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ABSTRACT
The aqueous extract of rooibos has been used for than three hundred years since its
discovery by the indigenous people. Currently, bosi is gaining popularity in the
cosmetic industry and incorporation of rooibos @&sts in topical cosmetic formulations
has become a fashionable trend. Both topical aedtinal absorption of rooibos tea were
investigated. The transport of aspalathin in théeumented (green) rooibos aqueous

extracts and aqueous solution of pure aspalathia stedied.

The percutaneous permeation experiments were ctedlwgth vertical Franz diffusion

cells using human female abdominal skin obtainesimfrpatients who underwent
cosmetic surgery. The green rooibos extract ané @spalathin solution buffered in
phosphate buffer system (pH 5.5) were applied ¢oskin for 12 hours. Samples of the
permeants were obtained from the receptor fluidsphand from the stratified layers of

the skin by using the tape-stripping technique @malysed by HPLC.

In vitro intestinal epithelial transport experiments weaeried out by using Caco-2 cell
monolayers, isolated and cultured from human colamilenocarcinoma cells, in a
six-well transwell system. The green rooibos extranod pure aspalathin solution
buffered in phosphate buffer (pH 7.4) were appl@d to the cell monolayers and
incubated for 2 hours. Samples were obtained frdra basolateral phase at

predetermined time intervals and analysed by HPLC.

Less than 0.1 % of the applied dose of aspalateimpated the skin. Most of the
permeated aspalathin accumulated in the stratumeoan. Close to 100 % of aspalathin
was transported across the Caco-2 cell monolayeascancentration dependent manner.
Better absorption of aspalathin was observed usiaggreen rooibos extract than with
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the pure aspalathin solution across the Caco-Zwuatiolayers.
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ABSTRACT
The aqueous extract of rooibos has been used for than three hundred years since its
discovery by the indigenous people. Currently, bosi is gaining popularity in the
cosmetic industry and incorporation of rooibos @&sts in topical cosmetic formulations
has become a fashionable trend. Both topical aedtinal absorption of rooibos tea were
investigated. The transport of aspalathin in théeumented (green) rooibos aqueous

extracts and aqueous solution of pure aspalathia stedied.

The percutaneous permeation experiments were ctedlwgth vertical Franz diffusion

cells using human female abdominal skin obtainesimfrpatients who underwent
cosmetic surgery. The green rooibos extract ané @spalathin solution buffered in
phosphate buffer system (pH 5.5) were applied ¢oskin for 12 hours. Samples of the
permeants were obtained from the receptor fluidsphand from the stratified layers of

the skin by using the tape-stripping technique @malysed by HPLC.

In vitro intestinal epithelial transport experiments weaeried out by using Caco-2 cell
monolayers, isolated and cultured from human colamilenocarcinoma cells, in a
six-well transwell system. The green rooibos extranod pure aspalathin solution
buffered in phosphate buffer (pH 7.4) were appl@d to the cell monolayers and
incubated for 2 hours. Samples were obtained frdra basolateral phase at

predetermined time intervals and analysed by HPLC.

Less than 0.1 % of the applied dose of aspalateimpated the skin. Most of the
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CHAPTER 1: GENERAL INTRODUCTION

1.1 Taxonomy ofAspalathus linearis

As early as 1686Aspalathus linearigBurm. fil) R. Dahlgren was described by Ray in
Historia Plantariumas ‘Genista Africana frutescens, foliis Lineariae antribus glaucis,
flore lutea D. Sherard” (Dahlgren, 1968) and has also beerdlyaknown as Galega
affinis Malabarica arborescens siliquis majoribustieulatus’ by Plukenet in 1700
(Dahlgren, 1968). Later on, numerous different namvere given td\. linearisby several
botanists and only in 1963, Dahlgren confirmed thatvarious descriptions were directed
to the same plant. Together with N.L. Burman whecdbed the plant in the name
Psoralea linearisBurm. fil in 1768, Dahlgren (1968) made a combomatesulting in the
formally accepted description correctly known aspalathugsubgenNortieria) linearis

(Burm. fil. 1768) R. Dahlgren 1963” (Dahlgren, 1964

1.2 Botanical description

Rooibos(Aspalathus linearisis a shrub-like leguminous flowering plant thaidngs to
the Fabaceae (Leguminosae) family. It naturallyabits the Cederberg Mountain regions,
mountains of the Table Mountain series (Dahlgre368), north-west of Cape Town in
South Africa. The plant can grow up to 2 metersdhhigearing slender branches that may
be sparingly or closely distributed. The bark isrdginous, dark red or purple on the
younger branches, becoming grey upon ageing (ninare 1% years) (Dahlgren, 1963 and
Dahlgren, 1968). Leaves are simple, long and namramging from 15 to 60 mm long and
0.4 to >1.0 mm broad. The leaves grow straight, beglightly flattened and rigid, found
singly or in bunched.eaves may range from pale, bright or dull grearely light green,
often becoming reddish-brown when dried (Dahlgded68). Small short lateral teeth may

occasionally be found at the base of the leaf (Gran, 1963). Flowers are found on the



tips of the branches, one or up to seven togethderiminal racemes or umbels, or in
clusters on lateral short shoots (Dahlgren, 196B8%. pea-shaped flowers are pale to bright
yellow often with a touch of purple at the back dase of the petals (Dahlgren, 1963 and
Dahlgren, 1968). The flowers are produced in sptimgugh early summer (Erickson,
2003) and each flower generates one fruit refetoeg@ls a pod containing only one small,
hard-shelled, dicotyledonous seed that becomesstetddown when ripe (Dahlgren, 1968
and http://members.tripod.com/~Meerkat_2/erooildod)h The plant has a tap root system
that can grow up to 2 m long to enable it to sue\awuring periods of droughts in summer
(Erickson, 2003). Nodules of nitrogen fixing ba@eBradyrhizobium aspaltiare found
on the root systems that exist symbiotically witle fplant (Booneet al., 1999). These
bacteria absorb atmospheric nitrogen dioxide cdmgeit to biologically useful ammonia
(Erickson, 2003 and Boonet al, 1999), a process called nitrogen fixation, piow)
nutrients to the plant minimising the need forifisihng commercial crops for nitrogen, and
in exchange the bacteria acquire their nutrientsmfrthe plant generated during

photosynthesis (Erickson, 2003).

Figure 1.1: The natural habitat ohspalathus linearisn the Cederberg Mountain regions
(marked in red) north-west of Cape Town in Southioaf (picture provided by A.M.

Viljoen).



Figure 1.3: The rooibos plant bearing needle-like leaves agd-ghaped flowers on

ferruginous young branches (photo provided by ANoen).

1.3 Variation in the Aspalathus linearisspecies complex

There are more than 200 specied\spalathusndigenous to South Africa (Erickson, 2003)
and the genuéspalathusis a type of “sclerophyll bush” commonly calledyfibos” or
“macchia” (Dahlgren, 1963)A. linearistogether withA. pendulaR. Dahlgren fall under
the subgenuslortieria (Dahlgren, 1968) of the gendsspalathusit is the leaf character

that differentiates the subgeniNortieria from the rest of the groups dispalathus



(Dahlgren, 1968)A. linearis is a polymorphic species that comprises three padiss,
namely, Aspalathus linearigBurm. fil.) R. Dahlgren ssplinearis, Aspalathus linearis
(Burm. fil.) R. Dahlgr. ssppinifolia (Marl.) R. Dahlgren; and\spalathus linearigBurm.

fil.) R. Dahlgren ssplatipetala R. Dahlgren, each with characteristic morphology a
geographical distributionA. linearis ssp.linearis is the most common of the subspecies
(Dahlgren, 1968), large variation in total sizeydéh and coarseness of leaf, leaf colour etc.
is present within this subspecies. Many of the cemumlly available rooibos tea
plantations originate from wild forms &f. linearis sometimes referred to as Rooi (Red),
Rooi-Bruin (Red-Brown), Vaal (Grey), and Swart (&dx types, they are closely related
and differ only in respect of slightly deviatingstyle of growth (habit), area of occurrence,
the colour and aroma of tea they produce, and thaity of the processed product
(Dahlgren, 1968 and http://members.tripod.com/~\ate 2/erooibos.html). Only the
Red tea type is cultivated and commercialised (gv&m, 1968). Within the Red tea type it
is further subdivided into two subtypes, namely, Nortier-type, the cultivated and
selected biotype that originated from the wild ferrhas fresh green slender leaves and
bright yellow flowers that produce reddish-colourga with a mild aroma (Dahlgren,
1968); (ii) Cederberg-type, which also originateaht the same wild forms from which the
Nortier-type was selected but occurs in slightlifedent regions to the Nortier-type. The
tea produces the same colour and aroma but igséid of inferior quality in comparison

to the Nortier-type (Dahlgren, 1968).

