.28

L2

L3

L4

L5

%Mesembrine

%Mesembrenone

Table 5.3 (continued)
Locality
Oudtshoorn

Calitzdorp
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Calitzdorp

Calitzdorp

Calitzdorp

Locality
id.

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

L6

SCT021

D

0.82

5.93

16.91

40.47

36.69

SCT022

D

0.36

6.83

24.14

29.39

39.64

SCT023

D

0.38

9.31

24.37

34.76

31.57

SCT024

D

1.22

8.23

36.85

8.95

45.97

SCT025

E

0.70

3.97

13.56

13.78

68.69

SCT026

E

0.55

9.30

13.05

19.89

57.77

SCT027

C

0.48

0.30

5.56

92.50

1.64

SCT028

C

0.65

1.81

11.14

80.01

7.04

SCT029

C

0.66

0.64

14.44

70.11

14.81

SCT030

C

0.77

Nd

8.54

87.64

3.82

SCT031

C

1.36

2.08

21.77

61.13

15.02

SCT032

C

0.84

1.42

8.51

85.64

4.43

SCT033

C

1.66

1.02

8.32

86.14

4.52

SCT034

C

0.33

1.41

12.13

72.54

13.92

SCT035

A

0.36

Nd

Nd

Nd

Nd

SCT036

A

0.64

Nd

Nd

Nd

Nd

SCT037

A

0.36

Nd

Nd

Nd

Nd

SCT038

A

0.28

Nd

Nd

Nd

Nd

SCT039

A

0.37

Nd

Nd

Nd

Nd

SCT040

A

0.34

Nd

Nd

Nd

Nd

SCT041

A

0.36

Nd

Nd

Nd

Nd

L7

L8

L9

L10

Table 5.3 (continued)
Locality
Uniondale

Ockertskraal

Cacadu

Locality
id.
L11

L12

L13
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Toorwater

L14

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

SCT043

A

0.44

Nd

Nd

Nd

Nd

SCT044

A

1.99

Nd

Nd

Nd

Nd

SCT045

A

0.83

Nd

Nd

Nd

Nd

SCT046

A

0.41

Nd

Nd

Nd

Nd

SCT047

A

1.05

Nd

Nd

Nd

Nd

SCT048

A

0.39

Nd

Nd

Nd

Nd

SCT049

A

0.52

Nd

Nd

Nd

Nd

SCT050

C

0.78

2.00

17.77

56.02

24.21

SCT051

C

0.92

3.56

6.04

62.50

27.90

SCT052

C

0.64

0.91

26.03

59.64

13.42

SCT053

C

0.65

1.69

7.88

76.62

13.81

SCT054

C

0.44

5.71

9.60

51.25

33.44

SCT055

C

0.15

0.48

17.70

77.12

4.70

SCT056

B

0.45

96.55

3.45

Nd

Nd

SCT057

B

0.44

93.05

6.95

Nd

Nd

SCT058

C

0.44

2.94

35.20

61.86

Nd

SCT059

C

1.02

6.15

2.21

91.64

Nd

SCT060

C

0.50

5.24

34.55

60.21

Nd

SCT061

B

0.61

94.22

5.78

0.00

Nd

SCT062

C

0.88

0.51

23.91

75.58

Nd

Table 5.3 (continued)
Locality
Toorwater

Steildrift

Locality
id.
L15

L16
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Steildrift

L17

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

SCT063

C

0.81

1.91

32.65

65.04

Nd

SCT064

C

0.42

8.43

27.25

64.32

Nd

SCT065

C

0.86

12.89

35.47

51.64

Nd

SCT066

D

0.37

6.93

37.03

34.00

22.04

SCT067

B

0.53

64.94

1.96

3.10

30.00

SCT068

C

0.87

Nd

25.70

74.30

Nd

SCT069

D

0.51

7.29

28.43

31.08

33.20

SCT070

D

0.48

8.39

19.92

43.82

27.87

SCT071

D

0.31

3.23

32.54

27.10

37.13

SCT072

D

0.34

38.88

19.95

14.30

26.88

SCT073

D

0.31

7.02

27.10

36.12

29.76

SCT074

E

0.32

4.78

10.05

21.28

63.90

SCT075

D

0.52

35.21

17.71

15.00

32.08

SCT076

D

0.51

5.64

16.92

45.22

32.22

SCT077

D

0.94

37.88

22.82

11.32

27.98

SCT078

D

0.48

4.27

26.28

29.63

39.82

SCT079

D

0.48

5.50

30.66

28.45

35.39

SCT080

D

0.29

8.39

29.92

33.82

27.87

SCT081

D

0.51

33.23

17.92

21.97

26.89

Table 5.3 (continued)
Locality
Van Wyksdorp

Van Wyksdorp

Locality
id.

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

L18

SCT082

D

1.20

23.24

31.41

15.65

29.70

SCT083

D

0.91

15.96

27.17

30.99

25.88

SCT084

E

1.34

3.85

13.79

25.08

57.28

SCT085

E

1.00

3.99

14.79

26.18

55.04

SCT086

E

1.03

16.66

12.25

17.29

53.80

SCT087

E

0.84

5.61

10.89

32.65

50.86

SCT088

D

0.83

14.32

14.45

26.83

44.41

SCT089

D

0.48

23.22

8.48

30.92

37.38

SCT090

D

0.68

23.30

9.69

37.25

29.76

SCT091

D

0.36

30.21

11.41

30.62

27.77

SCT092

D

0.54

31.90

8.70

29.97

29.44

SCT093

D

0.62

35.80

5.89

29.42

28.88

SCT094

C

1.00

Nd

31.85

68.16

Nd

SCT095

C

0.78

Nd

22.22

64.82

12.96

SCT096

C

1.03

Nd

27.27

67.24

5.49

SCT097

D

1.06

6.18

26.61

44.13

27.08

SCT098

D

0.48

19.12

15.07

34.56

31.25

SCT099

D

0.38

7.01

32.62

35.46

34.91

SCT100

D

0.35

8.27

11.37

35.25

45.11

SCT101

D

0.80

23.99

13.65

16.14

46.22

SCT102

D

0.43

6.45

18.77

35.71

39.07

SCT103

D

0.42

30.64

29.89

18.43

21.04

L19

112
Plathuis

Steildrift

L20

L21

Table 5.3 (continued)
Locality

Locality
id.

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

Steildrift

L22

SCT104

E

0.71

13.35

7.01

15.43

64.21

SCT105

E

0.68

5.46

20.54

19.67

54.34

SCT106

E

0.38

5.76

24.64

17.39

52.21

SCT107

D

0.78

8.79

27.56

25.20

38.45

SCT108

E

0.38

25.48

12.72

7.58

53.22

SCT109

E

0.53

14.70

14.07

12.92

58.31

SCT110

A

0.75

Nd

Nd

Nd

Nd

SCT111

A

0.63

Nd

Nd

Nd

Nd

SCT112

A

0.95

Nd

Nd

Nd

Nd

SCT113

A

0.90

Nd

Nd

Nd

Nd

SCT114

A

0.83

Nd

Nd

Nd

Nd

SCT115

A

0.80

Nd

Nd

Nd

Nd

SCT116

A

0.79

Nd

Nd

Nd

Nd

SCT117

A

0.86

Nd

Nd

Nd

Nd

SCT118

D

0.56

4.69

12.16

31.67

51.48

SCT119

E

0.36

9.49

15.37

14.15

60.98

SCT120

E

0.47

8.40

12.51

21.17

57.92

SCT121

D

0.49

5.40

18.70

25.55

50.35

SCT122

D

1.12

6.22

15.93

30.38

47.47

SCT123

D

0.71

3.01

14.36

31.33

51.31

SCT124

D

0.68

17.91

21.24

32.50

28.35

SCT125

D

0.59

2.81

27.36

39.24

30.60

Ladismith

L23
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Volmoed

Volmoed

L24

L25

Table 5.3 (continued)
Locality

Locality
id.

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

Volmoed

L26

SCT126

D

0.59

3.92

9.73

35.13

51.22

SCT127

E

0.63

7.68

16.68

15.39

60.25

SCT128

D

1.07

33.69

17.63

13.48

35.20

SCT129

E

0.64

6.80

8.64

24.95

59.61

SCT130

E

0.64

20.69

12.26

13.62

53.43

SCT131

D

0.47

41.50

19.19

10.55

28.76

SCT132

D

0.53

42.64

18.46

9.95

28.95

SCT133

E

0.55

20.73

13.70

12.29

53.28

SCT126

D

0.59

3.92

9.73

35.13

51.22

SCT127

E

0.63

7.68

16.68

15.39

60.25

SCT134

D

0.92

29.19

17.50

23.62

29.70

SCT135

E

0.64

21.73

10.66

16.75

50.86

SCT136

D

0.92

40.68

19.09

10.36

29.87

SCT137

D

0.41

7.14

14.21

24.79

53.86

SCT138

E

0.38

9.17

11.13

22.98

56.72

SCT139

D

0.93

2.70

23.25

38.04

36.01

SCT140

D

0.73

28.32

17.90

25.10

28.69

SCT141

E

0.83

4.05

7.00

26.59

62.36

SCT142

E

1.05

10.53

13.88

20.80

54.79

SCT143

D

1.10

10.12

15.28

24.18

50.43

Volmoed
(Vodacom tower)

Volmoed
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Volmoed

Volmoed

L27

L26

L28

L29

Table 5.3 (continued)
Locality

Locality
id.

Voucher
specimen no.

Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

Volmoed

L30

SCT144

D

0.90

35.58

18.05

18.68

27.69

SCT145

D

0.80

16.77

7.82

23.29

52.12

SCT146

E

1.27

16.77

9.09

11.67

62.46

SCT147

E

0.70

13.67

15.09

11.68

59.57

SCT148

D

0.86

7.90

14.87

31.11

46.12

SCT149

E

0.89

8.92

13.49

16.44

61.15

SCT150

D

0.92

12.72

14.09

20.03

53.17

SCT151

D

0.71

29.17

31.69

14.69

24.44

Volmoed

L31

Alkaloid yield expressed as % mass of extract/dry mass of sample
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This is probably the result of variations in the alkaloid compositions of different
populations/specimens of S. strictum and S. emarcidum, as observed with S. tortuosum
samples, or possibly due to misidentification of the plant specimens previously used.
5.3.2

Variation of the total alkaloid yields of extracts of wild Sceletium tortuosum
samples and commercial products

This study indicates substantial variation in the total alkaloid yield (0.11 to 1.99%) and
composition of S. tortuosum samples collected from different localities. Results of the total
alkaloid yields of the extracts and the relative percentage of each compound in the
extracts are presented in Table 5.3. None of the target alkaloids were observed in
S. tortuosum samples obtained from Lemoenshoek (L1), the northern side of Oudtshoorn
Hill (L4), Calitzdorp (L9, L10), Uniondale (L11) and Ockertskraal (L12). However, samples
representing the majority of the populations (25 populations) contained some or all of the
targeted alkaloids. Samples from Calitzdorp (L8; 0.83 – 1.66%) exhibited the highest
alkaloid content, while those collected from Steildrift (L12; 0.20 – 0.44%) and
Lemoenshoek (L1; 0.11 – 0.39%) yielded the least.

The yields of the alkaloids in extracts obtained from the commercial products were also
variable (0.10 – 0.35%). Alkaloid yields of wild samples were higher than those of
commercial products, since the presence of added excipients in the products led to a
reduction in the amount of plant material in the sample. Results obtained are congruent
with a report by van Wyk and Gericke (2003: 172) indicating that the yield of alkaloids in
S. tortuosum is highly variable (0.05 to 2.30%). Of the seven species, S. tortuosum
displayed the highest variability in total alkaloid yield, ranging from 0.11 to 1.99%. In
general, this species also potrayed the highest total alkaloid yields, when compared to the
other species.
5.3.3

Variation of mesembrine-type alkaloids in wild Sceletium tortuosum samples

From the data obtained illustrated in Table 5.3, mesembrine and mesembrenol were
found to display the highest variability (Nd – 92.50% and Nd – 96.55%, respectively) in
S. tortuosum, compared to mesembrenone (Nd – 72.51%) and mesembranol (Nd –
41.8%). Variations in the profiles of the target alkaloids were observed between plants
obtained from the same population and between different populations. For instance,
samples collected on the south side of Oudtshoorn Hill (L3), were found to produce all
four alkaloids, while those growing on the northern side of the hill (L4) were devoid of the
compounds. This implies that variations in weather patterns, such as precipitation, could
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influence the alkaloid profiles of the plants, since the northern face of the hill is the
leeward side, while the southern elevation is the windward side14.
Of the specimens collected from four localities in Calitzdorp (L7 – L10), the alkaloids were
only detected in those collected from L7 and L8. In these samples, mesembrine was the
main constituent (61.01 – 92.50%). Samples collected from two localities in Toorwater L14
and L15, reflected intra-population variability of the alkaloid profiles. In most samples from
both localities, mesembrine was the major alkaloid present, while mesembrenol was the
main constituent of the remainder. These results are in agreement with results obtained
by Gaffney (2008: 40), who observed variations in the alkaloid profiles of two S. tortuosum
specimens. All four alkaloids were observed in the leaves of one of the species, while only
mesembrine was observed in the leaves of the second specimen.
5.3.4

Chemotypes of wild Sceletium tortuosum samples

Results listed in Table 5.3 are indicative of large numerical ranges in the relative amounts
of the alkaloids (0.10 – 96.55%) in the data set. Subsequently, the data were log
transformed in order to produce normalised data to prevent over-expression of large
variance variables at the expense of small variance variables (Eriksson et al., 2006: 197).
A three component PCA model was constructed using the GC–MS data, which explained
98.3% of the total variation in the X matrix. The goodness of prediction of the model was
87.5% (N = 151, K = 4), where N represents the number of observations (samples), while
K represents the number of variables (alkaloids) in the data set. According to
Eriksson et al. (2006: 58), a good model is characterised by R2 and Q2 values above 0.5,
with the difference between the two values less than 0.2. This model is thus appropriate
for discriminate analysis, since the R2 and Q2 values of the model were close to 1 and the
difference between the values was only 0.108.