1.4 The history of rooibos tea

By definition the word “tea” refers to infusions defrom leaves o€amellia sinensigL.)
Kuntze (Theaceae), the evergreen shrub from whielerngtea or oolong tea is made.
Infusions made from herbs like rooibadsspalathus linearisare technically referred to as
“tisanes”. It has now, however, become accepteckfier to herbal infusions as tea, and
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rooibos makes a tea that is red-brown in colourciéetihe name “Rooibos” (meaning

Redbush) (Erickson, 2003).

The use of rooibos dates back to more than 3005 yagw when the indigenous mountain
inhabitants of South Africa, the Khoisan, a trideSmuth African Bushman, discovered
that the rooibos could be brewed to make a swektasty beverage (Erickson, 2003 and
Cason, 2004). The use of this plant was then recbby the botanist Carl Thunberg when
the tea was introduced by the Khoisan in 1772 (Mgri983). Rooibos was collected by
chopping the young branches of the wild shrubs@rhountains with axes, bruising the
harvest with wooden hammers and leaving it in haapterment (Dahlgren, 1968 and
Erickson 2003). Today, the method of harvesting mtessing is done in very much the
same way but with more advanced technology, refinethods with systematic cultivation
and strict quality control throughout (Erickson020and http://www.dr-nortier.com/history

.htm)

Before 1925 the tea was exclusively collected fitbm wild in the mountains (Dahlgren,
1963). In 1904, a Russian immigrant Benjamin Gingbe/hose family was involved in
the tea industry in Europe for over a century pealithe market potential and started to
buy, pack and trade this “tea” collected in the mtains by the Khoisan. Cultivation of
rooibos was attempted in about 1925 by Dr. P. Mdftier, who was a medical practitioner,
and Mr. O. Berg who collected seeds in the Cedgrbuntains (Dahlgren, 1963). In the
1930’s, Dr. Nortier investigated how to collect theeds effectively, how to improve
germination, and how to handle the seedlings amavghe shrubs in plantations. Dr.
Nortier shared his experience with some farmersltiag in rooibos being produced on a
larger scale (Dahlgren, 1968). Ginsberg then botighttea from the farmers and traded
the product globally on a small scale. The demadréoibos increased dramatically
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during World War Il when the availability of Oriezittea declined due to difficulties
experienced with buying and shipping tea from waden Asia. However, the rooibos tea
market underwent a severe crisis in 1948 whichltesun establishing the Clanwilliam
Tea Cooperative, in an attempt to save the interette tea producers. Over-production of
rooibos tea led to another crisis in 1954, afterctvlihe Rooibos Tea Control Board was
established and stabilised the market once agaimpsoving, controlling and classifying

the type of rooibos cultivated and marketed (Daiig968).

In 1968, Annekie Theron discovered the ability obibos tea to calm her baby, relieving
infant colic and insomnia. It was not until 197@ftliooibos tea became internationally
recognized (Erickson, 2003 and Cason, 2004) wilo@k she wrote and published, titled
Allergies: An Amazing Discovengince then she patented a rooibos extract thabus

used in cosmetic products and started her own dihéealth and cosmetic products

(Erickson, 2003).

1.5 Uses and benefits of rooibos

Rooibos is famous for being naturally caffeine-f(&orton, 1983) making it suitable for
children, the elderly and people who are intolettanthe stimulative effects of caffeine,
and its low tannin content (4.4%) minimises theé reg insufficient iron absorption, a
condition frequently found in tea drinkers thatulesirom iron-tannin complexation
(Erickson, 2003 and Morton 1983). Rooibos tea atsatains various amounts of minerals
and nutrients (Table 1.1) making it a health beyerideal to use as a fluid replacement for

infants and athletes.



Table 1.1: Nutritional content of Rooibos tea (Morton, 1983).

Caffeine 0
Ascorbic acid 15.7mg/100g
Tannin (as gallic acid) 4.4%
Protein 6.9%
Ash 2.5%
Soluble ash 1.3%
Petroleum ether extract 1.7%
Iron 0.33%
Alumina 0.99%
Calcium 0.20%
Magnesium 0.33%
Potash 0.56%
Sulphate 0.11%
Manganese 0.012%
Phosphate 0.12%

Before Annekie Theron discovered the effects oihoe tea on her baby, rooibos tea was
purely a good-tasting beverage enjoyed by the peapb discovered it (Erickson, 2003).
After having found no documentation on the useslaeefits of rooibos tea she began her
own experiments with local babies who had colic ahergies. A series of health claims
for rooibos tea were then made and published imefyjchmong others, digestive disorders
as in infant colic and stomach upsets, allergiehsas hay fever, asthma, skin allergies,
eczema and nappy rash, sleep disorders, headaatheawnigraine by calming the central
nervous system (http://www.rooibosltd.co.za/ ang:Htwww.redbushtea.com/). Although
not enough research could substantiate these failkedies, more scientists became

intrigued by the unique properties of rooibos tea.



1.6 Rooibos polyphenolic compounds

1.6.1 Free radical attack
Superoxide radical-©2) is a common by-product generated from normal jotggical

functions in the body involving oxygen species,. ecgllular respiration, activated
polymorphonuclear lecocytes, endothelial cells, emtbchondrial electron flux (Muscoli
et al, 2003). These highly reactive oxygen species aeracterised by the loss of an

electronic spin resulting in a molecule with an ainpd electron. Superoxide radicals can
react with hydrogen peroxide {8,) to generate hydroxyl radicalgH) and cause

breakage in DNA strands, peroxidation of membrapield, and inactivation of cellular
enzymes (Muscokt al, 2003; Chen and Pan, 1996). It is clear that siqiske radicals are
associated with the pathogenesis of several diseaseh as endothelial cell damage and
increased microvascular permeability, promoting itifeammatory process, autocatalytic
destruction of neurotransmitters and adrenalin mowhdrenalin hormones, inactivation of
nitric oxide important to the capacity of blood sels to vasodilate (Muscadt al, 2003).

By reaction with nitric oxide the superoxide raditeecomes a potent cytotoxic and
pro-inflammatory molecule, peroxynitrite. Some wal manifestations of explicit
production of superoxide radicals include ischeamd reperfusion, organ transplantation,

shock and inflammation, neurodegeneration suchasefner’s disease.

Solar ultraviolet (UV) radiation exposure, for exalm is one of the external contributing
factors that also cause physiological increaseradyrction of superoxide radicals. The
superoxides result from the interaction of UV raéidiawith proteins, lipids, and DNA and
results in physiological changes such as sunbuirfarenation, basal and squamous cell
carcinomas, melanomas, cataracts, photo-agingeokim, and immune suppression. Free

radical attack on nuclear and mitochondrial DNAbaieved to be a major contributing



factor to aging (Juliet al, 2005)

The body contains several enzymatic and non-enzgnsaperoxide detoxifying agents
(e.g. superoxide dismutase, glutathione peroxidasgalase, thioredoxin reductase,
tocopherol, glutathione, and ascorbic acid) to caithe various physiological stressors
(Afaqg et al, 2005). However, these natural antioxidants maylépleted and the body is
thus put under pro-oxidant/antioxidant disequililoni called “oxidative stress”. In order to
restore homeostasis, antioxidants especially cdrbcaél source have gained considerable

attention as they are present in common foods awdrbges.

1.6.2 Rooibos antioxidants

The full benefits of teas come from the combinabdill the antioxidants rather than from
just one substance (Erickson, 2003). Both flavosi@idd phenolic acids in rooibos tea are
powerful antioxidants. Flavonoids are a group offypbenolic compounds with a flavan
nucleus. More than 4000 flavonoids have been ifledtito date. In plants, they afford
protection against UV radiation, pathogens, andikieres. Most of the beneficial effects
of flavonoids are attributed to their antioxidamdachelating abilities (Heinet al, 2002
and Tammeleet al, 2004). These polyphenolic compounds competitiepsume the
reactive oxygen species thus sparing the targeecutd, and quench the chain reaction
propagating free radical oxidation (Afagal, 2005). They act by donating a hydrogei)(H
atom from their hydroxyl functional groups to theactive oxygen species. As the
polyphenols are electron-rich compounds that contgveral hydrolysable hydroxyl
functional groups, the compound may stabilise fitsehen an electron is lost after

hydrogen donation and thereby do not becoming atsltbemselves.