The hierarchical cluster analysis (dendrogram) of S. tortuosum samples, based on the
four identified alkaloids and using two principle components (PCs), is illustrated in
Figure 5.3. Five chemotypes (A, B, C, D and E) could be identified from the data set. Each
sample was assigned to a particular chemotype as listed in Table 5.1. The dendrogram
was further expressed as a PCA scores plot (Figure 5.4) to visualise the clustering trends
and pattern of the samples.

14

www.Oudtshoorninfo.co.za. Accessed: 25 March 2012.
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Figure 5.3: Hierarchical cluster analysis (dendrogram) based on GC–MS data of the alkaloid
extracts of Sceletium tortuosum specimens (N = 151) from 31 populations

Figure 5.4: Principal component analysis scores plot indicating differentiation between the
chemotypes of Sceletium tortuosum samples, based on mesembrine-type alkaloid content
(N = 151)
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None of the target alkaloids were detected in samples constituting Chemotype A, which
were obtained from Lemoenshoek (L1), the northern side of Oudtshoorn Hill (L4),
Calitzdorp (L9 and L10), Uniondale (L11) and Ockertskraal (L12). Mesembrenol, ranging
from 64.94 to 96.55%, was the major constituent of specimens constituting Chemotype B.
Although the mesembranol (1.52 – 3.05%) and mesembrine (Nd – 4.14%) content of the
samples in this chemotype were very low, a few samples contained as much as 27.34% of
mesembrenone.

Specimens comprising Chemotype C were observed to produce high levels of
mesembrine (51.25 – 92.50%). In the majority of these samples, the relative amounts of
mesembrenol (Nd – 12.93%) were either low or absent. Chemotype D is placed
specifically as an intermediate cluster, since the specimens in this chemotype contained
all four alkaloids in moderate amounts. Samples in Chemotype D were observed to
contain up to 42.64% mesembrenol, 37.03% mesembranol, 48.13% mesembrine and
54.06% mesembrenone.
In addition to producing relatively low amounts of mesembrenol (≤ 27.93%), mesembranol
(≤ 24.64%) and mesembrine (≤ 32.65%), mesembrenone was the main constituent of
specimens in Chemotype E (50.86 – 72.51%). Chemotypes D and E displayed some
overlap, resulting from specimens containing all four alkaloids in variable amounts, but
with high mesembrenone levels (≥ 50.86%). Samples SCT118 and SCT121 (L24),
SCT123 (L25), SCT126 (L26), SCT137 (L28), SCT143 (L29) and SCT150 (L31) from
Volmoed area constituted the samples that occurred within the overlap. A summary of the
range in the percentage composition of each alkaloid in the different chemotypes is
presented in Table 5.4.
Table 5.4: Ranges of the percentage composition of mesembrine-type alkaloids characterising the
five identified chemotypes
Chemotype

%Alkaloid
yield

%Mesembrenol

%Mesembranol

%Mesembrine

%Mesembrenone

A

0.11 - 0.80

Nd

Nd

Nd

Nd

B

0.42 - 1.46

64.94 - 96.55

1.51 - 6.95

Nd - 3.99

Nd - 27.34

C

0.42 - 1.03

Nd - 12.89

2.51 - 35.50

51.25 - 92.50

Nd - 33.40

D

0.31 - 1.22

2.23 - 42.64

7.84 - 37.03

8.95 - 48.13

24.44 - 54.06

E

0.32 - 1.49

3.85 - 27.93

7.00 - 24.64

3.63 - 32.65

50.86 - 72.51

Alkaloid yield expressed as %mass of extract/dry mass of sample, Nd: not detected
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Representative total ion GC–MS chromatograms of Chemotypes B, C, D and E, together
with the chemical structures of the four alkaloids, are illustrated in Figure 5.5. It is
important to note that the observed chemotypes were not distinguished by their
geographical locations. Instead, the chemotypes were characterised by the presence of
three

of

the

four

mesembrine-type

alkaloids

(mesembrenol,

mesembrine

and

mesembrenone). These three alkaloids are therefore well suited to be used as marker
compounds for the quality control of S. tortuosum raw material and products.

Figure 5.5: Typical total ion GC–MS chromatograms of Sceletium tortuosum extracts representing
four chemotypes (B, C, D and E). The chemical structures of the four alkaloids are also illustrated 1)
mesembrenol; 2) mesembrine; 3) mesembranol and 4) mesembrenone

5.3.5

Variation of mesembrine-type alkaloids in Sceletium tortuosum products

Extracts of all the commercial products contained the four alkaloids. However, as was
observed for the wild samples, differences in the amounts of alkaloids and the alkaloid
profiles of the products were evident. The relative percentage composition of each
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compound in the extracts of the selected products is illustrated in Figure 5.6.
Mesembrenol (0.20 – 59.91%) was found to display the highest variability in the products,
while mesembrine (42.26 – 82.94%) was the main constituent of most of the products
(Com1, 3, 4, 6, 7 and 8).

Figure 5.6: Phytochemical variation of mesembrine-type alkaloids in commercial products of
Sceletium tortuosum as determined by GC–MS

Consequently, the mesembrenol content of Com1, 4 and 8 was less than 1.00%. Higher
percentages of mesembrine were also observed in Com2 (30.40%) and Com6 (42.25%).
Initial reports by van Wyk and Gericke (2003: 172) indicated that mesembrine is the major
active constituent of S. tortuosum. Commercial producers of this plant may therefore have
selected individuals with high mesembrine content for propagation and processing.
However, subsequent in vitro investigation has proven that, in addition to mesembrine,
both mesembrenol and mesembrenone exhibit psychoactive effects (Harvey et al., 2011).

The psychoactive properties of these alkaloids in the treatment of CNS ailments have
been attributed to their ability to act as selective serotonin re-uptake inhibitors and PDE-4
inhibitors (Gericke and Viljoen, 2008). Both selective serotonin re-uptake inhibitors and
PDE-4 inhibitors are commonly used as antidepressants (Kanes et al., 2007).
Pure islolated mesembrenone and S. tortuosum plants with relatively high mesembrenone
content, can thus act as dual serotonin re-uptake and PDE-4 inhibitors, while pure isolated
mesembrine and plant material containing relatively high amounts of mesembrine, can act
as selective serotonin re-uptake inhibitors. The therapeutic advantages of dual inhibition
of serotonin re-uptake and PDE-4 inhibition include the possibility of using a lower dose of
plant material containing both mesembrenone and mesembrine (Chemotypes D and E) to
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achieve the desired effects (Cashman et al., 2009). For propagation, it is necessary to
select plants belonging to the appropriate chemotype to ensure consistency in the alkaloid
content and maximum effect at lower doses.

These results are consistent with a previous report by Herre (1971), indicating variability in
the distribution of alkaloids in Sceletium plants cultivated in different places. Although the
author reported that alkaloids were not produced by S. tortuosum plants cultivated in
Germany, they were produced by those cultivated in the USA. Since the chemotypic data
was not available, it is not clear whether the plants cultivated in the two countries
belonged to the same chemotype or not. Due to the variability of alkaloids in this species,
harvesting of Sceletium samples from the wild for propagation purposes could be
challenging, since inconsistencies in the alkaloid profiles are evident, even in plants
growing within the same locality. Factors such as geography, soil-type, altitude,
precipitation, genetics, growth season, storage conditions and method of processing are
known to affect the yield and composition of secondary metabolites produced by a plant
(Laasonen, 2002). These factors may cause inconsistencies in the chemical profiles of
specimens of the same species growing in different localities. The chemical profiles of
S. tortuosum samples collected from different localities could also be influenced by the
prevailing environmental conditions. However, variations observed between plants
growing in the same locality indicate that the differences are most probably due to genetic
variability and may not necessarily depend on geographical and environmental factors
alone.
5.3.6

Chromatographic profiling of mesembrine-type alkaloids in Sceletium
tortuosum and Sceletium crassicaule

Sceletium tortuosum and S. crassicaule exhibit some morphological similarities, including
the same leaf venation pattern (tortuosum-type) and similar flower colouration (Gerbaulet,
1996), which may result in misidentification. In addition, chromatographic analyses using
RP–UHPLC and GC–MS have indicated that both species produce mesembrine-type
alkaloids. The RP–UHPLC chromatograms of selected S. tortuosum and S. crassicaule
samples are presented in Figures 5.7 and 5.8. Compounds in the extracts were identified
based on their retention times and by spiking with reference standards as described in
Section 4.3.1. From these results, variations in the profiles of mesembrine-type alkaloids
in both species are evident. The three samples of S. tortuosum are representative of
Chemotypes C (SCT064), D (SCT128) and E (SCT138). In the S. crassicaule samples,
mesembrine was the most abundant alkaloid in SCC003 and SCC004, while
mesembrenol was the major constituent in SCC009.
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Figure 5.7: Alkaloid profiles of Sceletium tortuosum samples from different localities
SCT064 (Chemotype C), SCT128 (Chemotype D), SCT138 (Chemotype E). Alkaloids: mesembrenol (3.43
min), mesembranol (3.67 min), mesembrenone (3.90), mesembrine (4.64 min)

Figure 5.8: Alkaloid profiles of Sceletium crassicaule samples from Infanta
Alkaloids: mesembrenol (3.43 min), mesembranol (3.67 min), mesembrenone (3.90), mesembrine (4.64 min)
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It must be stressed that S. tortuosum samples were collected from several localities, while
S. crassicaule samples were collected from only one locality. Investigation of the alkaloid
profile of S. tortuosum using GC–MS proved high inter- and intra-population variability of
the mesembrine-type alkaloid profile of S. tortuosum samples. Although chromatographic
fingerprinting/profiling is widely accepted as a tool for discriminating different species, both
RP–UHPLC and GC–MS were not sufficient to distinguish the different chemotypes of
S. tortuosum from S. crassicaule samples.
5.3.7

Differentiation of Sceletium tortuosum from Sceletium crassicaule using
NIR–HSI

The hyperspectral images of S. tortuosum and S. crassicaule reference samples from
which the background had been omitted, as obtained by a hyperspectral imaging camera,
are depicted in Figure 5.9. Five specimens of S. tortuosum (SCT035, SCT007, SCT064,
SCT128 and SCT138) samples selected for the investigation represented the
Chemotypes A, B, C, D and E, respectively, while those selected from S. crassicaule
(SCC001, SCC003, SCC004, SCC009 and SCC011) were obtained from a single locality.
In the image, S. tortuosum and S. crassicaule samples are coloured orange/red and light
blue, respectively.

Figure 5.9: Hyperspectral images of Sceletium tortuosum (SCT007, 035, 064, 128 and 138) and
Sceletium crassicaule (SCC001, 003, 004, 009, 011) samples collected by a hyperspectral imaging
camera

The spectra (900 – 2500 nm) extracted from the hyperspectral image of S. tortuosum and
S. crassicaule samples, following SNV pre-treatment, are presented in Figure 5.10A and
B, respectively. Each figure represents the pixel spectral signatures obtained in each
respective category.
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Figure 5.10: Pretreated reflectance spectra of powdered (A Sceletium tortuosum and B) Sceletium
crassicaule samples in the NIR range

The reflectance intensities of S. tortuosum spectra were higher than those for
S. crassicaule at each wavelength investigated. Such variations have been reported to
result from surface properties of the sample that cause variations in reflectance intensities
(Gowen et al., 2008). Spectral data is pre-processed prior to analysis, to minimise
variations caused by surface properties, such as non-uniform light scattering, while
retaining the spectral features of the samples to enable characterisation. Various pretreatments including multiplicative scatter correction (MSC), 1st and 2nd derivative and
SNV were applied to the data. However, SNV proved to be the most effective data pretreatment method. This method is applied to remove variability in reflectance spectra
caused by light scattering effects (Fearn et al., 2009).

Principal component analysis was employed to compress and simplify the highdimensional hyperspectral image information of the various samples constituting the two
species. After SNV pre-treatment, a three component PCA model, which explains 91.4%
of the total variation in the X matrix, was constructed for the spectral data set. Clear
separation of S. tortuosum and S. crassicaule samples was observed along the first PC
(t1), which explains 72.2% variation in the hyperspectral image data (Figure 5.11).
Standard normal variate pre-treatment was appropriate since it resulted in maximum
separation between the two clusters along the first PC (Gowen et al., 2008). These results
indicate the high discriminating power of the NIR–HSI system for distinguishing
S. tortuosum and S. crassicaule species.
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Figure 5.11: Principal component analysis scores plot for (A Sceletium crassicaule and
(B Sceletium tortuosum samples from NIR-HSI analysis

5.3.8

Prediction of external data set of Sceletium tortuosum and Sceletium
crassicaule using NIR–HSI

A PLS–DA model characterised by three PCs, which explain 90.9% of the total variation in
the X matrix, was constructed for prediction of external data sets. The goodness of
prediction of the model was 87.9% (Figure 5.12). Since the R2 and Q2 values of the model
are close to 1 and the difference between them is only 0.035, the model is ideal for
discriminate analysis (prediction). Using this model, unknown samples in a data set
(external) consisting of S. tortuosum (SCT028, 081, 134) and S. crassicaule (SCC005,
007, 010) were correctly identified as illustrated in Figure 5.13.

Figure 5.12: Evince PLS–DA plot for classification of 1) Sceletium tortuosum and 2) Sceletium
crassicaule contents in test samples
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Figure 5.13: Predicted data comprising of Sceletium tortuosum (green) and Sceletium crassicaule
(blue) samples

Hyperspectral imaging is increasingly applied for on-line monitoring of processed foods for
detecting differences in chemical composition, colour, or moisture content, as well as for
recognising shapes, patterns, defects, contaminants and spatial distributions of other
relevant features (Yang et al., 2012). By collecting the spectrum of each individual point of
the sample by planar scanning, the NIR–HSI instrument can be used to monitor the
quality of the entire product line as it passes. In this way, the contaminated or unwanted
sample can easily be detected and removed. The short wavelength (SWIR) region,
capturing important spectral information from 1000 to 2500 nm, is particularly powerful for
differentiating components of food products, medicines and botanical substances. This
system is fast and comprises a low heat-load illumination, making it ideal for on-line, nondestructive monitoring (Gowen et al., 2008).
5.4

CONCLUSIONS

Of the seven species investigated, only S. crassicaule and S. tortuosum were
found to produce mesembrine-type alkaloids;

Intra-specific variations of the profiles of the four alkaloids within and between
different populations of S. tortuosum are evident;

Five chemotypes of S. tortuosum, which are not restricted to particular
geographical areas, were identified in the investigation;
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Variations in the alkaloid profiles are also evident in the commercial products
analysed;

The relative contributions of mesembrenol, mesembrine and mesembrenone are
useful for quality assurance of S. tortuosum raw materials and products, and for
assigning the source raw plant material to one of the five identified chemotypes;

Chromatographic (RP–UHPLC and GC–MS) fingerprinting is not sufficient to
distinguish S. tortuosum from S. crassicaule samples, since both species produce
all the mesembrine-type alkaloids in variable amounts;

Near infrared hyperspectral imaging spectroscopy, combined with chemometrics,
proved to be useful for the differentiation of S. tortuosum and S. crassicaule
specimens and for identification of uknown samples;

Chromatographic profiling and NIR–HSI, in combination with chemometrics, have
excellent potential for quality monitoring of S. tortuosum material.
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CHAPTER 6
INVESTIGATION OF THE SMOKE FRACTION FROM
SCELETIUM TORTUOSUM
6.1

USES, INTAKE AND COMPOSITION OF SMOKE

Smoke is a gaseous product obtained from incomplete combustion of organic substances
such as tobacco, wood and coal (Mohagheghzadeh et al., 2006). It consists mainly of
suspended particles of un-burnt carbon that settle as soot. Other common constituents of
smoke include N2, O2 and Ar from the air, vapours of H2O, CO2, CO and H2, and organic
compounds. The chemical constituents of smoke vary, depending on the type of material
being burnt. For instance, in addition to these common components, tobacco smoke
contains hydrocarbons, aldehydes, ketones, nitrites, heterocyclic compounds, methanol,
organic

acids,

esters,

terpenoids,

phenols,

nicotine

and

other

alkaloids

(Stratton et al., 2001: 75). Chemical changes, including oxidation, take place as a result of
the high temperatures involved in smoke formation. Metals with boiling points above
600 °C, such as As, Be, Ni, Co, and Pb, have also been detected in tobacco smoke
(Shihadeh, 2003).

Since ancient times, smoke has been used for various purposes. These include the
improvement of the general quality of life by helping to create an appropriate ambiance for
rituals or ceremonies and by serving as a binding factor during social interaction
(Mohagheghzadeh et al., 2006). Smoke has also been used as food preservatives, as
repellents for rodents, bats and insects, as well as for medicinal purposes. Burning of
medicinal plants and inhalation of the emitted smoke (medicinal smoke) is common
practice in both African traditional healing and in cultures of Persia, the Americas and
India (Mohagheghzadeh et al., 2006; Rodrigues et al., 2008). This practice is mainly
intended for treatment of respiratory ailments such as coughs, colds, influenza and
asthma (van Wyk et al., 1997: 20; Rodrigues et al., 2008). Figure 6.1 illustrates the
burning of medicinal plants and inhalation of the emitted smoke in traditional African
medicine. Medicinal plants, animals and even minerals have been reported to be the main
sources of medicinal smoke (Mohagheghzadeh et al., 2006).

Smoke produced from medicinal plants may be of significant therapeutic value, providing
rapid

and

effective

pharmacological

action
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(Mohagheghzadeh

et

al.,

2006;

Rodrigues et al., 2008). However, smoking is frequently used as a form of drug abuse,
rather than for medicinal purposes (Merzouki and Mesa, 2002).

Figure 6.1: An illustration of drug administration by smoke inhalation therapy

15

Plants from many families including Apiaceae, Asteraceae, Euphorbiaceae, Fabaceae,
Lamiaceae and Solanaceae, have been used as sources of medicinal smoke and some,
or all of the plant parts are used to generate smoke. Various methods of producing and
administering smoke are used in the traditional medicinal systems of different cultures.
These include smoke inhalation, smoke directed towards a specific organ or body part,
and ambient smoke (Mohagheghzadeh et al., 2006). Cigars, cigarettes, pipes, bowl pipes
and water pipes are common devices for delivering smoke into the mouth cavity and
respiratory tract by inhalation (Merzouki and Mesa, 2002). In Brazil, a cigarette prepared
from a mixture of plants referred to as ‘Tira-capeta’ meaning ‘removing the devil’ is
traditionally used as a brain tonic and is smoked by both the healer and the patients
15
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(Rodrigues et al., 2008). This cigarette is recommended for people suffering from nervous
breakdowns, sleep-related problems and for diminishing the use of cannabis.

Medicinal smoke is produced by placing natural materials on a hot surface or on broken
pieces of pots, containing glowing coals (Mohagheghzadeh et al., 2006). Alternatively, the
material is placed directly into the fire to produce smoke, which is inhaled or directed
towards the target organs or body parts. This method is used to treat eye and ear
infections, as well as dermatological, genito-urinary, gastrointestinal, orthopeadic,
toothache and other oral disorders. Neurological conditions that require the use of an
anticonvulsive, a sedative, a stimulant, an analgesic, a narcotic, a hallucinogen or a
strengthener, have been treated by exposure to smoke. In addition, medicinal smoke has
been used to remedy respiratory tract ailments such as coughs, asthma and tuberculosis.
Ambient smoke, also referred to as passive smoking, involves filling a confined space with
smoke with the aim of purifying or disinfecting the air. In spite of the widespread use of
medicinal smoke, scientific data concerning the chemical composition of smoke generated
from burning plant materials are limited.

In South Africa, Tarchonanthus camphoratus (camphor bush) and plants from the genus
Sceletium have been smoked for centuries by the Khoi and San communities, to benefit
from the narcotic effects (van Wyk et al., 1997: 20). Smith et al. (1996) indicated that
Sceletium, locally referred to as “canna”, is chewed or smoked and even, in some cases,
mixed with dagga (Cannabis sativa), to induce a mood conducive to dancing. Fermented
aerial parts of Sceletium are chewed for long periods and the resulting juices are
swallowed, leading to intoxication. Thereafter, the remaining material is smoked, resulting
in further intoxication. Figure 6.2 is a partial copy of an article that appeared in a South
African newspaper, mentioning the use of S. tortuosum by smoking. Despite the use of
smoke as a form of consumption of S. tortuosum, the chemistry of the psychoactive
alkaloids in the smoke fraction has not been investigated. This section of the study was
aimed at determining the mesembrine-type alkaloid content of smoke fractions obtained
after simulating the traditional process of producing a smoke fraction from S. tortuosum by
combustion.
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6.2

MATERIALS AND METHODS

6.2.1

Combustion of Sceletium tortuosum reference materials and smoke
collection

The dry macerated powders of S. tortuosum samples SCT007 (low mesembrine content)
and SCT054 (high mesembrine content), were used for this experiment. These specimens
were selected, since their mesembrine-type alkaloid profiles differed substantially, thereby
creating a more holistic view of the combustion products.

Figure 6.2: A section of a newspaper article mentioning the use of Sceletium tortuosum by
smoking. Adopted from the Sunday Times Newspaper, South Africa (03 October 2010)

Smoke production and collection were conducted according to a method proposed by
Edye and Richards (1991), after incorporating a few modifications. The combustion
apparatus (Figure 6.3) consisted of a heating mantle, glass and polystyrene tubes, a 250
mL round bottom flask, 500 mL beakers, conical flasks with rubber stoppers and a Buchi
vacuum pump (Labortechnik, Switzerland).

The plant material (5.0 g) was placed in the round bottom flask and a filter funnel,
suspended above the sample to allow air into the flask during combustion, was connected
via tubes to the smoke collection flasks. These flasks, each containing 60 mL of 0.5 M
H2SO4, were immersed in ice-cold water in the 500 mL beakers. The plant material was
allowed to smoulder until it spontaneously stopped smouldering (45 min), by maintaining a
heating mantle temperature of 150 °C. The smoke produced was directed, from the exit
tubes through the acid solutions in the two collection flasks, by the vacuum pump, which
was connected to the last flask immersed in the ice-cold water to ensure volatiles in the
smoke were condensed and dissolved in the acidic solution traps. Each plant material was
burned in triplicate.
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Figure 6.3: The apparatus used for collecting smoke from Sceletium tortuosum samples

6.2.2

Extraction of alkaloids from reference materials and combustion products of
Sceletium tortuosum

Alkaloids were extracted from the acid-smoke mixture and the ashes resulting from the
combustion of the plant material, using the conventional acid-base extraction method as
described in Section 3.3.2. A volume of 60 mL of the smoke-acid mixture was neutralised
with 30 mL of 20% NH4OH(aq) and subsequently partitioned with two 35 mL portions of
DCM. The DCM extracts were combined, filtered and concentrated in vacuo, before drying
in a vacuum oven. Reference extracts were prepared by extracting 5.0 g of the un-burnt
material with 60 mL of 0.5 M H2SO4, followed by filtration (Alali et al., 2008). The resulting
filtrates were neutralised and extracted using the same solvent volumes as described for
the smoke extract. The total alkaloid yield was determined by expressing the mass of the
extract as a percentage of the dry powder mass.
6.2.3

Analyses of extracts of the reference materials and combustion products of
Sceletium tortuosum

The acid-base extracts of the reference materials (un-burnt plant) and the combustion
products (smoke fractions and ashes) were each resuspended in MeOH at a
concentration of 10.0 mg mL-1 and analysed using the GC–MS method described in
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Section 3.3.5.2. After further dilution to 4.0 mg mL-1 with MeOH, the extracts were again
analysed using RP–UHPLC (Section 4.2.3). Calculation of means, standard deviations
and Single Factor ANOVA without replication, was done using Microsoft Excel 2007
software.
6.3

RESULTS AND DISCUSSION

6.3.1

Total alkaloid yields of reference materials and combustion products of
Sceletium tortuosum

Smoke was produced from the plant material by smouldering the material in an excess of
air to mimic smoking conditions (Edye and Richards, 1991). Flaming of the plant material
was avoided, since flaming results in the production of high levels of particulate matter
(soot) and toxic substances such as carbon monoxide (Oser et al., 2001: 67). A constant
flow of air was drawn over the smouldering material by the pump, to minimise formation of
these products and also to direct the smoke into the tubes leading to the collection traps.
The acidic smoke extract was dark brown in colour, while the resulting ash was whitishgrey. Alkaloids were extracted using the conventional acid-base extraction method
(Alali et al., 2008), since the investigation was aimed at evaluating the effects of
combustion of the plant materials on the alkaloids in S. tortuosum. Collection of the smoke
fraction in acidic medium ensured that the alkaloids were converted to salts, in order to aid
solubility in water, so that they were effectively trapped. The acidic collection traps were
immersed in ice-cold water to encourage the volatiles in the smoke fraction to condense
and dissolve in the solutions. Acidic cold traps have been used for isolation of alkaloids,
including norhamane and harmane, from the smoke fraction of tobacco (Quin, 1959).

The masses of the smoke extracts obtained in the first cold trap of SCT007 and SCT054
were 21.9 ± 1.5 mg and 13.6 ± 1.3 mg, respectively, while those obtained from the second
cold trap were 0.7 ± 0.05 mg and 0.4 ± 0.04 mg, respectively. According to Edye and
Richards (1991) a collection system is efficient if the medium in the second collection
vessel traps less than 5% of the amount trapped by the first. Since the amount of
condensate obtained from the second acid trap in each experimental set-up was less than
3% of that collected in the first acid trap, this trapping system was regarded as efficient.

The total alkaloid yields of the acid-base extracts of the reference materials, smoke
fractions and the ashes of the two S. tortuosum specimens, expressed as a mass
percentage of the dry plant mass, are listed in Table 6.1.
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Table 6.1: Total alkaloid yields of reference materials and combustion products of Sceletium
tortuosum
Sample Id

Extract

SCT007

SCT054

Mass of the extract (mg)

%Alkaloid content

Un-burnt sample

21.1 ± 1.3

0.92 ± 0.04

Smoke

22.4 ± 1.6

0.94 ± 0.06

Ash extract

3.3 ± 0.2

0.04 ± 0.01

Un-burnt sample

14.2 ± 1.4

0.48 ± 0.03

Smoke extract

13.6 ± 1.1

0.50 ± 0.04

Ash extract

2.1 ± 0.4

0.02 ± 0.01

Alkaloid content expressed as % mass of extract per dry mass of sample, Values represent mean ± SD (n = 3)

No significant differences (p ≤ 0.05) were evident between the relatve total alkaloid yields
of the smoke extracts (0.28 ± 0.03 to 0.42 ± 0.04%) and those of the subsequent
reference materials (0.30 ± 0.04 to 0.44 ± 0.06%). The total alkaloid yields of the ash
extracts were very low (0.02 ± 0.01 to 0.04 ± 0.01%), because most of the components
had volatilised upon heating and formed part of the smoke fraction. Masses of the acidbase extracts of the reference materials and combustion products of Sample SCT007
were higher than those of Sample SCT054.

6.3.2

The alkaloid content of the reference materials and combustion products of
Sceletium tortuosum

The combustion of biomass is known to yield many products of incomplete combustion
such as phenols, furans, carboxylic acids, CO, CO2 and soot (Edye and Richards, 1991;
Stratton et al., 2001: 75). However, this investigation was focussed on the four
psychoactive alkaloids in S. tortuosum, since the pharmacological properties of the plant
are associated with the presence of these compounds (Gericke and van Wyk, 1999).