Flavonoids have been scientifically reviewed foeithbiological properties, apart from
being potent antioxidants they also demonstratieaiee, among others, hepatoprotective,
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antithrombotic, antibacterial, antiviral, antitummogenic, exhibit immunostimulant
activities and can interact with protein phosphatigih (Boninaet al, 1996). Flavonoid
antioxidants identified in rooibos include aspalatmothofagin, quercetin, isoquercetin,
orientin, iso-orientin, rutin, luteolin, vitexin,nd chrysoeriol (Boninaet al, 1996 and
Joubertet al, 2004). Of the flavonoids identified, aspalathinjn and orientin occur in the
largest quantities followed by iso-orientin andgaercetin (Erickson, 2003 and Brameitti
al., 2002). Jouberet al (2004) evaluated the radical scavenging capagityooibos

flavonoids and tannins, as well as the aqueous@strand crude phenolic fractions of

unfermented and fermented rooibos. By using 2,hethpyl-1-picrylhydrazyl (DPPH and

a superoxide radical@®2-) they found that quercetin is a stronger amdiant than orientin,

followed by luteolin then aspalathin against thePBPradical. Quercetin and aspalathin

are equally powerful as antioxidant against theesoxide anion-Q02).

Phenolic acids found in rooibos also demonstratexdant activity (Erickson, 2003).
They are substances commonly found in fruit, vdgetaand whole grains. The phenolic
acids identified in decreasing order of activityasgt the DPPH radical include caffeic
acid, protocatehuic acid, syringic acid, feruliagdacsanillic acid, p-hydroxybenzoic acid,
and p-coumaric acid. Caffeic acid has been found to dpealty active against the DPPH

radical compared to quercetin, aspalathin, andjisercetin (Joubert, 1996).

In relation to being a free radical scavenger thdous flavonoids contained in rooibos
have been intensively studied as they are commengdic compounds found in a variety
of fruits and vegetables. The various physiologiaativities may be associated with
stabilizing the reactive oxygen species halting 4baes of alterations in various cellular,
biochemical and molecular changes that ultimatedyllto cancer formation.
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Quercetin and luteolin have been shown to induagpiasis in cancer cells (Lest al,
2002) and may inhibiin vitro proliferation of thyroid and colon cancer cellsu&pcetin
may inhibit the effect on cyclooxygenase-2 (COXeXpression in colonic cancer cells
which may contribute to the prevention of colon&ncer. Both quercetin and luteolin
(Figure 1.4) halt the formation of lipid peroxideQuercetin also has antispasmodic

properties that may help in infant colic (Ericks@003).

Figure 1.4: The chemical structures of quercetin (1) and Ilibe@l).

Orientin (Figure 1.5) has been found to reducenimmber of cancer-associated cellular

changes in blood after exposure to radiation bgstirrg lipid peroxidation in the liver and

reducing damage to the bone marrow and gastramaéstact (Erickson, 2003).
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Figure 1.5: The isomeric forms of orientin (Koeppen and RdlL865a)

Rutin (Figure 1.6) maintains the strength and intg@f capillary walls and has been used
to treat haemorhoids, varicose veins, and lower degema associated with venous

insufficiency and venous hypertension (Ericksor§30

HO OH OH

Figure 1.6: The chemical structure of rutin.
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Aspalathin, GiH24011, is the major flavonoid constituent of rooibos drahce is the focus
of this study. It is an amorphous compound ane, kher rooibos constituents quercetin,

orientin and vitexin, it is a C-glycosylflavonoidné& has been characterised as
3’-C-B-D-glucopyranosyl-3,4,2’,4’',6’-pentahydroxydihydifmdcone (Koeppen and Roux,

1965b). The compound constitutes at least 20 %hekthanol/acetone soluble material of
the dried green leaves, thus considered as thernmgmomeric flavonoid present
(Koeppen, 1963). This novel compound is the firsbwn example of a naturally occurring
C-glycosyldihydrochalcone and is found exclusivielyAspalathus linearigKoeppen and
Roux, 1965b and Koeppen, 1970). It can exist in isemneric forms (Figure 1.7) which
are readily interconvertable, and yields clusters fime, colourless needles on
crystallisation from acetone-ethyl acetate (Koepd®70). Aspalathin is readily soluble in
water and other polar solvents but is insolubleaon-polar media. Alkali fusion with dry
potassium hydroxide (KOH) results in degradatiorthef compound to phloroglucinol and
protocatechuic acid. However, it remains intact [jberation of the sugar moiety) when
refluxed with aqueous 2N hydrochloric acid (HCIy &% hours (Koeppen and Roux, 1966).
This suggests that the compound may withstand igastonditions after oral

administration.

OH OH OH OH
CH2 O
_CH,—CH, OH
HO "
HO OH SNe
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Figure 1.7: The isomeric forms of aspalathin (Koeppen and R@985b).

Under the normal process of rooibos tea manufarguless than 7 % of the aspalathin
originally present in the unfermented tea remaifter ahe fermentation process (Von
Gadowet al, 1997). Koeppen and Roux (1966) found aspalathishergoes cyclisation
during oxidation to form the flavanones 2,3-dihydso-orientin and 2,3-dihydro-orientin
in the presence of oxygen and sunlight, and witblgmged exposure to sunlight the
flavanones converted to unknown brown products. Titeydrochalcones are more
effective as antioxidants than their correspondilaganones, which may explain the
decrease in hydrogen-donating ability of the rositea after fermentation (Von Gadeiv
al.,, 1997). Joubert (1996) discovered that sun-drisngot necessary for the degradation
of aspalathin, other degradation mechanisms, saolnaymatic and chemical oxidation
initiated with tea comminution at which time expostio oxygen and cell damage occurs

in the leaves may cause degradation of aspalathireiabsence of sunlight.

1.6.3 Total polyphenolic content
The traditional processing of rooibos tea entatsnentation of the harvested green leaves

and stems producing tea that is reddish in coloitin wWs characteristic sweet aroma.
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During the process of fermentation, oxidation oé tfiavonoid contents takes place
resulting in the loss of flavonoid antioxidants.180 to 200 ml serving of fermented
rooibos tea can have up to 60 to 80 mg of totaypdwnolics; a serving of 150 ml of
fermented rooibos tea made with 2.5 g of tea leagadain about 3 mg of aspalathin
(Erickson, 2003). The phenolic composition of a ®&dract is greatly influenced by
fermentation, a reaction that takes place duriegaiocessing of the tea (Von Gadetal,

1997). Thus by eliminating the fermentation procekthe tea after harvest may prevent

loss of the flavonoids.

1.6.4 Total antioxidant capacity

The capacity of flavonoids, tannins, and phenakctions of fermented and unfermented
rooibos aqueous extracts to scavenge the DPPHupetaxide anion (&) radicals were
found, in decreasing order: (i) against the DPPdHced: quercetirk proanthocyanidin B3

> orientin> luteolin> aspalathir= isoquercetrin > iso-orientin catechin > rutin >itexin

> chrysoeriol; and (ii) against; O quercetin= aspalathin > orientiz catechin> rutin >
isoquercetrin > iso-orientin > luteolin > chrysaédri> vitexin (Joubertet al, 2004).
Furthermore, Joubest al (2004) found that the ethyl/acetate solubleshef aqueous
extract of unfermented rooibos and the crude afpaldraction exhibit the greatest
anti-radical capacity. Marnewialt al. (2004) estimated that the total phenolic (TP) eont

of green tea as ethanol/acetone (E/A) solubleifragtwas similar to that of unprocessed
rooibos tea, and the flavonol/flavone content efpnocessed and unprocessed rooibos E/A
fractions were significantly (P < 0.001) higherntthat of the green tea and honeybush tea
fractions investigated. Furthermore, when compagiregn tea, unprocessed and processed
rooibos and honeybush teas, and the green teaitexhibe greatest inhibition against lipid
peroxidation (99%) followed by unprocessed rooilbes (91%), processed rooibos tea
(65%), unprocessed honeybush tea (63%), and pextdssneybush tea had the least
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protective effects (13%).