Reference standards of the mesembrine-type alkaloids were isolated, allowing the
confirmation of compound identity in the extracts by comparison of both GC–MS and RP–
UHPLC retention times with those of the standards and by spiking. In addition, the GC–
MS analyses provided useful spectral information for confirmation of the identities of the
compounds, while PDA detection, following RP–UHPLC analysis, enabled the comparison
of the UV/Vis spectrum of each peak with spectra of the reference standards.
Quantification of the alkaloids in the extracts was done as described in Section 4.2.5.
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The extracts of the smoke fractions were found to be more complex than those of the
reference materials (Figures 6.4 and 6.5). All four mesembrine-type alkaloids were
identified in the extracts of the reference materials of the selected samples. However, the
relative amounts of mesembrine (Rt: 4.60 min) in Sample SCT007 and mesembrenol
(Rt: 3.40 min) in Sample SCT054 were much lower than those of the other compounds,
and the corresponding peaks could not be observed on the chromatograms as illustrated
by Figures 6.4 and 6.5, respectively.

Figure 6.4: The RP–UHPLC chromatograms of the acid-base extracts of reference material and
combustion products of Sample SCT007. Alkaloids: mesembrenol (3.40 min), mesembranol (3.64 min),
mesembrenone (3.87 min)

With the exception of mesembrine, the other three alkaloids were observed in the extracts
obtained from the smoke fraction and ash of SCT007. All four alkaloids were detected in
the reference material and combustion products of SCT054. The other peaks present in
the smoke and ash extracts could not be identified, due to a lack of reference standards
and no correlation of their spectra with those of compounds in the GC–MS NIST library
was found. Moreover, literature data on the composition of the smoke fraction of
S. tortuosum is not available. Essential oil components (typically terpenes) were not
present in the smoke extracts, since this plant is not aromatic.
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Figure 6.5: The RP–UHPLC chromatograms of the acid-base extract of the reference material and
combustion products of Sample SCT054. Alkaloids: mesembranol (3.64 min), mesembrenone (3.86),
mesembrine (4.60 min)

Table 6.2 lists the mesembrine-type alkaloid content of the extracts of the reference
materials, smoke fractions and ashes of SCT007 and SCT054, expressed in µg g -1 of dry
plant material. Although the total percentage alkaloid yields of the smoke extracts of each
specimen were not significantly different from those of the respective reference material,
the levels of each compound were very low in the smoke fractions (Nd – 30.58 ± 2.11
µg g-1) and almost negligible in ash extracts (Nd – 0.80 ± 0.05 µg g-1), when compared to
thereference materials (19.54 ± 4.29 – 1219.62 ± 20.44 µg g-1). The combined mass of
each compound in the smoke and ash extracts of each specimen was more than 100
times lower than the mass of the same compound in the reference material of the same
specimen.

This indicates that some alkaloids may have undergone partial decomposition upon
combustion, were volatilised, or that some alkaloids from the smoke were only partially
trapped by the collecting solution (Edye and Richard, 1991; Stratton et al., 2001: 75;
Braithwaite et al., 2008). The relative amount of each compound present in the
combustion products reflected the relative amount present in the reference material.
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Table 6.2: Alkaloid content of the reference materials and combustion products of Sceletium
tortuosum
Sample

Compound

Reference

Smoke fraction

-1

SCT007

SCT054

Ash

-1

-1

(µg g dw)

(µg g dw)

(µg g dw)

Mesembrenol

1213 ± 40.6

9.1 ± 0.3

0.8 ± 0.1

Mesembranol

276 ± 20.8

1.6 ± 0.2

0.1 ± 0.01

Mesembrenone

537 ± 15.2

0.6 ± 0.03

0.04 ± 0.01

Mesembrine

19.5 ± 4.3

Nd

Nd

Mesembrenol

63.4 ± 1.3

0.7 ± 0.02

0.01 ± 0.01

Mesembranol

153 ± 5.7

2.1 ± 0.1

0.02 ± 0.01

Mesembrenone

882 ± 12.3

3.5 ± 0.3

0.1 ± 0.01

Mesembrine

1220 ± 20.4

30.6 ± 2.2

0.8 ± 0.1
-1

Concentration of each compound expressed as the mass of the compound in µg g of the dry weight (dw)
Nd: not detected

Mesembrine was not detected in the extracts of the combustion products of SCT007 as a
result of its low concentration (19.54 ± 4.29 µg g-1) in the reference material. Figure 6.6
provides a summary of the mesembrine-type alkaloid profiles of the acid-base extracts of
the reference materials and combustion products of the two specimens. The profiles of the
smoke fraction and ashes were similar in both cases.

Figure 6.6: Bar charts illustrating the relative amounts of mesembrine-type alkaloids in the
reference materials and combustion products of SCT007 and SCT054
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The relative percentage of each compound in the extracts of each combustion product
was dependent on the initial percentage of the same compound in the relevant reference
material. Mesembrenol and mesembrine, having higher relative percentages in the
reference materials of SCT007 and SCT054, respectively, exhibited higher percentages in
the combustion products. Consequently, the relative percentage of mesembrenone in the
reference materials of both samples was lower than in their respective combustion
products. It has been reported that the composition of smoke derived from burning
biomass is complex and varies in different taxa (Simoneit et al., 2002). Many compounds,
such as terpenes (limonene and α-pinene), are degraded during combustion by oxidation,
to produce oxygenated products (Inouye et al., 2002).

Traditionally, the Khoi and San people smoke S. tortuosum to experience narcotic effects
(van Wyk et al., 1997: 20). The effects of the plant have been reported to be more potent
when the plant material is smoked, rather than masticated (Smith et al., 1996). However,
this study has revealed that the amount of each alkaloid in the smoke fraction is much
lower than the amount in the reference material. A possible explanation for the higher
potency is that the combustion products, which include alkaloids, are inhaled and
delivered

directly to

the

lungs through the

respiratory tract

during

smoking

(Taylor, 2007: 425). This route ensures rapid and efficient absorption of the drugs in the
lungs, which is facilitated by the large surface area of the organ, high blood perfusion
resulting from the abundant supply of capillaries and the thin air-blood barrier
(Clarke, 1972). Drug administration via inhalation avoids first pass metabolism in the liver
and ensures greater bioavailability of drugs than at any other site of entry to the human
body (Clarke, 1972; Neville et al., 1977).

The delivery of compounds directly to the lungs provides a local treatment and effectively
delivers

the

drug

to

the

site

of

action

through

a

network

of

capillaries

(Suarez and Hickey, 2000). In this way, smaller doses of the drug are sufficient to achieve
the optimal therapeutic effect, with fewer risks of side effects that are commonly
associated with larger doses. It is therefore probable that, in spite of the very low levels of
psychoactive alkaloids present in the smoke fraction of S. tortuosum when compared to
the un-burnt material, the bioavailability of these compounds following smoking is higher
than when the plant is masticated. This emphasises the efficacy of delivery of these
compounds via the lungs, compared to when taken up by oral and trans-mucosal routes.
Drug delivery via inhalation therapy is a common practice both in allopathic and traditional
medicinal practices for treatment of airway diseases or for delivery of drugs with systemic
effects (Suarez and Hickey, 2000). In Chapter 7, a study to evaluate the permeability of
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the psychoactive alkaloids across oral and intestinal mucosa, to validate the use of the
plant by mastication, is described.
6.4

CONCLUSIONS

The percentage total alkaloid yields of the smoke extract and the reference
material of each of the selected specimens of S. tortuosum were not significantly
different (p ≤ 0.05);

Chromatographic analyses of the smoke fractions indicated that their chemical
compositions are more complex than those of the respective reference materials;

Mesembrine-type alkaloids were observed in the smoke extracts, although at
much lower levels (<100 times) than in the reference material of each specimen;

The relative amount of each alkaloid in the smoke extract was dependent on the
relative amount in the un-burnt material;

These results suggest that the delivery of the psychoactive alkaloids via the lungs
are highly effective and pose questions regarding the delivery of the alkaloids to
the bloodstream via other routes such as oral and trans-mucosal delivery.
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CHAPTER 7
IN VITRO TRANSPORT OF MESEMBRINE-TYPE ALKALOIDS
ACROSS PORCINE MUCOSAL TISSUES
7.1

INTRODUCTION

For a drug to elicit its pharmacological effect, it must be present at the site of action in the
appropriate concentration (Shojaei, 1998). Pharmacokinetic evaluation of a specific drug
involves studies of the absorption, distribution, metabolism and elimination of the drug in
the body. Excised tissues and membranes from various animals (e.g. rabbits, monkeys,
dogs, hamsters and pigs) are used as in vitro models for prediction of drug permeability
(van Eyk and van der Bijl, 2004). Porcine tissues such as buccal, sublingual and intestinal
mucosa have frequently been utilised in drug transport studies, due to their physiological
and anatomical similarity to those of humans (Shojaei, 1998; Obradovic and
Hidalango, 2008: 168).

Currently, S. tortuosum products are commercially available as tablets, capsules, teas,
sprays and tinctures16. These products are used for treatment of depression, anxiety, drug
dependence, bulimia and obsessive compulsive disorder. Clinical in vivo studies and in
vitro experiments have suggested that the pharmacological effects of S. tortuosum can be
ascribed to its ability to produce mesembrine-type alkaloids (Gericke, 2002; Gericke and
Viljoen, 2008; Lubbe, 2010). Due to a lack of information concerning the pharmacokinetics
of these alkaloids, this section of the study was focussed on the evaluation of the in vitro
permeability of the four S. tortuosum alkaloids in three different crude extracts (i.e. water,
methanol and acid-base extracts) across excised porcine sublingual, buccal and intestinal
mucosal tissues.
7.2

DRUG DELIVERY

7.2.1

Modes of drug delivery

Pharmacokinetic evaluation of drugs is therefore vital in drug development (Fearn and
Hirst, 2006). The in vivo drug uptake process is a complex series of events involving
administration, absorption, distribution to the site of action, metabolism and excretion.
Once in the systematic circulation, drugs can distribute throughout the body and express
16
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pharmacological effects in the target tissues. Various routes of drug administration, such
as parenteral delivery, oral intake and trans-mucosal administration, have been adopted
for drug delivery into systemic circulation for transport to the sites of action
(Hamman, 2007: 65).

Parenteral drug delivery is the delivery of a drug into systematic circulation via an
injection. Drug administration by injection is particularly effective for drugs that are
susceptible to degradation during the absorption process. Systemic availability of injected
drugs is faster and more predictable compared to that following oral administration. It is
also appropriate in the case of an emergency, unconsciousness, uncooperativeness of
the patient or when the patient is unable to retain ingested substances. Disadvantages of
injections include the possibility of infections, pain accompanying the injection and
difficulty in self-medication. In addition, this method is generally more expensive and
requires skilled personnel to administer (Fearn and Hirst, 2006).

Oral administration of a drug involves the intake of a drug into the gastrointestinal tract
(GIT) through the mouth (Fearn and Hirst, 2006). It is the preferred route for routine
administration of drugs required to have systemic action, due to the convenience and cost
effectiveness of this route. Other advantages include high patient acceptability and control
over administration, without the need for skilled medical personnel. The GIT has a large
surface area for systematic absorption enabling many drugs to be well absorbed. In
addition, both immediate and sustained release dosage forms can be applied. Pain and
the possibility of infections arising from injections is avoided by oral intake (Shojaei, 1998).
Despite the obvious advantages, oral administration of drugs has limitations, including
hepatic first pass metabolism and enzymatic degradation of some drugs, such as peptides
or proteins, within the GIT (Rathbone and Hadgraft, 1991).

The administration of drugs via mucosal linings of nasal, vaginal, ocular, rectal and oral
cavities, considered as potential sites of absorption, is known as trans-mucosal drug
delivery (Shojaei, 1998). Nasal, vaginal, ocular and rectal cavities have the advantages of
possible bypass of first pass effect and avoidance of pre-systemic elimination or
degradation by enzymes within the GIT. Research has indicated that the nasal cavity is
ideal for systemic delivery of various drugs, such as calcitonin and luteinising-hormonereleasing hormone (Dal Negra et al., 1991; Adjei et al., 1992). However, the potential of
irritation and irreversible damage to ciliary action of the nasal cavity, resulting from chronic
application of a drug, and large inter- and intra-subject variability in mucous secretion,
could affect drug absorption from this site. Vaginal, ocular and rectal sites are reserved for
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local application rather than systemic drug administration, because of poor patient
acceptability (Shojaei, 1998).

Oral trans-mucosal drug delivery is the absorption of drugs through mucosal tissues lining
the oral cavity (Shojaei, 1998). This form of drug administration bypasses first pass
metabolism and avoids pre-systemic elimination in the GIT. Buccal and sublingual drug
delivery methods represent the systemic delivery of drugs through the mucosal
membranes lining the cheeks and floor of the mouth, respectively. The sublingual
epithelium is approximately 100 – 200 µm thick, while that of buccal mucosa is about 500
– 800 µm thick (Zhang et al., 2002). Figures 7.1A and B illustrate the structure of the
sublingual gland and the oral cavity depicting the buccal and sublingual tissue,
respectively. Buccal and subligual tissues are quite similar and consist of a stratified
(multilatered) squamous epitheliium. They are highly vascularised, allowing drugs
delivered via these routes to be directly absorbed into the blood stream (Ong and
Heard, 2009).
A

B

Figure 7.1: Illustration of the (A salivary gland showing sublingual gland and (B the oral cavity
17
showing sublingualand buccal mucosa

Intestinal trans-mucosal drug absorption involves the permeation or transport of a drug
across the intestinal mucosal membranes in order to appear in the blood draining from the
GIT in an unchanged form (Hamman, 2007: 89). The small intestine is the main site of
absorption, constituting approximately 90% of all the absorption in the GIT, although
absorption may also take place in the oral cavity, stomach and even the colon
(Balimane et al., 2000). The luminal surface of the small intestine is populated by small
protruding structures known as villi, which increase the surface area available for
absorption (Figure 7.2). These are well supplied with blood and lymphatic vessels for
distribution of the absorbed drugs to the site of action.