1.7 Biological activities of rooibos tea

Extracts of fermented and unfermented rooibos Hzeen tested for various biological
activities in the recent years. Sasakial. (1993) showed that fermented rooibos tea
reduced cancer associated changes in animal cdlsed by benzo(a)pyrene mutagen and
mitomycin C mutagens both vitro and invivo and exhibited greater activity than green
tea. Marnewiclet al. (2000) investigated the antimutagenic propertia®oibos tea using
the Salmonella typhimuriunantimutagenicity assay. Both agueous extractewhénted
and unfermented rooibos teas exhibited antimutagenactivity against
2-acetylaminofluorene (2-AAF) and aflatoxin BAFB;)-induced mutagenesis of tester
strains TA 98 and TA 100 in the presence of metalautivation. Oral administration of
fermented and unfermented rooibos teas to maldé&isats showed reduced activation of
AFB; in the microsomal fractions of livers of the rafslarnewick et al, 2004).
Furthermore, topical application of ethanol/acetdB#A) fractions of fermented and
unfermented rooibos tea on IRC mouse skin prioth® tumour promoter, 10-tetra
decanoylphorbol-13-acetate, also showed inhibitibakin tumour formation (Marnewick
et al, 2004). Kunishiroet al. (2001) examined the immune response of female NBAL
rats and Wister/ST rats fed with aqueous extratt®oibos tea and found that the tea
facilitated (bothin vivo and in vitro) the antigen-specific antibody production through
selective augmentation of interleukin 2 generatmmg suggests that the intake of rooibos
tea may support in the prophylaxis of diseasesluivg severe defect in Th (helper T cell)
1 immune response, such as cancer, allergy, AlD& o#her infections (Kunishiret al,
2001). Free radical production can be proportidgaghe amount of oxygen consumption.
Neuronal cells may generate much higher free ré&ltban other cells (Juliet al, 2005).
Increases in lipid peroxides in the brain resuitslamage of neuronal cells and contribute
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to age-related diseases (Inanahial, 1995). By measuring the amount of thiobarbituric
acid reactive substances (TBARS) Inanamal (1995) showed protection of rooibos tea
against several regions of the brain against Iggdoxidation in rats fed with rooibos tea.
Ulicna et al. (2003) investigated the hepatoprotective propeidierooibos tea. Using a rat
model where liver injury is induced by carbon tekiaride (CCl), rooibos tea showed
histological regression of steatosis and cirrhasighe liver tissue with a significant
inhibition of the increase of liver tissue concatibns of malondialdehyde,
triacylglycerols and cholesterol. The increase lasma activities of aminotransferases
(ALT, AST), alkaline phosphatase and bilirubin ceniations were also significantly

suppressed.

1.8 Aims of the study

Over the past few years following the publicatidmho Theron’s discovery on the wonders
of rooibos tea with emphasis on the antioxidanpprtes of rooibos, the global sales of
rooibos tea has increased from 750 tons in 1998adre than 3 500 tons in 2001 (Joubert
et al, 2004). Many studies, including animal studieayenh proven that rooibos tea is
biologically active and beneficial to the body.réfation to rooibos tea’s powerful radical
scavenging ability, anti-ageing and UV protectivegerties against photo-damage of the
skin associated with skin cancer formation, haveobee the two additional selling points
of rooibos. Rooibos is no longer used only as ey@r the traditional way of benefiting
from rooibos. Since the skin is the largest, maseasible organ of the body that is the
most exposed area to environmental oxidative s{idasonet al, 2004), incorporation of
rooibos extracts in topical cosmetic formulatios lbecome a trend in cosmaceuticals to

directly target the site of action to fight UV raton damage and photo-ageing.

Thus, the aim of this study was to investigateahsorption of aspalathin in rooibos tea via
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the topical and oral routes of administration bydactingin vitro percutaneous anid
vitro intestinal epithelial permeation experiments. Agjuee extracts of the unfermented
(green) rooibos and pure aspalathin solution weseel uDetection of aspalathin served as
the marker of transport. The specific objectivethif study were to:

a. Assess the percutaneous permeation of aspalathin.

b. Quantify the amount of aspalathin permeable adiwsskin.

c. Evaluate the distribution of aspalathin acrosssthatified layers of the skin.

d. Assess the percutaneous permeation of skin cadeigrgontaining rooibos extract.

e. Assess the permeation of aspalathin across inésfnithelium.

f. Quantify the permeable aspalathin across the insstpithelium.

g. Evaluate the permeability of aspalathin in a Pleetechnology formulation across the

intestinal epithelium.
h. Compare aspalathin permeation in the green roagogous extract and in the pure

aspalathin solution.

In thein vitro percutaneous permeation study female human abdbskim was used and
the permeation experiments were conducted at thpameent of Pharmaceutics,
North-West University (Potchefstroom campus). Tiheitro intestinal epithelial transport
study involved Caco-2 cell monolayers and the parisexperiments were performed at

the School of Pharmacy, Tshwane University of Tetbgy, Pretoria.
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CHAPTER 2: IN VITRO PERCUTANEOUS PERMEATION OF ASPALATHIN

2.1 Overview of the human skin

Early records of Babylonian and Egyptian medicimeicate that topical delivery has been
used as a route of medicinal delivery (Hadgraft bade, 2005) through ointments, salves
and pomades (Hadgraft and Somers, 1965). Drug atrnaition via skin is mainly
categorised into two approaches: (1) topical dejivier local therapeutic effects, e.g. on
diseased skin; and (2) transdermal delivery fotesygg therapeutic effects. In either case,
drug molecules need to be taken up by the skin.t@ime skin uptake is commonly used to
describe the fate of drugs upon their entry inte #kin. It is a broad definition that
encompasses retention, permeation, metabolism,adagon and binding to skin
components, various activities which a drug careugal upon partitioning into the skin. In
case of topical delivery, the objective is to haygimal drug residence in the skin layers
i.e. skin retention. Whereas in the case of tramsdkdelivery, an optimal net transport
across the skin (skin permeation) becomes an irapodriterion in determining the drug

efficacy (Behlet al, 1990)

The ability of drugs to permeate the complex, raygred, heterogenous skin (i.e. skin
permeability) varies as a function of individudi®dy site, race, gender, age, overall skin
condition and the state of the skin, that is, disdaor normal (Behtt al, 1990). Flynn
(1979) reports that the permeability of skin of g@ne body site of apparently healthy
individuals can differ as much as ten-fold. For repée, premature babies have
exceptionally permeable skin as opposed to sekitevshich is dry, irritable and poorly
vascular. The stratum corneum of Caucasian andk békin have essentially equal
thickness but the latter contains more cell lay®rd is more dense. Therefore, the black
skin is less permeable than white skin (Flynn, 3979

19



Drug delivery via the skin offers several advansageer conventional routes. It avoids the
first-pass metabolism by the liver and enzymatigrddation in the gastrointestinal tract. It
is a non-invasive method of drug delivery with nautma or risk of infection that has the
potential for sustained and controlled drug releasel may improve patient compliance
because its user-friendliness (Denett@l, 2004). However, because the skin is a complex
organ that serves to protect the body against hdrnmvasions from the external
environment, the transdermal drug delivery systamsfaced with barriers and difficulties

that will be discussed further in the following sen.

2.1.1 Structure of the skin

The skin is the largest and most easily accessitgan of the body (Thomas and Finnin,
2004). It is a complex organ that serves to protieetunderlying tissues against external
physical, chemical, immunological and pathogenitusion as well as ultraviolet (UV)
radiation and free radical attacks, while retainimwpisture and providing thermal
regulation (Ho, 2004). It is the major thermoreguilgt organ and contains sensory organs
for sensing pressure, pain and temperature. Thead&o functions as an endocrine gland
synthesising vitamin D by peripheral conversionpodhormones. In addition, it plays a
significant role in reproduction in presenting sasary sexual characteristics and

pheromone production (Flynn, 1979).

The skin can be divided into three primary regici& epidermis, the dermis, and the

hypodermis (Figure 2.1).
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Figure  2.1: Schematic diagram  of cross-section of human  skin
(http://rds.yahoo.com/_ylt=A9G_RtvPXEdE8BcB6pujzhkAu=X30DMTA4NDgyNWN
OBHNIYWNwcm9m/SIG=12ve841bm/EXP=1145613903/**htfpmvw.anti-aging-skin-ca

re.com/forever-young-how-it-works-diagram.html).

2.1.1.1 Epidermis

The stratified epidermis is the outermost layertted skin which is in contact with the
environment. It can be divided broadly into twodes. the stratum corneum and the viable
epidermis. The viable epidermis consists of célég tan be further categorised into three
layers that are in continuous differentiation ma@vioutwards to the body surface; the
stratum basale, the stratum spinosum, and theustrgranulosum. The epidermis is
between 75 to 20@m thick in most regions and 400 to 60 in the palms and soles (Ho,
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2004). It is avascular and the cells in this lager continually shed to the surface of the
skin and replaced from the basal layer. The epidehas a papillose interface with the
dermis such that it projects into the dermis likey tfinger bulges. Epidermal cells also
extend to subcutaneous regions to form folliculaeaghs of hair follicles, which is an
epidermal structure. This is important as in thenes of skin injury regeneration of a new
surface without scarring is possible as long astif®ie damage does not extend to the

bulb of the hair (Flynn, 1979).