17
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Figure 7.2: Illustration of the anatomy of the villus

18

The epithelium of the small intestine is a continuous sheet of columnar cells that act as an
interface between the lumen (external compartment) and the tissues (internal
compartment). This cell layer is polarised and contains distinctive apical and basolateral
cell membranes, which are separated by tight junctions. The epithelium consists of
structurally diverse cells including enterocytes, goblet, membranous and cap cells.
Enterocytes are absorptive cells that contain densely packed microvilli on their apical
surfaces. Mucin, which forms a mucous blanket covering the intestinal epithelium, is
secreted by goblet cells (Hamman, 2007: 90).
7.2.2

Modes and pathways of absorption

Carrier-mediated transport and passive diffusion are the main modes through which drugs
are transported across mucosal tissues. The former mode of transport constitutes active,
as well as facilitated transport, and is responsible for the transport of nutrients including
amino acids, glucose, water-soluble vitamins and nucleotides. Active transport is an
energy-dependent process that may involve the movement of the drug against a
concentration gradient, while facilitated transport is a carrier-mediated transport in the
direction of the concentration gradient and therefore does not require energy
(Balimane et al., 2000).

Passive diffusion of drugs across epithelial cell membranes of the GIT is the main
pathway of drug absorption (Hamman, 2007: 94). It has been estimated that 90% of drugs
18
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absorbed from the gastrointestinal tract are absorbed via passive diffusion and this
pathway is also partially involved when drugs are transported via the carrier-mediated
pathway. Cell membranes are passive with respect to drug transfer and act as barriers
with selective permeability of molecules. The concentration gradient of a drug across the
membrane acts as the driving force for passive diffusion (Obradovic and Hidalango,
2008). Figure 7.3 illustrates absorption and secretion of a drug across intestinal mucosal
tissue.

Figure 7.3: Absorption and secretion of a drug across intestinal mucosal tissue

19

Transport of drugs across mucosal tissues can take place via paracellular and/or
transcellular permeation pathways (Figure 7.3). The transcellular pathway involves the
penetration of drugs across the cytosolic cell contents. The permeation of drugs through
intercellular spaces between adjacent cells (cell junctions) is known as the paracellular
pathway (Fearn and Hirst, 2006). Both routes are simultaneously active, but one route is
usually dominant, depending on the physiochemical properties of the diffusing agent.

19
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7.2.3

Factors affecting absorption

The bioavailability of drugs depends on their physical and chemical properties, including
solubility, molecular size, charge and lipophilicity in the environment where absorption
takes place (Hamman, 2007: 148). In addition, the pH of the environment, the diffusion
coefficient, the membrane surface area, the partition coefficient of the molecules, the
thickness of the membrane and the concentration gradient across the membrane also
influence permeation of drugs across mucosal membranes (Camenisch et al., 1996).

Several physical and biochemical barriers have been reported to influence the rate of
absorption (Hamman, 2007: 95). Physical barriers include mucous layers, cell membranes
(the apical cell membrane, the cytoplasm of the epithelium cell, the basal membrane and
the cytoplasm of capillary cell) and tight-junctions (Khanvilkar et al., 2001). Organs in the
GIT, just like many other organs in the human body, have a mucous layer on their
surfaces. This layer promotes the formation of an unstirred water layer through which the
drug must diffuse in order to be absorbed across the epithelium, hence acting as a barrier
to absorption. Tight junctions between intercellular spaces allow small hydrophilic
molecules

to

pass

through

selectively,

while

blocking

large

molecules

(Hamman, 2007: 95).

Billary excretion, efflux and metabolic transformation are some of the biochemical barriers
that limit absorption of drugs into the systemic circulation (Chan et al., 2004). Billary
excretion is the extraction of a drug into bile by the liver to be later secreted into the
intestine. Efflux involves the active secretion of absorbed drug from the cells back into the
lumen, thereby causing resistance of the organism towards certain drugs (Figure 7.3).
This phenomenon is referred to as multidrug resistance and is usually caused by the
presence of permeability-glycoprotein (P-gp), a trans-membrane protein that is a member
of the adenosine triphosphate (ATP)-binding cassette family of transporters. The main
purpose of P-gp is for protection, detoxification and regulation of endogenous molecules,
including hormones and phospholipids. Metabolic transformation is caused by enzymatic
degradation of drugs at different sites in the GIT (Banker and Rhodes, 2002: 124).
7.2.4

In vitro screening assays

Tissues isolated from animals such as rabbits, monkeys, dogs, hamsters and pigs, are
commonly used in research as in vitro models for prediction of drug permeability (van Eyk
and van der Bijl, 2004). Human tissue is not readily available and, if available, the amount
of tissue from one donor may not be sufficient for conducting large numbers of in vitro
experiments (Obradovic and Hildalgo, 2008: 168). Differences in the anatomy and
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physiology of species dictate which animal tissue is suitable for a specific experiment.
Rabbits have been reported to possess buccal mucosal tissue that is closest to that of
humans. However, in the rabbit, the non-keratinised area below the buccal tissue has a
sudden transition into keratinised regions, thereby limiting the amount of tissue available
for isolation. Porcine tissue is the most preferred for oral delivery models, over other
animals because these tissues (buccal, sublingual and intestinal) are quite similar to those
of human and are inexpensive to obtain, easy to handle and to maintain (Shojaei, 1998;
Consuelo et al., 2005).

Diffusion chambers are often used to determine the actual amount of drug that diffuses
across a mucosal barrier, as well as the rate of diffusion of a drug (Obradovic and
Hildalgo, 2008: 168). Various types of diffusion chambers exist, including Franz-type and
Sweetana-Grass diffusion chambers, which have been adopted for evaluation of the
permeation of drugs across isolated mucosal membranes. In this section of the study, a
Sweetana-Grass-type diffusion chamber was used to evaluate the permeability and
permeation rates of the four alkaloids (mesembrenone, mesembrenol, mesembrine and
mesambranol) isolated from S. tortuosum, as pure isolated compounds and in the form of
extracts, across porcine sublingual, buccal and intestinal mucosal membranes.
7.3

MATERIALS AND METHODS

7.3.1

Materials

Same solvents were used for extraction as those described in Section 3.3.2 except
triethanolamine (AR grade) and HPLC grade MeOH, purchased from Protea Laboratory
Services Ltd. and SMM instruments (Johannesburg, South Africa), respectively. The two
solvents were used for HPLC analysis. Caffeine (purity: 99.0%), obtained from Italian
Chemical Industries Ltd. (Milan, Italy), and atenolol (purity: 99.0%), a gift from Sandoz
(Kempton Park, South Africa), were used as positive and negative controls, respectively.
The

mesembrine

alkaloids,

mesembrenone,

mesembrenol,

mesembrine

and

mesambranol, were isolated from S. tortuosum using HSCCC (Section 3.3.4). A sample of
S. tortuosum with voucher specimen number SCT101 (Section 5.2.1) was used for the
investigation. Krebs-Ringer bicarbonate buffer was purchased from Sigma Aldrich
(St. Luis, USA), while medical oxygen was obtained from Afrox Ltd. (Johannesburg, South
Africa).
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7.3.2

Preparation of extracts and test solutions

Three crude extracts of Sample SCT101 were prepared from ground plant material
(Section 3.3.1) by utilising MeOH, water and 0.5 M aqueous H2SO4. For the MeOH
extract, 20.0 g of powdered plant material was extracted thrice with 60 mL of MeOH. The
plant-MeOH mixture was shaken for 10 min at 200 rpm, using the shaking incubator, and
then filtered. Filtrates obtained were combined and concentrated under reduced pressure.
The combined extract was then dried in the vacuum oven at 40 oC and 0.2 bar pressure.

Water extraction involved adding 60 mL of distilled water to 20.0 g of dry plant powder,
shaking for 10 min at 200 rpm, followed by filtering. This process was repeated twice and
the resulting extracts were combined and lyophilised using a Benchtop K freeze-drier
(Telstar Industries Ltd., Barcelona, Spain) for 24 h.

The crude acid-base extract was prepared as described in Section 3.3.2. A mass of 20.0 g
of the dry plant powder was extracted thrice with 60 mL of 0.5 M aqueous H2SO4 for
10 min. Following filtration, the combined acidic extract (150 mL) was basified using 25%
aqueous NH4OH(aq) (75 mL). The basic aqueous phase was partitioned three times using
90 mL of DCM, whereafter, the organic fractions were pooled and concentrated under
partial vacuum and further dried in the vacuum oven at 40 oC under 0.2 bar pressure. The
profile of each extract was determined by RP–UHPLC, as described in Section 4.2.5, to
determine the composition of each crude extract.

A stock solution for each analyte (caffeine, atenolol, mesembrenone, mesembrenol,
mesembrine and mesambranol) was prepared in MeOH at a concentration of 1.0 mg mL-1
prior to HPLC analysis. Calibration standards were prepared by serial dilution (5.0, 10, 25,
50, 75 and 100 µg.mL-1) of the stock solution using MeOH. All the crude extracts and test
solutions for the transport studies were prepared in Krebs-Ringer bicarbonate buffer at an
equivalent mesembrine concentration of 40 µg mL-1. The amount of each extract added to
the donor cell of the Sweetana-Grass diffusion chamber was based on the mesembrine
content of the crude plant extracts as determined by HPLC analysis. Pure alkaloid test
solutions were prepared in Krebs-Ringer bicarbonate buffer by diluting appropriate
amounts of each crude extract, resulting in an alkaloid content corresponding to the
respective concentration and relative levels (mesembrenone: 90 µg mL-1, mesembrenol:
80 µg mL-1, mesembrine: 40 µg mL-1 and mesembranol: 40 µg mL-1) in the acid-base
extract. Caffeine and atenolol served as positive and negative controls, respectively, and
were prepared as 40 µg mL-1 solutions in Krebs-Ringer bicarbonate buffer.
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7.3.3

In vitro transport studies

7.3.3.1 Tissue preparation
Mucosal specimens comprising of intestinal, buccal and sublingual tissues were removed
from freshly slaughtered pigs (R&R abattoir, Pretoria, South Africa). The tissues were
washed with and sustained in ice cold Krebs-Ringer bicarbonate buffer. Transport
experiments across any of the mucosal tissues commenced within one hour following
collection. For the intestinal transport studies, a section of approximately 15 cm in length
was cut from the small intestine of the pig’s gastrointestinal tract, about 50 cm away from
the stomach. After flushing ice-cold buffer through the jujenum, it was pulled over a glass
tube and the overlaying serosal layer was stripped off by blunt dissection. The intestinal
tube was then cut along the mesenteric border with the aid of dissection scissors and
washed from the glass tube using Krebs-Ringer bicarbonate buffer. It was then cut into
smaller sheets (approximately 3 x 3 cm), which were mounted onto Sweetana-Grass
diffusion chamber clamps. Figure 7.4 illustrates the stepwise tissue preparation for the
transport experiment across porcine intestinal mucosa using a Sweetana-Grass diffusion
chamber.
For the buccal and sublingual transport studies, mucosal tissues from the pig’s cheek and
mouth floor, respectively, were carefully removed from slaughtered pigs. The excessive
connective and adipose tissues were trimmed away from the buccal and sublingual
mucosa until 1.00 ± 0.40 mm and 0.70 ± 0.30 mm thick sections were obtained,
respectively. Tissue thickness was measured using a vernier calliper from Executool CC
(Pretoria, South Africa; accuracy = 0.02 mm). These segments were then mounted onto
the diffusion chamber in the same way as for the intestinal mucosal tissue sections.

7.3.3.2 Transport across intestinal mucosal tissue
Clamps with the mounted porcine intestinal tissue sheets were fitted between two
Sweetana-Grass diffusion chamber half cells, with a transport surface area of 1.13 cm2,
and linked to a heating block (Easy Mount Diffusion Chamber, Physiologic Instruments,
USA). The complete diffusion apparatus was comprised of six diffusion chambers. Warm
(37 ºC) Krebs-Ringer bicarbonate buffer (7.0 mL) was added to each compartment of the
diffusion chambers to equilibrate the tissues for 30 min before commencement of the
transport study. Solutions were oxygenated by continuously bubbling medical grade
oxygen through each compartment.
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Figure 7.4: Illustrations of the stepwise preparation of tissue and subsequent transport studies. 1) Fresh jujenum in ice-cold buffer, 2) removal of serosal layer,
3) slitting the jujenal tissue, 4) jujenal tissue sheets, 5) mounting a tissue sheet on clamps in the diffusion chamber , 6) clamped tissue ready for mounting on the diffusion
chamber, 7) clamped tissue mounted between two compartments, 8) Sweetana-Grass diffusion chamber cells mounted with tissue, 9) HPLC instrumentation

Transport of the reference and test compounds, both in pure form and in crude extracts,
was investigated in two directions across the pig intestinal mucosal tissue. For transport in
the apical-to-basolateral (A-B) direction, buffer in the apical compartment was replaced
with 7.0 mL of test solution. For transport in the basolateral-to-apical (B-A) direction, buffer
in the basolateral compartment was replaced with 7.0 mL of the test solution. Aliquots of
200 µL were sampled using a micropipette from each receiver compartment at 30 min
intervals for 4 h and analysed using HPLC. The samples withdrawn were replaced with
equal volumes of warm fresh buffer (37 ºC). Tissue integrity was evaluated by taking
transepithelial electrical resistance (TEER) measurements, both at the beginning and at
the end of the experiment, using a Millicell-ERS meter (Millipore, MA, USA). All the
intestinal transport experiments were conducted in triplicate.

7.3.3.3 Transport across sublingual and buccal mucosal tissue
After measuring tissue thickness using the vernier calliper, porcine sublingual and buccal
mucosal tissue segments were mounted on the diffusion chamber in the same way as
described for the intestinal tissue. Transport of the reference test compounds, both in pure
form and in crude extracts, was determined in the A-B direction, only across the buccal
and sublingual mucosal tissues. All the transport experiments were conducted in triplicate
in the same way as described for the transport across intestinal tissue.

7.3.3.4 Reversed phase ultrahigh and high performance liquid chromatography analysis
The alkaloid profiles of the three extracts were determined by RP−UHPLC as described in
Section 4.2.3. Since 200 µL aliquots, removed from the diffusion chamber to monitor
transport, were too small to allow filtering prior to analysis, HPLC was used for these
assays, rather than RP−UHPLC. The small particle size diameter of UHPLC columns is
conducive to blockages originating from unfiltered samples. The HPLC system used for
the analysis consisted of a Waters 2690 separation module and a Waters 996 photodiode
array detector (Waters, MA, USA). After injection (20 µL loop) of the sample, separation of
the compounds was achieved at 25 ºC on a Phenomenex C18 column (250 mm x 4.6 mm;
5 µm), equipped with a C18 guard column (Phenomenex, USA). Chromatographic data
was collected and analysed using Empower™ software (Orlando, USA).
The mobile phase (flow rate of 1.0 mL.min-1) used for the analysis of the pure alkaloids
and extracts consisted of (A) 1% aqueous triethanolamine and (B) MeOH. Gradient
elution was employed for the analysis (60% A: 40% B; changing to 50% A: 50% B in
5 min, then kept constant for 8 min before changing within 1 min to 60% A: 40% B and
then kept constant for 4 min). Analytes were detected at 280 nm.
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A mobile phase consisting of (A) MilliQ® water and (B) HPLC grade MeOH was used for
determination of caffeine. The initial mobile phase (flow rate 1 mL.min-1) was 10% water
and 90% MeOH. Thereafter, a linear gradient was applied to reach 40% aqueous MeOH
after 20 min. The column was then washed by increasing the MeOH concentration to
100% in 2 min. For analysis of atenolol, the mobile phase consisted of (A) 0.1 M aqueous
AA; (B) MeOH at a flow rate of 1.0 mL.min-1 initially using 85% A: 15% B, before changing
to 30% B in 10 min. Both caffeine and atenolol were detected at 273 nm.

The percentage of each test and reference compound transported across the various
mucosal tissues was plotted as a function of time. Thereafter, the apparent permeability
coefficient (Papp) values, which represent transport normalised for membrane surface area
and

drug

concentration

added

to

the

donor

compartment,

were

determined.

Corresponding Papp values for each of the compounds were calculated according to
Equation 7.1 (Artursson, 1990):

…………………. Equation 7.1
where dQ.dt-1 is the permeability rate (%/min); A is the surface area of the
membrane (cm2); and Co is the initial concentration in the donor chamber (%). Microsoft
Excel 2007 software was used for statistical analysis. A one-way Analysis of Variance
(ANOVA, single factor without replication) and the Least Significant Difference (LSD) tests
were applied to the data. Those results with p ≤ 0.05 were considered to be significantly
different.

7.4

RESULTS AND DISCUSSION

7.4.1

Solvent extraction, RP–UHPLC and HPLC analysis

Although Sceletium is used in the form of decoctions, teas and as tinctures for oral
consumption (Smith et al., 1996; Gericke, 2002), no information is available regarding the
absorption of the active compounds from the oral cavity and/or the gastrointestinal tract.
This data is crucial to determine the drug dosage required to maintain sufficient
concentrations of the bioactive compound at the target site. Since Sceletium is
traditionally chewed to induce mood-enhancement, it is quite possible that transport takes
place across buccal and sublingual tissues. This study was therefore aimed at
investigating the permeation of psychoactive alkaloids from S. tortuosum across intestinal,
buccal and sublingual mucosa. Water and MeOH were selected for extraction of the
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alkaloids, based on the traditional form, while the acid-base extraction, commonly used for
isolation of alkaloids, was aimed at enriching the extract with the psychoactive
components (Alali et al., 2008).

Figure 7.5 illustrates the RP–UHPLC fingerprints of the acid-base, MeOH and water
extracts of Specimen SC101. Separation was achieved within 8 min and various
unidentified compounds were observed in the extracts, in addition to the four alkaloids.
Determination of the alkaloids in the extracts by HPLC revealed optimal separation within
20 min. Specific alkaloids in the extracts were identified by comparing their retention
times with those of the pure compounds and also by co-elution following standard
addition. The concentrations of the analytes in the extracts (µg mL-1) and the quantity of
each analyte transported across the membrane, were determined using the regression
equations obtained from the calibration curves of the pure compounds as summarised in
Table 7.1.
Table 7.1: Regression analysis of calibration curves of Sceletium alkaloids and reference
compounds from HPLC analysis
LOD
-1
(µg mL )

LOQ
-1
(µg mL )

0.999

0.20

0.52

y = 46688.0x + 15812.0

0.999

0.13

0.38

10.72

y = 12726.0x + 22817.0

0.993

0.60

2.00

Mesembrenol

12.53

y = 9616.6x + 14229.0

0.997

0.43

1.45

Mesembrine

13.72

y =10702.0x + 17825.0

0.994

0.21

0.69

Mesembranol

14.48

y = 10800.0x + 15305.0

0.998

0.20

0.68

Analyte

Rt
(min)

Equation

Atenolol

8.12

y = 7026.7x + 959.1

Caffeine

8.26

Mesembrenone

R

2

Rt = retention time, LOD = limit of detection, LOQ = limit of quantification. Values represent the mean ± SD
(n = 3)

In addition to the alkaloids, the MeOH and the water extracts contained higher
concentrations of several other polar compounds that eluted between 0.5 and 2 min.
However, the four alkaloids were the main constituents of the acid-base extract. Although
the yield of the acid-base extract was the lowest (0.44% w/w), it contained the highest
concentrations of the alkaloids. A summary of the yield of each extract from the dry plant
material and the concentration of each compound in the corresponding extract is provided
in Table 7.2. The concentrations of the alkaloids in each extract are expressed in mg mL-1.
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Figure 7.5: Reversed phase ultrahigh performance liquid chromatograms showing the profiles of
mesembrine-type alkaloids. A) mixture of four Sceletium alkaloid standards; B) acid-base; C) methanol and
E) water extracts of Sceletium tortuosum. Chromatograms D) and F) represent enlarged sections of the
methanol and water extracts, respectively. 1) mesembrenol (Rt: 3.31 min); 2) mesembranol (Rt: 3.51min) ;
3) mesembrenone (Rt: 3.75 min); 4) mesembrine (Rt: 4.43 min)
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-1

Table 7.2: Yields and concentrations (mg g ) of the alkaloids in the extracts
-1

Concentration (mg g dw)

Yield
(%dw)

Mesembrenone

Mesembrenol

Mesembrine

Mesembranol

Water

6.41

0.529

0.460

0.234

0.214

MeOH

8.70

0.245

0.229

0.101

0.098

Acid-base

0.44

0.952

0.829

0.398

0.321

Extract

dw = dry mass of plant material, Values are represented by mean ± SD (n = 3)

The crude MeOH extract displayed the highest yield (8.70% w/w) but had the lowest
concentration of the compounds. Acid-base extraction method is thus more appropriate
for alkaloid extraction. The results are in agreement with Alali et al. (2008) who reported
the acid-base extraction method to be a more effective method for alkaloid extraction than
solvent extraction using organic solvents.

The concentrations of mesembrenone and mesembrenol were much higher than those of
mesembrine and mesembranol in all the extracts. Although the quantities of each alkaloid
in the different extracts were statistically significantly different (p ≤ 0.05), the relative
percentage of each compound in the three extracts was not significantly different. If only
the four alkaloids are considered, the relative levels were found to be 37.1 ± 0.9% for
mesembrenone, 33.1 ± 1.0% for mesembrenol, 5.7 ± 0.7% for mesembrine and
14.1 ± 1.1% for mesembranol in all three extracts. The levels of mesembrenone and
mesembrenol were substantially higher than those of the other two alkaloids.
7.4.2

Transport across intestinal mucosa

The physiological and anatomical similarities of porcine oral cavity mucosa and intestinal
mucosa to the corresponding tissues in humans make them practical and useful
alternatives for in vitro studies (Consuelo et al., 2005). An important consideration is that
these porcine membranes are readily available and have large surface areas, which make
them relatively easy to handle. In this study, transport across pig intestinal mucosa was
investigated in two directions i.e. apical-to-basolateral (A-B) and basolateral-to-apical (BA), in order to evaluate the efflux of the compounds. Transport rates, expressed as
cumulative percentage values, for the pure alkaloids and reference compounds, as well as
for the alkaloids present in the three crude extracts, in the A-B and B-A directions across
porcine intestinal mucosal tissue are presented in Figure 7.6. These results clearly
indicate a lag phase before the alkaloids were transported across the intestinal mucosal
tissue.
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Figure 7.6: Graphs indicating the percentage cumulative transport of mesembrine-type alkaloids and reference compounds across porcine intestinal mucosal
tissue. A-B (apical-to-basolateral), B-A (basolateral-to-apical) directions. A) pure compounds; B) water extract; methanol extract; D) acid-base extract. Each point on the curves
represent the mean ± SD (n = 3)

With the exception of pure mesembrine and caffeine, which were detected after 30 min,
transport in the A-B direction for atenolol and the other alkaloids, both in pure form and in
the crude extracts was apparent after 60 min. This can possibly be explained by
considering the time needed for these hydrophilic compounds to diffuse through the
mucous layer at the membrane surface, before transport across the epithelial cell
membrane could occur (Khanvilkar et al., 2001). The mucous layer itself is a barrier to
diffusion, hence could slow down the diffusion rate. Mesembrine and caffeine were
detected first (after 30 min), because they were more permeable across the intestinal
mucosa than the other compounds. Transport in the B-A direction was observed after
90 min for all the compounds, because diffusion from receiver to donor chamber can only
take place after accumulation of sufficient concentrations of the compounds in the receiver
chamber, since passive diffusion is dependent on the concentration gradient (Obradovic
and Hidalango, 2008: 170).

Caffeine and atenolol were chosen as positive and negative controls, respectively,
because caffeine is well absorbed in the human intestinal and buccal mucosa, while
atenolol is poorly absorbed (Kamimori et al., 2002). Cumulative transport was calculated
by determination of the percentage of a compound that crossed the membrane from the
donor to the receiver compartment at a given time interval.

Generally, the rate of transport of the pure alkaloids and crude extracts in the A-B
direction was more than double for each compound, compared to that in the B-A direction.
This is an indication that active efflux was absent (Hamman, 2007: 99). Passive diffusion
is caused by the difference in the concentration gradient between the two diffusion
chamber compartments and the surface area of the membrane (Obradovic and
Hidalango, 2008: 170). These results therefore indicate that none of the alkaloids from
S. tortuosum are substrates for efflux transporters, such as P-gp and multidrug resistance
protein 2. This also illustrates that these alkaloids will most probably avoid the P-gp efflux
of the blood-brain barrier, which is a plausible explaination for the CNS effects of these
compounds.

The alkaloids from S. tortuosum were transported at different rates and to different extents
across porcine intestinal tissue in both A-B and B-A directions, both as pure compounds
and in crude extracts. Transport of all the compounds was better than that of atenolol, the
poorly permeable reference compound. Although atenolol is water soluble, its permeability
across intestinal mucosa has been reported to be poor (Wu and Benet, 2005). The
permeabilities of the pure alkaloids, reference compounds and alkaloids in the extracts
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were calculated from the transport results and expressed in terms of apparent
permeability coefficient (Papp) values. These values indicate how a given concentration of
a compound or drug diffuses across a normalised surface area of a membrane in a given
time (Hansen and Nilsen, 2009).

Permeability coeficient values calculated for the pure alkaloids, reference compounds and
for the alkaloids present in the three crude extracts of S. tortuosum across porcine
intestinal mucosal tissue, in the A-B and B-A directions, are depicted in Figures 7.7 and
7.8, respectively. Higher Papp values are indicators of better transport rates or high
permeability (Ong and Heard, 2009). Mesembrine, despite its lower concentration (0.014
± 0.023 – 0.789 ± 0.045 mg mL-1) in the crude extracts compared to the other alkaloids
consistently exhibited the highest Papp values (the best transport rate). This observation
can possibly be explained by active uptake transport, in addition to passive diffusion.
Further investigations are necessary to confirm this finding. It was also observed that
mesembrine was transported to a significantly better degree than the reference compound
caffeine (p ≤ 0.05), a molecule known to be highly soluble and permeable (Wu and Benet,
2005). The transport of mesembrine was significantly better in the pure state (P app 1.69E-5
± 8.2E-8 cm s-1) than in the crude extracts (Papp 1.21 – 1.37E-5 cm.s-1) (p ≤ 0.05). This
finding suggests that other phytochemicals in the extracts could influence the transport of
mesembrine across the intestinal membrane.

Figure 7.7: Bar graphs indicating the apparent permeability coefficient (P app) values for
mesembrine-type alkaloids and reference compounds across porcine intestinal mucosa in the
apical-to-basolateral direction. Each bar represents the mean + SD (n = 3)
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Figure 7.8: Bar graphs indicating the apparent permeability coefficient (Papp) values for
mesembrine-type alkaloids and reference compounds across porcine intestinal mucosa in the
basolateral-to-apical direction. Each bar represents the mean ± SD (n = 3)

The concentration of mesembrine in the extracts was observed to be lower than those of
mesembrenol and mesembrenone. Accumulation of the latter compounds within cell
junctions could probably influence the degree of transport of mesembrine in the extracts.
The rate of transport of mesembranol, in the A-B direction was higher than that of
mesembrenol and mesembrenone, although it was lower than that of mesembrine and
caffeine. The concentration of mesembranol in the extracts was lowest (0.004 ± 0.002 to
0.493 ± 0.051 mg mL-1). Contrary to the transport results obtained for mesembrine, the
transport of mesembranol was better in the extracts than in pure form, an indication that
other compounds in the extracts could enhance its transport rate across the intestinal
mucosa. Transport rates of mesembrenone and mesembrenol in pure form, and in the
extracts, across the intestinal membrane did not differ significantly (p ≤ 0.05).