Since the stratum corneum has been recognisedeasath controlling membrane in
transdermal delivery of drugs and chemicals (B&BBO and Hadgraft and Lane, 2005),

only this layer of the epidermis will be discussedurther detail.

Stratum corneum

The stratum corneum is the outermost layer of epideas well as the primary permeation
barrier of most drugs and chemicals. The stratumezan consists of 20 to 40 % water,
20 % lipid, and 40 % keratinised protein (Ho, 200@)is epidermal layer is roughly 10 to
20 um (15 - 20 cell layers) thick (Ho, 2004 and Hadgr&004) with individual
corneocytes being, on average, approximately |0r8in thickness covering 1 100 to
1 200um? of the skin (Cevc, 2004). Groups of up to tweleeneocyte columns in the
stratum corneum form clusters that characterizebdsec skin permeation resistance unit.
The junctions between corneocyte clusters corresgornthe microscopically detectable
surface corrugations that are considered as aspot’ for transdermal delivery (Cevc,
2004). More than 90 % of all cells in the stratuorneum are terminally differentiated
(dead) keratinised cells (keratinocytes or cornetightly packed and connected to one
another in a planar array by desmosomes (Cevc,)260Hng the intercellular spaces are
lipid lamellae that tightly seals this region fongia continuous and extremely tortuous
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intercellular network (Cevc, 2004 and Ho, 2004).isTlrganisation results in the
diffusional path length being much longer than #gimple thickness of the stratum
corneum through which substances have to travardehas been estimated as long as
500 um (Hadgraft, 2004). The compactness of the corrtescgnd the densely packed
lipid multi-layers is often likened to a brick-amdertar wall. The aqueous protein phase in
the corneocytes is modelled to the bricks and tergellular lipid phase is modelled as a
continuous mortar (Ho, 2004 and Hadgraft and L&8§5) acting predominantly as a
lipophilic barrier (Hadgraft and Lane 2005), resgtin the already resistant transport

pathway even less permeable (Behl, 1990).

The stratum corneum is under continuous formatisnfudly differentiated cells from
beneath replace those that are worn off the surfBice total turnover rate of the stratum

corneum is approximated two weeks in normal adélgnn, 1979).

2.1.1.2 Dermis and hypodermis

The dermis is a highly vascularised skin layer teatbeds the microcirculations that
supply the entire skin. Networks of lymphatic aetsory nerves for pressure, temperature
and pain are also found in the dermis. Chemicajsiep onto the skin must permeate
through the epidermis to reach the underlying derfor uptake into the systemic
circulation. The dermis contains moderately dems®ective tissue composed of collagen
and elastic fibres. Its thickness varies from Mtonm depending on the location in the

body (Ho, 2004).

Skin appendages, the hair follicles and the swéamtdg, break the continuity of the
epidermal and dermal layers throughout most oftiéace of the body. On average, there
are approximately 40 to 100 hair follicles and 290220 sweat ducts perforating per
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square centimeter of skin, occupying about 0.1 ¥hetotal body surface area (Ho, 2004).
The hair follicles root in the dermis where the dmsre well vascularised and extend
through the epidermis to the skin surface. Sebacgtands co-exist with hair follicles
secreting sebum into the region between the hairtlae sheath. The sweat glands consist
of tubes extending from the dermis, where the tisbeailed and vascularised to the skin

surface where sweat is excreted to provide theragallation (Ho, 2004).

2.1.2 Routes of penetration through the skin

Three primary transport pathways through skin hbeen described: (1) intercellular
diffusion through the lipid lamellae; (2) transcédlr diffusion through both the
corneocytes and the lipid lamellae; and (3) diffasithrough skin appendages (hair

follicles and sweat ducts). Figure 2.2 illustrates proposed pathways.

T appendage
. 9 3 {follicle or
sweat duct)

Figure 2.2: Skin permeation routes: (1) intercellular diffusitmough the lipid lamellae;
(2) transcellular diffusion through both the corages and the lipid lamellae; and (3)

diffusion through skin appendages (hair folliclesl @weat ducts) (Ho, 2004).

Intercellular diffusion through the lipid lamella® considered to be the predominant route
of transport (Ho, 2004 and Hadgraft, 2004). Thericgllular spaces consist of structured
lipids and diffusing molecules need to cross aetgriof lipophilic and hydrophilic

domains of the skin to reach the underlying cefta (Hadgraft, 2004).
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Figure 2.3 is a schematic diagram of the princigtaps of penetration. In brief, drug
molecules applied onto the skin undergo passiviigiiin within their carrier system
(vehicle) to the surface of the skin, followed bartioning into the stratum corneum.
After entering the lipophilic stratum corneum ahe sweat glands an inward diffusion of
the drug takes place and continues into the hydliopiiable epidermis and dermis (local
tissue). This creates a concentration gradientsadiee skin between the surface of the skin
and the microcirculation imbedded in the dermakta®nce the drug reaches the general
circulation it is distributed very rapidly; and due reasonable rates of systemic
metabolism and elimination, generally no appreeabystemic build-up occurs. This
phenomenon, maintaining a near-zero concentratioth® drug on the plane of the
capillaries (dermal layer) is called sink conditiamd is necessary for the driving force of

the diffusion process (Flynn, 1979).

Vehicle

y
Stratum corneum
and sweat glands

Hydrophilic
porous shunt
pathways

y y

Viable epidermis and dermig

y y

Hypodermis Blood

y

Figure 2.3: Schematic diagram of the principal steps of perimedimodified from Zatz,

1993).

Key factors that control molecular permeation tlgiothe stratum corneum of the skin, in
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decreasing sequence of importance, are molecydaplilicity, size, and the ability to
interact with other molecules, e.g. via hydrogenndoformation (Cevc, 2004).
Consequently, molecules larger than a few hundraitb® and/or highly polar compounds
that cannot efficiently pass through the skin bye diffusion may alternatively traverse

the skin via the hydrophilic porous pathways, the. transport shunts (Cevc, 2004).

2.1.3 Physicochemical parameters influencing trangimal drug delivery

Absorption of drugs and chemicals into or acrogsgkin is influenced by a number of
factors: physicochemical properties of the permeaandition and type of skin, other

chemicals (e.g. vehicles or enhancers) present thiétpermeant, and external conditions
(e.g. temperature, humidity, and occlusion) (Sni®90). Diffusion through the skin can

be described by Fick's law of diffusion. The mosisic diffusion equation is Fick’s first

law:

J = KD(Gapp — Gec)/h 1)

WhereJ = steady state flux per unit arga(h/cnf),
K = partition coefficient of the permeant between éipplied formulation and skin,
D =diffusion coefficient of permeant,
h = diffusional pathlength,
Capp = applied concentration of the permeant in theslehi

Cec = CONcentration of the permeant in the receptasph

The diffusivity and the concentration gradient bé tdrug within the skin influence flux
across the skin. The concentration gradient iisatifluenced by the ability of the drug to
partition into the skin and its ability to partiti@ut of the skin into the underlying tissues.
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The octanol/water partition coefficiekt,, as expressed by log P (1&g,), can be used to
predict this partitioning behaviour between an agsevehicle and skin (Thomas and
Finnin, 2004). In most circumstances: << Cappas a result of sink condition and thus Eq.

(1) is often simplified to:

J = KpCapp (2)

wherek, = (KD/h) is the permeability coefficient. This parameteoifi an aqueous donor
phase) may be estimated by an empirical relatipndlescribed by Croniet al (1999)
who deduced a correlation between the permealitigfficientk,, octanol/water partition

coefficient Kow), and molecular weight (MW) of a permeant (Cev@40

logk, =logP —log O/ds)
=0.77 logKow — 0.013 MW — 2.33
[n=107]

3)

This correlation produced higher significancé=< 0.86) and similar results to the previous,
statistically inferior relationship of Potts and ¥5(1992): logk, = 0.71 log Kow —
0.0061MW — 6.3, n = 93; = 0.67. Thus, using Eq. (3), transdermal diffusafiiarge
molecules will fall below Jug/h/cnf when either MW > 328 for lof,w = 1 or else when
permeant hydrophilicity exceeds log P = - 1.34 W = 50, assuming 1 wt.%

drug-in-vehicle solubility limit (Cevc, 2004).

The maximum flux of a molecule is achieved whendpplied concentratioo,,, is equal
to the solubility of the permeant in the vehicleoid the equations it can be seen that the

27



important physicochemical parameters are the martitoefficient, diffusion coefficient,
and solubility; and increasing MW will decrease thé&e of diffusion. Molecules with low
log P exhibit low permeability because little p@otiing into the stratum corneum occurs.
On the other hand, molecules with high log P valaiss confer low permeability due to
their inability to partition out of the stratum omum (Thomas and Finnin, 2004). In
general, molecules must have good solubility irhbmts and water and with a log P ~ 1 —

3 for maximum permeation (Hadgraft, 2004).

Many permeants are weak acids or weak bases anefdies their degree of ionization
will influence their solubility in the applied press well as the diffusion through the skin.
If a permeant is ionisable in quantities dependemtpH, the transport of the ionised
species will occur less rapidly than transporthe tinionised species due to interactions
between the polar head groups of the intercelllifgds with hydrogen-bond-forming
functional groups in the permeant structure (Thoaras Finnin, 2004). As a general rule,
the number of hydrogen bonding groups in the pentnslould not exceed two (Thomas
and Finnin, 2004). Higher flux is obtained by maining the pH in the vehicle such that
the permeant is unionised. However, pH values detie physiological range of pH 4 — 7
may also change properties of the skin that cofi@&tasolubility, partitioning or binding,

resulting in changes in transdermal penetration$rm990 and Hadgraft, 2004).

2.2 Materials and methods

2.2.1 Materials

The powdered extracts of green (unfermented) raoil®RE) obtained by aqueous
extraction (EURO Ingredients) was provided by Dr. Jdubert. The aspalathin pure
compound was obtained from PROMEC (Tygerberg, Séittica). Two commercial skin
care products (cream) containing the green roo#édsacts (quantity unspecified) were
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obtained from local pharmacies. HPLC grade acetn{CH;CN) and 0.1 % acetic acid
(CHsCOOH) were obtained from BHD Laboratory Supplie®qe, UK). Potassium
dihydrogen phosphate (KkRO,), disodium hydrogen phosphate dihydrate
(NaoHPOw-2H:0), and sodium chloride (NaCl) were supplied by skegMidrand, South
Africa) (ISO 9001 certified). n-Octanol (98 %) wabtained from Acros Organics
(Edenvale, South Africa). Double distilled water swarepared by a Milli-Q water

purification system (Millipore, Milford, USA), whitwas used throughout the study.

2.2.2 High performance liquid chromatography (HPLC) method for the analysis of
aspalathin

2.2.2.1 Apparatus

All analyses were carried out using a HPLC syst&wgilént 1100 series, Palo Alto, CA,
USA) equipped with a diode array UV detector, geatlipump, autosampler injection
device, and Chemstation Rev. A.08.03 data acquisiind analysis software. A Luna
C18-2 column (150 x 4.6 mm, 5 pm particle sizejrfidhenomenék(Torrance, CA, USA)

was used.

2.2.2.2 Chromatographic conditions

All analyses were performed at a flow rate of 1lmim and the mobile phase consisted of
a mixture of HPLC grade acetonitrile (gEN) and 0.1 % acetic acid (GEBOOH) in
HPLC grade water, buffered at pH 7.4 with 0.02 Magsium dihydrogen phosphate
(KH2PQOy). The column temperature was held constant af@%and the effluent was
monitored at a wavelength of 287 nm. The retertiime for aspalathin was approximately
7.5 £ 0.3 minutes. The injection volume for all ttemples was 50QI. The total time of
detection was 20 minutes for all samples and sé@paraas performed by solvent gradient
elution as shown in Table 2.1.
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Table 2.1: Gradient elution employed for reverse-phase HP&jgastion of aspalathin.

Time (min) Solvent composition (% acetonitrile)

0 5.0
5:00 25.0
12:00 25.0
12:50 80.0
16:00 80.0
16:20 5.0
20:00 5.0

2.2.2.3 Preparation of stock solution
A stock solutionwith a concentration of 730 pg/ml was prepared isgalving 3.65 mg
aspalathin in 5 ml of HPLC grade water. The stoclutton was stored in the dark at

-20°C and was stable for at least 3 months.

2.2.2.4 Validation of HPLC procedure

The method was validated according to ICH guideling (ICH, 2005).

2.2.2.4.1 Linearity

A calibration curve for aspalathin was establishggreparing standard solutions from the
stock solution by performing a serial dilution cistisig of the following concentrations:
0.6, 2.9, 5.8, 14.6, 29.2, 73.0, 146.0, 365.0, &B@.0 ug/ml. Linear regression analysis
from the plot of peak aregmersusconcentration of the analyte was performed and the
obtained calibration equation wgs= 111.6% + 0.5196 where the correlation coefficient

(R? was found to be better than 0.999.
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2.2.2.4.2 Accuracy and precision
Accuracy was determined as the relative deviatiothe obtained value from the nominal

value and was calculated as follows:

Accuracy (%) = analysed concX 100
added conc. 1

The precision is the determination of the closemdésaeasurements after multiple sample
preparations of the same homogenous sample mikeiréhe relative standard deviation
(% RSD) of the analysed concentration. Accuracyedision were determined by HPLC
analysis of three different concentrations (1183%.3, and 345.9g/ml) each in triplicate

(n =9) on the same day. The results are presemtégble 2.2. The values obtained for all
three concentration levels were lower than 1.0 % therefore, the method could be

considered as accurate and precise.

Table 2.2: Quantification of accuracy and precision of asimtarecovery from three

concentrations.
Added conc. Analysed conc. Accuracy (%) Precision
(ng/ml) (ug/ml) (mean = SD) (n=3) (%RSD)
(n=3) (n=3)
115 11.63 £ 0.042 100.86 0.362
115.3 115.44 £ 0.142 100.12 0.123
345.9 346.73 £ 1.95 100.24 0.563

SD = standard deviation.
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2.2.2.4.3 Sensitivity
The sensitivity of the analytical HPLC method fepalathin was assessed by determining
the lowest limit of quantification, and the limit detection. The sensitivity of a method

can be improved by increasing the sample volume.

The limit of quantification (defined as the lowesincentration of an analyte in a sample
that can be determined with acceptable precisiod accuracy) is a parameter of
quantitative assays for low levels of compoundsample matrices. It is used in particular
for the determination of impurities and/or degramfaproducts. The quantification limits

for aspalathin was 0.584/ml.

The limit of detection is the lowest concentratiohanalyte in a sample that can be

detected, but not necessarily quantified. The dietetimit for aspalathin was 0.Q&/ml.

2.2.2.4.4 Selectivity

Selectivity is the capacity of an analytical methodanalyse a component in the presence
of other components such as degradation producsbarogical material. Figure 2.4a
shows a chromatogram of an aspalathin standard avgmgle, well separated peak at a
retention time of 7.66 min. An aspalathin peak agsbrother unidentified flavonoid
compounds was elucidated at 7.77 min in the GRBufEi 2.4b). Figure 2.4c and Figure
2.4d show HPLC chromatograms of a blank skin tigepe&lermis and dermis) sample and
a blank tape strip (stratum corneum) sample. Samgidlank skin tissue and blank tape
strip were obtained using the method describedeatian 2.2.6.3 and 1ml of phosphate
buffer system (PBS) (pH 5.5) was used on the daowonpartment in place of the test
formulations. No peaks at the retention time ofatesiin were elucidated indicating that
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the skin tissue and tape strip samples had nd@nesrce with aspalathin detection.
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Figure 2.4a: HPLC chromatogram and UV spectrum of aspalathi@q1g/ml), Rt =

7.658 min.
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Figure 2.4b: HPLC chromatogram and UV spectrum of green roo#deacts (5ug/ml)
aspalathin Rt = 7.823.
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Figure 2.4c:HPLC chromatogram of skin tissue.
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Figure 2.4d: HPLC chromatogram of skin surface sample.
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2.2.3 Determination of stability of aspalathin in tansport medium

Phosphate buffer systems (PBS) of mixtures of 0.pdhssium dihydrogen phosphate
(KH2POy) solution (27.2 mg/ml) and disodium hydrogen phagp dihydrate
(NaoHPOy-2H:0) solution (35.6 mg/ml) were prepared accordingiitish Pharmacopoeia
(1993) and buffered to pH 5.0, pH 6.0, and pH 7e8pectively. Samples of 1g/ml of
aspalathin were prepared in PBS of the respectivergdues and left on an autosampler
tray at room temperature 2& for analysis by HPLC at hourly intervals for 1duins. The
percentage of aspalathin from the initial conceitrawas plotted as a function of time

and is shown in Figure 2.7a, depicting the per@mtass of aspalathin over time.