The implication of higher permeability recorded for mesembrine, compared to those of the
other alkaloids, is that it will be more bioavailable and therefore possibly exhibit a more
potent effect when administered orally. However, it must be noted that pre-systemic
metabolism of a compound may alter its bioavailability following oral administration. It is
not yet known if decomposition of the alkaloids takes place in the gastrointestinal tract
prior to absorption. There have been some reports of transient euphoria or intoxication
following ingestion of Sceletium plant material (Gericke and Viljoen, 2008). The rapid
transport of mesembrine from mesembrine-rich plant material may account for this
165

phenomenon. Mesembrine in its pure form was transported more extensively than
mesembrine in the crude extracts (acid-base, MeOH and water extracts), even though
they were applied at the same concentrations.

The integrity of the intestinal membranes used in the investigation was evaluated by
monitoring the transepithelial electrical resistance (TEER) at the beginning and at the end
of each experiment. This value is a measure of the tightness of the junctions between
cells in a tissue (Hamman, 2007: 105). Measured TEER values during intestinal transmucosal transport for each alkaloid, reference compound and crude extract are presented
in Table 7.3.
Table 7.3: Transepithelial electrical resistance values measured before and after the transport of
compounds and extracts across intestinal mucosa
TEER (kΩ)

Compound/
Extract

Transport in A-B direction

Transport in B-A direction

0 (min)

240 (min)

Difference

0 (min)

240 (min)

Difference

Mesembrenone

1.27 ± 0.02

1.22 ± 0.02

0.06 ± 0.01

1.28 ± 0.03

1.23 ± 0.01

0.07 ± 0.02

Mesembrenol

1.38 ± 0.01

1.31 ± 0.02

0.07 ± 0.02

1.23 ± 0.01

1.23 ± 0.01

0.05 ± 0.01

Mesembrine

1.36 ± 0.05

1.39 ± 0.01

0.03 ± 0.01

1.36 ± 0.02

1.40 ± 0.01

0.06 ± 0.01

Mesembranol

1.33 ± 0.03

1.36 ± 0.03

0.05 ± 0.01

1.44 ± 0.04

1.36 ± 0.03

0.03 ± 0.02

Caffeine

1.45 ± 0.03

1.41 ± 0.06

0.07 ± 0.02

1.45 ± 0.01

1.38 ± 0.02

0.06 ± 0.01

Atenolol

1.46 ± 0.32

1.39 ± 0.05

0.07 ± 0.04

1.52 ± 0.02

1.49 ± 0.02

0.03 ± 0.02

Water extract

1.18 ± 0.01

1.16 ± 0.06

0.04 ± 0.05

1.17 ± 0.01

1.13 ± 0.01

0.07 ± 0.01

MeOH extract

1.32 ± 0.02

1.36 ± 0.06

0.05 ± 0.02

1.30 ± 0.01

1.25 ± 0.01

0.05 ± 0.02

Acid-base

1.26 ± 0.02

1.23 ± 0.04

0.05 ± 0.01

1.25 ± 0.01

1.22 ± 0.02

0.21 ± 0.01

extract
Values represent the mean ± SD (n = 3)

The overall range in the difference of the TEER values at the beginning and end of all the
experiments involving transport across intestinal mucosa was relatively low (0.027 ± 0.006
to 0.211 ± 0.005 kΩ). Small deviations in the TEER values indicate that the integrity of the
tissue was maintained for the entire duration of each experiment (Lin et al., 2007). This, in
turn, indicates that mesembrine-type alkaloids are not cytotoxic to the intestinal tissue.
Cytotoxic chemicals may cause irreversible cell damage during transport, resulting in the
loss of integrity of the cells, which is reflected by significant deviations in the TEER values
(Lin et al., 2007).
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7.4.3

Transport across sublingual mucosa

The transport of the mesembrine-type alkaloids across sublingual and buccal mucosal
tissues was determined to predict the potential contribution of these two mucosal tissues
to overall bioavailability. Traditionally the use of S. tortuosum dry plant material involves
mastication and holding in the mouth for prolonged periods (Smith et al., 1996). At
present, products formulated as oral spays are available for pharmacological purposes
and as health products20. Sublingual transport of the alkaloids and reference compounds
was evaluated only in one direction (A-B).

Connective and adipose tissues were trimmed from sublingual tissue segments to a
thickness of 0.70 ± 0.30 mm to enable the tissue to fit between the diffusion chamber
compartments. The cumulative transport observed for the reference compounds and the
alkaloids across sublingual mucosal tissue are depicted in Figure 7.9. The pure
compounds and compounds in the extracts were detected in the receiver chamber only
60 min after commencement of the experiment, indicating a lag phase before permeation
of the compounds.

Despite the transport rate of mesembrine across the intestinal mucosa being the best
amongst the alkaloids, the transport rate of mesembranol was the best across the
sublingual mucosa. This result could be due to anatomical differences in the barrier
properties of the intestinal and sublingual mucosa (Hamman, 2007: 107). The transport of
the alkaloids across the sublingual mucosal tissue was poorer than that of caffeine
(positive control), with the exception of mesembrenone in the water extract and
mesembranol in the acid-base enriched extract. Transport rates of mesembrenone in the
water extract and mesembranol in the acid-base extract were not significantly different
from that of caffeine. Mesembrenone and mesembranol were more permeable in their
pure forms and in the water and acid-base extracts, compared to the permeabilities of
mesembrine and mesembrenol in all forms. It was also observed that the rate of transport
of mesembranol in the crude extracts was significantly better than that of mesembranol in
pure form (p ≤ 0.05). As initially mentioned for intestinal absorption, this could possibly be
due to the positive influence of other compounds in the extracts. Transport rates of
mesembrine and mesembrenol were not significantly different when comparing them in
the extracts and as pure compounds (p ≤ 0.05).

20

tradealert@service.alibaba.com. Accessed: 01 October 2010.
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Figure 7.9: Graphs indicating the percentage cumulative transport of mesembrine-type alkaloids and reference compounds across porcine sublingual
mucosal tissue. A) pure compounds; B) water extract; C) methanol extract; D) acid-base extract. Each point on the curves represents the mean ± SD (n = 3)

The apparent permeability coefficient (Papp) values calculated for the A-B transport of the
pure alkaloids, reference compounds and for the alkaloids in the crude extracts across
sublingual mucosal tissue are depicted in Figure 7.10. It was found that the permeabilities
of all the alkaloids were significantly higher than that of atenolol (negative control). This
suggests that all the alkaloids are able to diffuse passively through sublingual
membranes. The results therefore indicate that the alkaloids of S. tortuosum are
sufficiently permeable across sublingual mucosal tissues, reflecting the potential
contribution to their overall bioavailability via this route. However, it is important to take
into consideration that bioavailability of a compound is also dependant on pre-systemic
metabolism.

Figure 7.10: Bar graphs indicating the apparent permeability coefficient (P app) values for
mesembrine-type alkaloids and reference compounds across porcine sublingual mucosa in the
apical-to-basolateral direction. Each bar represents the mean ± SD (n = 3)

Transepithelial electrical resistance values, measured to determine the intactness of the
sublingual membranes, are presented in Table 7.4. The overall range in the difference of
the TEER values at the beginning and end of the all the experimental set-ups involving
transport across sublingual mucosa was very small (0.031 ± 0.002 to 0.405 ± 0.051 kΩ).
This indicates that acceptable integrity of the tissues was maintained throughout the
duration of the transport study (Lin et al., 2007).
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Table 7.4: Transepithelial electrical resistance values measured before and after the transport of
compounds and extracts across sublingual mucosa
TEER (kΩ)

Compound/extract
0 (min)

240 (min)

Difference

Mesembrenone

1.58 ± 0.07

1.69 ± 0.10

0.11 ± 0.03

Mesembrenol

1.40 ± 0.04

1.42 ± 0.06

0.03 ± 0.01

Mesembrine

1.66 ± 0.19

1.89 ± 0.37

0.22 ± 0.08

Mesembranol

1.40 ± 0.04

1.42 ± 0.06

0.09 ± 0.01

Caffeine

1.48 ± 0.10

1.93 ± 0.14

0.41 ± 0.05

Atenolol

1.95 ± 0.09

1.86 ± 0.02

0.13 ± 0.09

Water extract

1.33 ± 0.02

1.22 ± 0.02

0.12 ± 0.05

MeOH extract

1.38 ± 0.04

1.49 ± 0.07

0.15 ± 0.09

Acid-base extract

1.74 ± 0.03

1.90 ± 0.02

0.09 ± 0.02

Values represent the mean ± SD (n = 3)

7.4.4

Transport across buccal mucosa

The cumulative transport of each alkaloid and reference compound across the buccal
mucosa is presented in Figure 7.11. After removal of connective and adipose tissue,
buccal tissue segments of 1.00 ± 0.40 mm thickness were used in the study. The
transport of the compounds across buccal mucosa became apparent within 90 min after
the commencement of the experiment, indicating that the movement of the molecules
across the epithelia was much slower than in the case of the sublingual tissue.
Buccal transport rates were statistically significantly (p ≤ 0.05) lower than those
determined across intestinal and sublingual mucosa. The apparent permeability coefficient
(Papp) values calculated for the A-B transport of the reference compounds, pure alkaloids
and for the alkaloids present in the three crude extracts across buccal mucosal tissue are
depicted in Figure 7.12. Mesembrenone in the water extract exhibited the best
permeability, even when compared to that of caffeine. The Papp value of mesembrenone in
the water extract was the highest, although it did not differ significantly from those of the
other alkaloids, both in pure and in extract forms. The permeabilities of all the other
alkaloids were higher than that of atenolol suggesting that the mesembrine-type alkaloids
of S. tortuosum will be transported to some degree across the buccal mucosa while
chewing the plant material.
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Figure 7.11: Graphs indicating the percentage cumulative transport of mesembrine-type alkaloids and reference compounds across porcine buccal mucosal
tissue. A) pure compounds; B) water extract; C) methanol extract; D) acid-base extract. Each point on the curves represents the mean ± SD (n = 3)

Figure 7.12: Bar graphs indicating the apparent permeability coefficient (P app) values for
mesembrine-type alkaloids and reference compounds across porcine buccal mucosa in
basolateral-to-apical direction. Each bar represents the mean ± SD (n = 3)

Table 7.5 lists the TEER values, measured before and after the transport of pure
alkaloids, reference compounds and the alkaloids in the extracts across the buccal
mucosal tissue. The overall range in the difference of the TEER values for all the
experiments involving transport across buccal mucosa was also very small (0.05 ± 0.04 to
0.59 ± 0.14 kΩ). Once again, the results indicated that the integrity of the buccal
membranes used in the investigation was maintained throughout the experiments
(Lin et al., 2007).

The permeabilities of the alkaloids across intestinal mucosa were much higher than
across both buccal and sublingual tissues. This finding can be attributed to the presence
of villi and microvilli on intestinal mucosa (Balimane et al., 2000). These structures
increase the surface area of the intestine to enhance absorption of nutrients and other
substances by passive diffusion into systemic circulation (Hamman, 2007: 107). Both
buccal and subligual tissues consist of stratified (multilatered) squamous epithelia, which
form a rate-limiting barrier to absorption (Shojaei, 1998)..

In tranport studies, the B-A transport of drugs or compounds that are transported via
passive diffusion is limited, since a positive diffusion gradient is maintained on the
basolateral surface due to a constant bloodflow in the vessels lining the tissues
(Mayersohn, 2002: 20).
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Table 7.5: Transepithelial electrical resistance values, measured before and after the transport of
compounds and extracts across buccal mucosa
TEER (kΩ)

Compound/extract
0 (min)

240 (min)

Difference

Mesembrenone

2.06 ± 0.19

2.21 ± 0.18

0.13 ± 0.01

Mesembrenol

2.19 ± 0.04

2.28 ± 0.05

0.19 ± 0.11

Mesembrine

2.49 ± 0.02

2.68 ± 0.19

0.21 ± 0.06

Mesembranol

1.95 ± 0.06

2.09 ± 0.10

0.22 ± 0.10

Caffeine

1.86 ± 0.12

2.00 ± 0.11

0.23 ± 0.14

Atenolol

2.01 ± 0.11

2.10 ± 0.12

0.16 ± 0.14

Water extract

1.86 ± 0.14

1.95 ± 0.14

0.05 ± 0.02

Methanol extract

2.17 ± 0.03

2.13 ± 0.04

0.59 ± 0.14

Acid-base extract

2.35 ± 0.05

2.24 ± 0.02

0.09 ± 0.01

Each value represents the mean ± SD (n = 3)

Transport of compounds across sublingual mucosa was much better than across buccal
mucosa, because the epithelial layer of the latter is thicker (500 – 800 µm) than for
sublingual tissue (200 – 300 µm) (Shojaei, 1998; Zhang et al., 2002; Ong and
Heard, 2009).