Another stability test was performed to determitewhich pH value of the PBS the
permeation experiment should be carried out. PBfefad at pH 5.0 and pH 5.5 were
prepared as mentioned above. Samples ofid/#l of aspalathin were prepared in PBS of
the respective pH values and left on an autosantfdgrat room temperature 2& for
analysis by HPLC for 9 hours. Figures 2.7b is & plothe percentage of aspalathin from

the initial concentratiomersustime.

In addition, samples of GRE and aspalathin solutest formulations were left in the
water bath (37C) for the duration of the permeation experimert #re concentration of
aspalathin from the two test formulations at tireeozand at the end of the experiment was

compared for monitoring the stability of aspalathin

2.2.4 Determination of octanol/water partition codicient (Kow)

In section 2.1.1.1 the stratum corneum of the skas discussed and modelled to
“brick-and-mortar”, where the structure of strataorneum consists of a continuous lipid
phase surrounding a large number of thin paral@bhmpprotein “plates”. When this
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structure is intact, permeation occurs either bjusiion through both the lipophilic lipid
phase and the hydrophilic protein phases or (fmplhilic permeants) by diffusion via the
tortuous pathway solely through the lipid phase i{&n1990). Permeation requires good
solubility of the permeant in both lipophilic angdnophilic phases. The principal use of
partition coefficientk is in predicting relative rates of transport begwéwo liquid phases.
The partition coefficient of a compound between lipel domain and protein domain of
the stratum corneum can be related to the partii&ween octanol and water to allow for
experimental validation of the two-domain concelRie@jer, 1993). Since the permeation
experiment utilises a phosphate buffer system &b pHas the donor phase, the water phase
in the determination df,, was replaced with a phosphate buffer system (B but will
still be referred to as octanol/water partition flioent. The Ko, of aspalathin was
experimentally determined by pre-saturating 250 ahlphosphate buffer system and
250 ml of n-octanol with one another in a sepagatinonnel. Aspalathin solution of
0.1 mg/ml was prepared by dissolving 1 mg aspalathi10 ml of the pre-saturated
phosphate buffer system (pH 5.5) giving a cleautsmh of aspalathin (solution not
saturated). Approximately 2 ml of the aspalathituson (n =3) was mixed with 2 ml of
n-octanol in a 10 ml screw-cap test tube and tudhbiiea water bath at 25C for 24 hours.
The mixture was then centrifuged for 30 minute8@®@0 rpm (relative centrifuge force
(RCF) 377.33 g) and 250l of each phase was removed and analysed by HPb€. T
phosphate buffer system phase was analysed ad #ham-octanol phase was diluted 1:4
with methanol prior to analysis. The concentratadrthe aspalathin was calculated with
the calibration curve established in 2.2.2.4.1 lggwas determined by the relationship of

the amount dissolved in each phase as follow:

Kow= Co/ Cw

4)
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Wherec, = concentration in octanol phase,

Cw = concentration in water phase.

2.2.5 Determination of aspalathin in commercial prducts

Approximately 2 g of each of the commercial product = 2) was extracted with 8 ml of:
(i) methanol/water 50/50 v/v; and (ii) tetrahydrcdno, respectively, in a 15 ml screw-cap
test tube and placed in a water bath at a constargerature of 60 °C for 5 minutes. The
dispersions were allowed to cool down after exioactmade up to 10 ml and centrifuged
at 3000 rpm (relative centrifuge force (RCF) 377¢33The supernatant was analysed by

HPLC.

2.2.6 Aspalathin permeation study

2.2.6.1 Preparation of test formulations

In a preliminary HPLC analysis of the green rooilampieous extracts, approximately
1.0 mg/ml (20 %) of aspalathin was found in 5.0 mmgsf green rooibos aqueous extracts.
Thus, the test formulations subject for testingevprepared as follows: 5.0 mg/ml green
rooibos extracts and 1.0 mg/ml aspalathin solutiwvese prepared by dissolving 35.0 mg
of GRE and 7.0 mg aspalathin in 7.0 ml of PBS (p5).5The resulting test formulations

contained approximately the same concentratiorspélathin.

Sodium chloride (NaCl) saline solution (0.9 %) five skin integrity test prior to the

permeation experiment was prepared by dissolvirigrag NaCl in 100 ml water.

2.2.6.2 Preparation of skin
Human abdominal skin was used in the permeatiodystbull thickness white female
abdominal skin was obtained from 2 individual patisewho underwent cosmetic surgery
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and kept frozen at -28C for no longer than 24 hours after removal. Thie skas thawed
at room temperature, washed with distilled waterd asried with paper tissue.
Split-thickness skin of approximately 4Q0n in thickness, comprising of the stratum
corneum, viable epidermis and part of the uppemagrwas dermatomed (Figure 2.5)
using a Zimmét electric dermatome and placed onto Whatiéiter paper. The skin
samples prepared were wrapped and sealed in alumifdil and kept frozen at -2€8C
until utilised. Prior to conducting the diffusiotudy the frozen skin samples were thawed
at room temperature, examined for defects, andnbaitcircles of approximately 15 mm in
diameter (n = 6 from skin donor 1 and n = 6 fronmsttonor 2) for mounting onto the
diffusion apparatus. Storage of skin up to 6 moaths20°C showed no impact on skin

integrity (Harrisonet al, 1984).

Figure 2.5: Skin dermatome obtaining split-thickness skin usinelectric dermatome

(http://www.zimmergermany.de and http://www.resige.com).

2.2.6.3 Transport of aspalathin across skin

Vertical Franz diffusion cells (Figure 2.6) consigtof an upper donor compartment and
lower receptor compartment were used in the peioreatudy, with a receptor capacity of
approximately 2.0 ml and a diffusional area of 1.13f. A small magnetic stirring bar
was placed in each receptor compartment to maingéiming throughout the entire
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experiment. The prepared skin was thawed priohéoeixperiment and mounted onto the
receptor compartment with the stratum corneum tacip in the direction of the donor
compartment. The donor compartment was then placed fastened onto the receptor
compartment with a metal clamp, wedging the skitwken the two compartments. The
donor and receptor compartments were then loaddgdOs % NacCl solution and the cells
placed into a preheated water bath afG#Avhich results in a skin surface temperature of
32 °C and equilibrated for approximately 30 minutesteAequilibration, the integrity of
the skin in each cell system was assessed by negsine transepidermal electrical
resistance (TEER) using a Tinsley LCR Databridgeod®! 6401). The reading was
conducted at a frequency of 1 kHz with a maximurtage of 300 mV root mean square
in the parallel equivalent circuit mode utilising alternating curreniThe experimental set
up was according to the study of Fasamioal. (2002). Skin discs with TEER values
between 14.0 and 25.00kwere selected for use in this study. It was imgartfor a
comparison study to select cells with similar regise values. The 0.9 % NaCl solution in
the donor and receptor compartments was removesrédeptor compartments were filled
with PBS (pH 5.5) with caution to avoid air bubblesderneath the skin. Therefore, the
PBS was degassed in an ultrasonic bath for 15 man o the experiments. The donor
compartments were loaded with 1 ml of freshly pregaGRE (n = 6) and pure aspalathin
solutions (n = 6), respectively, and immediatelywered with a cap to prevent any
significant evaporation during the permeation expent. The cell systems were left in the
water bath at a constant temperature°@yfor 12 hours to allow permeation to take place.
The receptor phases sampled after 12 hours of atmubwere analysed by HPLC and the

skin discs dismounted from each cell system welpgested to tape stripping.
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Figure 2.6: Vertical Franz diffusion cell consisting of an uppdonor compartment
(chamber) and bottom receptor compartment (re-dfeen http://www.permegear.com/fr

anz.htm).

2.2.6.4 Tape stripping the stratum corneum and epermis

An adhesive tape (3M ScoftiMagic™ Tape) was cut into pieces the size of the skin
dismounted from each cell system and placed omcstitatum corneum of the skin. The
tape was smoothed out on the skin to ensure ewssyme and contact with the skin and
then gently peeled off from the skin removing sooe#ls of the stratum corneum. This
process was repeated 14 times with each skin did@dotal of 15 tapes for each skin disc
were obtained and placed into a vial containingraximately 2 ml of PBS (pH 5.5). The
remaining skin (epidermis and dermis) after tapipfsing was then cut into smaller pieces
to increase surface area for extraction and patargeparate vial containing approximately
1 ml PBS (pH 5.5)All collected samples were kept in a fridge &Glovernight to allow

extraction of aspalathin into the PBS. Samples wsa filtered and withdrawn from the
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tape strip (stratum corneum) solutions and the sklations and were subjected to HPLC

analysis.