Based on the results obtained for the in vitro transport across porcine intestinal tissue,
mesembrine can be classified as a highly permeable compound. It consistently exhibited a
higher transport rate, hence better permeability, than caffeine (a highly permeable
compound) in all the experimental groups. The other three mesembrine-type alkaloids
also displayed a relatively high degree of permeation across the intestinal tissue, when
compared to the reference compounds. Although the transport rates of the alkaloids were
lower across the sublingual and buccal tissues than across the intestinal tissue, transport
of these compounds was still better than that of atenolol, indicating that absorption from
the mouth cavity may contribute to the overall bioavailability when the plant material is
chewed. The contributions of both sublingual and buccal transport of the alkaloids, could
also explain the “intoxication effect” arising from chewing the plant material and keeping it
in the mouth for prolonged periods. Since intestinal transport of the alkaloids is better than
sublingual and buccal transport, the swallowing of juices resulting from mastication could
also result in the “intoxication effect”. However, in vivo experiments should be conducted
to confirm the bioavailabilityof the alkaloids across the three mucosal tissues, and more so
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across the intestinal mucusa, to ascertain the effect of first pass metaboilism on the
alkaloids.
7.5

CONCLUSIONS

In vitro transport results indicate relatively good permeabilities for the S. tortuosum
alkaloids across the intestinal, sublingual and buccal mucosal membranes, when
interpreted in relation to the reference compounds (caffeine and atenolol);

The degree of transport of the alkaloids was the best across the intestinal tissue,
followed by the sublingual tissue, and the poorest across the buccal tissue;

The alkaloids are not subtrates for efflux transporters in the intestinal tissues, since
the degree of transport in the A-B direction was found to be better than that in the
B-A direction;

Mesembrine can be classified as a highly permeable compound, because its
permeability was higher than that of the highly permeable reference compound,
caffeine, in all the experimental groups;

Mesembrenone, a highly psychoactive compound, exhibited the best permeability
from the water extract, even when compared to that of caffeine, giving credibility to
the traditional use of Sceletium as a decoction; and

The psychoactive alkaloids did not cause signs of cytotoxic effects to the mucosal
tissues, since the integrity of the membranes was maintained over the entire
period of transport measurement for all the experiments.
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CHAPTER 8
CONCLUSIONS
8.1

ACHIEVEMENT OF OBJECTIVES

Africa is generously endowed with natural resources that include minerals, oil, plants and
animal life. However, the continent has not benefitted optimally from these primary
resources, due to a lack of development in the production and manufacturing of
secondary products. South Africa harbours diverse floral resources, which, combined with
a rich cultural heritage, has the potential to make a significant and sustainable contribution
to the economy of the country. Yet, this valuable asset remains largely unexplored, in
spite of plentiful ethnopharmacological leads that highlight the biological activities and
potential uses of particular species. It is vital that the development of plant products is
based upon scientifically validated evidence to ensure consistent and effective products,
which are safe for consumers. This study was primarily focussed on contributing to the
existing scientific knowledge of the genus Sceletium, and was initiated to facilitate the
commercialisation of Sceletium products. Several objectives were identified at the outset,
as listed in Section 1.5, and these were satisfactorily achieved.

A lack of commercial standards for the psychoactive Sceletium alkaloids (mesembranol,
mesembrenol, mesembrenone and mesembrine) necessitated their isolation from plant
material, because reference standards were essential for this study. The alkaloids were
purified from an acid-base extract of S. tortuosum using HSCCC and a combination of CC
and prep-HPTLC. Countercurrent chromatography proved to be a superior technique for
the isolation of mesembrine-type alkaloids from S. tortuosum, since most of the
compounds were obtained in higher yields and the purities of the isolated compounds
were satisfactory (> 95%). The lower yield of mesembranol was ascribed to the lower level
of this compound in the fraction used for HSCCC purification. This is the first report
describing the use of HSCCC for isolation of Sceletium alkaloids, although these
compounds have previously been isolated from S. tortuosum using CC (Arndt and Kruger,
1970; Jeffs et al., 1970; Gaffney, 2008: 40). The purities of the compounds obtained
rendered them suitable for use as reference standards, for quality assurance and for use
in pharmacological studies.
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Each of the analytical methods (RP–UHPLC, GC–MS and HPTLC densitometry)
developed and validated as part of this study, is reasonably straight-forward, fast,
repeatable and suitable for the identification and simultaneous quantitative determination
of the four pharmacologically important alkaloids in Sceletium specimens and commercial
products. Quantitative data for each of the compounds in the selected S. tortuosum
specimens and products, following analysis by the three methods, indicated linear
detector responses over the selected analyte concentration range. Acceptable limits of
detection and quantification, appropriate for the analysis of variable natural materials,
were obtained. These chromatographic methods are suitable for assay and quality control
of Sceletium raw materials and products, but are also valuable tools for the
chemotaxonomic evaluation of the species.

This study indicated that the psychoactive alkaloids are produced by S. crassicaule and
S. tortuosum, but not by S. rigidum, S. emarcidum, S. strictum, S. expansum and
S. varians. Variations of the mesembrine-type alkaloid profiles, both within and between
different populations of S. tortuosum were evident. Five chemotypes of the species, which
are not restricted to particular geographical regions, were identified. A similar trend was
observed for the mesembrine-type alkaloid profiles of the investigated commercial
products. The relative contributions of three of the four mesembrine-type alkaloids,
mesembrenol, mesembrine and mesembrenone, were found to be useful quality
assurance markers for S. tortuosum raw materials and products, as well as for assigning
the source raw plant material to one of the five identified chemotypes.

Chromatographic (RP–UHPLC and GC–MS) fingerprinting was not sufficient to distinguish
S. tortuosum from S. crassicaule samples, since both species produce all of the
mesembrine-type alkaloids in variable amounts. However, NIR–HSI spectroscopy,
combined with chemometrics, proved useful for the differentiation of these morphologically
similar species. This technique was able to successfully predict the identity of
S. tortuosum material or that of S. crassicaule.

Combustion of S. tortuosum plant material altered its chemical composition, since the
chromatographic profiles of the smoke fractions were found to be more complex than
those of the un-burnt plant material. Although present in very low concentrations, when
compared to the amounts in the original plant material, the psychoactive alkaloids could
still be determined in the combustion products.
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In vitro transport results indicate relatively high permeabilities of the S. tortuosum alkaloids
across porcine intestinal, sublingual and buccal mucosal membranes. The extent to which
the alkaloids are transported across intestinal mucosa is greater than that across
sublingual and buccal mucosal tissues. It was found that mesembrine-type alkaloids are
not substrates for efflux transporters in intestinal tissues, hence are likely to be
bioavailable when ingested. These compounds have been shown to inhibit serotonin reuptake, as well as the PDE-4 enzyme, and thus alleviate symptoms of stress and anxiety.
Results indicate that mesembrine is a highly permeable compound, even more so than
caffeine, which is regarded as a compound with high permeability across mucosal tissues.
There were no signs of disintegration of the mucosal tissues, as reflected by the
maintenance of integrity of these tissues throughout the experiments, indicating that the
mesembrine-type alkaloids are not cytotoxic.
8.2

CONTRIBUTION OF THE STUDY

Sceletium tortuosum, the most popular species of the genus Sceletium, is widely used in
commercial products. An increase in commercial interest in this species, both locally and
internationally, has developed over the past decade as a result of the presence of
mesembrine-type alkaloids, which have the ability to mitigate neurodegenerative and
neurological disorders (Gericke and van Wyk, 1999). In spite of the obvious
pharmacological benefits offered by the species, various challenges have hampered the
commercial development of Sceletium products. The most important of these is the
development of validated analytical methods to determine the physoactive alkaloids, to
enable monitoring of the chemical consistency of Sceletium products. This investigation
has made a valuable contribution to the routine quality control of S. tortuosum raw
materials and products by establishing three validated analytical methods. Although these
techniques may be used as complementary methods, laboratories confined to only one of
these techniques will benefit from the reported methods. The development of the HPTLC
densitometry method allows reliable analysis of products by employees, who do not have
formal training in analytical methodologies. These methods, in combination with NIR–HIS,
can be used to establish the authenticity of S. tortuosum raw materials and products,
thereby minimising the risk of misidentification of the species. Incorrect identification of
Sceletium species may result in products without beneficial effects, since variations in the
production of mesembrine-type alkaloids were observed even amongst S. tortuosum
specimens.
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Reference standards are imperative for accurate quantitative analysis. The isolation of
alkaloids has remained a challenge, due to the low levels present as secondary
metabolites in plants. Large amounts of plant materials are required for the isolation of
sufficient amounts of the compounds when using conventional isolation techniques such
as CC and prep-HPTLC. An effective and repeatable method (HSCCC) with high recovery
was developed for rapid isolation of highly purified alkaloids. The described method of
isolation can be used by companies specialising in the production of reference standards,
since HSCCC is an economical and environmentally friendly technique, allowing recycling
of organic solvents. In addition, all the constituents of the extract can be recovered, since
no irreversible adsorption on the stationary phase takes place (Conway, 1990: 32;
Liu et al., 2004).

Three psychoactive alkaloids, namely mesembrine, mesembrenone and mesembrenol,
were identified as marker compounds for characterising the five chemotypes of
S. tortuosum. Chemotypic data of S. tortuosum is very useful for the selection of
appropriate strains or clones for commercial cultivation. Propagation of plants with similar,
or even identical, genetic traits is essential for the production of standardised raw
materials, thereby ensuring consistency of dosage formulations. The results reported in
this study underline the need to cultivate ideal chemotypes as the most appropriate way of
producing standardised products, since inconsistencies in the profiles of the psychoactive
alkaloids are evident both in wild specimens and commercial products. Variations in
chemical composition are reflected by inconsistencies in therapeutic properties. Although
investigations have indicated that mesembrine, mesembrenol and mesembrenone are
good serotonin re-uptake and PDE-4 inhibitors, these compounds are not bioequivalent.
Since S. tortuosum products are currently prescribed by medical practitioners for
treatment of depression and CNS-related ailments, standardisation of the Sceletium raw
material and products is crucial to maintain confidence in the efficacy of the product.
Although this study suggests that only two of the Sceletium species are able to produce
the psychoactive alkaloids, the limited number of specimens collected of the other six
species (≤ 12), excludes a definitive answer. The chemotypic results for some of these
species (S. strictum and S. emarcidum) are not in complete agreement with published
results and should be regarded as preliminary.

This study has contributed to the broadening of existing information on Sceletium species,
S. tortuosum and mesembrine-type alkaloids. The sustainable use of resources is highly
dependent upon the availability of such information. For example, the lack of mesembrine
alkaloids reported for some of the species, could contribute to their conservation for future
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generations. Moreover, the variability found within S. tortuosum will encourage the use of
propagated clones, rather than illegally harvested wild samples, for commercial
production.

Results from the smoke experiment validate the use of smoking or inhalation therapy as a
form of administration, since the psychoactive alkaloids are also present in the smoke
fraction. The low levels of the mesembrine-type alkaloids in this fraction indicate that the
lung is an effective organ for uptake, since many reports indicate psychoactive effects via
this route. The effectiveness of smoke inhalation is probably the result of the large surface
area of the lung for uptake, combined with the avoidance of first pass metabolism, which
affects drugs that are orally administered. However, it has not been established whether
this route is safe.

Through transport studies, a link was established between the use of the plants by
mastication, and as sprays, tablets or as capsules, since absorption can take place across
oral and intestinal mucosal tissues. This is the first study to shed light on the transport of
mesembrine-type alkaloids across mucosal tissues and will provide insight into the
biopharmaceutic aspects of the psychoactive alkaloids from S. tortuosum. The information
will serve to guide manufacturers with regard to appropriate formulations, to ensure
optimal therapeutic effects of the drugs.

Five publications in accredited journals were realised from this project, and the information
is therefore available to the scientific community. One additional publication is in the final
stages before submission for publication. Several presentations of this work were made at
both national and international conferences. The publications and conference proceedings
are listed in Appendix 9.
8.3

SHORTCOMINGS OF THE STUDY

With the exception of the four mesembrine-type alkaloids, other compounds in the smoke
fraction could not be identified due to a lack of reference standards and unavailability of
literature data on the chemical composition of the smoke fraction of S. tortuosum.
Moreover, these compounds could also not be identified from the GC–MS NIST spectral
library. Knowledge of the compounds present in the smoke fraction is important to
ascertain the safety of smoke inhalation. With the exception of S. tortuosum, the
chemotypic evaluation of the other Sceletium species was not conducted, because
sufficient material of each of these species was not available. These species occur over a
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wide, rocky geographical area and it was difficult to collect sufficient materials due to time
constraints, season of growth and challenges in the acquisition of bio-prospecting permits.
As a result of stability problems with the deoxyribonucleic acid (DNA) extracted from
Sceletium species, an investigation of the genetic variations using amplified fragment
length polymorphism was abandoned.

8.4

RECOMMENDATIONS AND FUTURE WORK

Results obtained from the investigation, allow the following recommendations to be made.
Further studies must be undertaken to:

establish the inter- and intra-specific genetic variation of Sceletium species;

determine the stabilities of Sceletium alkaloids in extracts and in dry plant material;

investigate the effects of controlled and uncontrolled fermentation on the
psychoactive alkaloids;

evaluate the safety of smoke inhalation through identification of the compounds
present in the smoke fraction; and
conduct in vivo transport experiments in order to confirm the bioavailability of the
psychoactive alkaloids.
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APPENDICES
APPENDIX 1: NMR SPECTRA OF COMPOUND 1 (MESEMBRENONE)

1

H NMR spectrum of mesembrenone

13

C NMR spectrum of mesembrenone
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APPENDIX 2: NMR SPECTRA OF COMPOUND 2 (MESEMBRINE)

1

H NMR spectrum of mesembrine

13

C NMR spectrum of mesembrine

13

C NMR APT spectrum of mesembrine
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APPENDIX 2 (Continued)

HSQC NMR spectrum of mesembrine

HMBC NMR spectrum of mesembrine
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APPENDIX 3: NMR SPECTRA OF COMPOUND 3 (MESEMBRENOL)

1

H NMR spectrum of mesembrenol

13

C NMR spectrum of mesembrenol

APT NMR spectrum of mesembrenol
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APPENDIX 3 (Continued)

HSQC spectrum of mesembrenol

1

H NMR COSY spectrum of mesembrenol
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APPENDIX 4: NMR SPECTRA OF COMPOUND 4 (MESEMBRANOL)

1

H NMR spectrum of mesembranol

13

C NMR spectrum of mesembranol
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APPENDIX 5: MASS SPECTRA OF THE ISOLATED COMPOUNDS
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APPENDIX 6: UV SPECTRA OF THE ISOLATED COMPOUNDS
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APPENDIX 7: FTIR SPECTRA OF THE ISOLATED COMPOUNDS
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APPENDIX 8: CALIBRATION PLOTS FROM HPTLC DENSITOMETRIC
DETERMINATION OF MESEMBRINE-TYPE ALKALOIDS IN
SCELETIUM TORTUOSUM

Linear calibration plot of mesembrenone from HPTLC densitometry analysis

Linear calibration plot of mesembrine from HPTLC densitometry analysis
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APPENDIX 8: (Continued)

Linear calibration plot of mesembrenol from HPTLC densitometry analysis

Linear calibration plot of mesembranol from HPTLC densitometry analysis
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