2.2.6.5 Sample analysis

The concentration of each sample was calculateah fifte analysed peak area using the
calibration curve. The amount of aspalathin in esample could be determined with the
volume and dilution factor and were expressed assmé aspalathin per diffusional area

(ng/cn).

2.2.6.6 Statistical analysis

The experiment was conducted with skin obtaineanfr® different skin donors. Each
donor skin was able to produce three replicates h of each of the two test formulations
resulting in a total of six replicates (n = 6) fach formulation. Data were expressed as
means * standard deviation (SD). Differences batweean values of the two different
tested formulations were analysed by means of ang-amalysis of variance (ANOVA).
The difference between the two formulations wasss=sd and P-values < 0.05 were

considered to be significantly different.

2.3 RESULTS AND DISCUSSION

2.3.1 Stability in transport medium

The stability of aspalathin in PBS of pH 5.0, 6ald 7.0 over 14 hours is depicted in
Figure 2.7a. The highest aspalathin degradatioruroed at pH 7.0 with a loss of
approximately 40 % over 14 hours, followed by pl8,@nd the least at pH 5.0. Figure
2.7b is a plot of the percentage of aspalathin fagproximately 1.41g/ml pure aspalathin
solution, buffered at pH 5.0 and pH %é&rsustime. Less than 30 % of the aspalathin was
lost in the pH 5.5 PBS. Since the physiological pHthe skin is pH 5.5 and less
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degradation occurred at this pH range, the peroweatkperiment in this study was carried

out using PBS buffered at pH 5.5.
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Figure 2.7a: Amount of aspalathin (% of initial concentration)l.4ug/ml of aspalathin

solution, buffered at pH 5.0, 6.0, and 7.0, stdoedl4 hours at room temperature (Z5).
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Figure 2.7b: Amount of aspalathin (% of initial concentration)1i.4ug/ml pure

aspalathin solution, buffered at pH 5.0 and 5.50am temperature (25C) for 9 hours.
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In addition, the applied concentrations of the festulations were approximately 1.13
mg/ml and 0.93 mg/ml of aspalathin in GRE and inepaspalathin solutions, respectively.
After 12 hours of incubation in water bath approaiety 1.3 mg/ml and 1.0 mg/ml of
aspalathin elucidated, respectively. This indicdbed the aspalathin was stable under the
experimental conditions. The difference in concaign between the initial and the end

concentration may be a result of error in analysis.

2.3.2 Octanol/water partition coefficient Kow)

For a molecule to permeate well through the skmust have good solubility in both the
water phase and oil phase, and exhibit a log PLlof 3 for optimum partition behaviour
(Hadgraft, 2004). However, th&,, (n = 3) of aspalathin was 0.450 and log P equaBAi7
with a RSD of 6.6 %. Drugs displaying log P valesse to 2 are generally predicted to be
completely absorbed in humans (Arturssral, 2001). Table 2.3 is the experimentally
determinedK,yand calculated log P value. The permeability coefit ;) of aspalathin

was calculated using Eq. 3 and was 1.52 % d/h.

logk, =0.77 logKow— 0.013 MW — 2.33
=0.77 l1og 0.450 — (0.013 x 452.41) — 2.33
=-3.818

ko, =1.52x10'cm/h

Due to the low log P it can be expected that thétjpaing of aspalathin from the vehicle
into the stratum corneum will be very low. Hendecauld be expected that aspalathin
would not permeate human skin to an appreciableuaimehich can be seen from the low

ko value.
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Table 2.3:Octanol/water partition coefficienKgw) of aspalathin and log P value.

Mean concentratiorug/ml) Kow Log P
PBS n-Octanol
57.9 27.9 0.482 -0.317
56.5 23.9 0.423 -0.374
56.2 25.1 0.447 -0.350
AV 56.9 25.6 0.450 -0.347
SD 0.907 2.053 0.030 0.028
% RSD 1.596 8.008 6.575 -8.191

2.3.3 Determination of aspalathin in commercial prducts

Cream extraction was performed with two extractioethods (i) water/methanol (1:1) and
(i) tetahydrofuran. Table 2.4 presents the conedioin of aspalathin per gram of cream
analysed. In cream A, both extraction methods preduaspalathin amounting to
approximately 0.871ug/g and 0.922ug/g of cream, respectively, composing less than
0.1 % of the cream. The peak areas of aspalathitideited by HPLC in cream B were
diminutive and below the limit of detection, theyed, the amount of aspalathin in cream B
was not detectable. Figure 2.8 shows the chromatogyf cream A with a small peak

representing aspalathin elucidating at 7.48 min.

Due to the negligible amount of aspalathin deteatethe commercial products and limit
of detection of aspalathin by HPLC, the permeasitudy on the products was considered
not feasible and investigation of aspalathin pexten from the creams was not carried

out.
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Table 2.4: Amount of aspalathin extracted per gram of creamgu(i) water/methanol (1:1)

and (ii) tetrahydrofuran extraction methods (n = 2)

Water/methanol (1:1) Tetrahydrofuran
Cream A (ng/g) Cream B fug/g) Cream A (ng/g)  Cream B 1g/g)
0.938 n/a* 0.728 n/a*
0.804 n/a* 1.116 n/a*
AV 0.871 n/a* 0.922 n/a*
SD 0.095 n/a* 0.274 n/a*
% RSD 10.879 n/a* 29.757 n/a*

* Amount of aspalathin was below the limit of deten (0.06ug/ml).
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Figure 2.8: Chromatogram of a water/methanol extract of creasepicting aspalathin at

7.48 min and other flavonoid compounds.

2.3.4 Aspalathin permeation study

This permeation study employed excised human $kinttad been frozen for storage, thus
the metabolic systems found in viable skin no lerfgaction and permeation of agqueous
soluble substances across frozen skin may be grisate that through fresh skin (Braet
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al., 2005). The occlusion method employed to preveatew loss from the stratum
corneum during the experiment may increase fluiditythe intercellular lipid domains
within the stratum corneum and cause a reductiormprotein chain interactions and
swelling of the corneocytes, and may subsequentsease in hydration to enhance the
transdermal flux of the permeant (Nicolazeb al, 2005). The amounts of aspalathin
permeation in aqueous solutions of GRE and purealaitpn across the human abdominal
skin are shown in Table 2.5. Tape stripping wadqgoered to obtain a compartmental
distribution of aspalathin in the stratified layest the skin. After 12 hours of dosing,
aspalathin permeated into the stratum corneum (§&dermis and dermis (ED), and into
the receptor fluid. Approximately 1.13 mg/ml of akghin in 5 mg/ml GRE and
0.93 mg/ml pure aspalathin solution were applietbdhe skin. A total of 0.08 % and
0.09 % of aspalathin in the applied GRE and pupalashin solution permeated the skin,
respectively. Figure 2.9 shows that the majoritytheff aspalathin that permeated the skin
remains in the skin (0.07 % and 0.08 % of the apptiose of GRE and pure aspalathin
solution, respectively) and was poorly absorbed the receptor fluid fraction (0.01 % and
0.01 % of the applied dose of GRE and pure aspalatblution, respectively). Of the
0.07 % of aspalathin in the GRE applied, 0.06 %asgpalathin distributed into SC and
0.01 % distributed into ED. In comparison to GREssl permeation occurred with the pure
aspalathin solution, where 0.05 % and 0.03 % o#lasipin distributed into SC and ED,
respectively. No significant difference in the skiistribution of aspalathin between GRE
and pure aspalathin solution was observed. Howekeramount of aspalathin in GRE
permeated into the receptor fluid phase differissieally from the amount of aspalathin
that permeated in the pure aspalathin solution (P.G5). Batchelderet al. (2004)
investigated the transdermal delivery of major daites, epicatechin (EC),
epigallocatechin (EGC), epicatechin gallate (EC&)] epigallocatechin gallate (EGCG),
in green tea from drug-in-adhesive patches and irduta0.1 % permeation of
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Figure 2.9: The average percentage (%) of aspalathin that g@ed the skin in green

rooibos extract and aspalathin solution applietie(@utlier has been excluded).
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Figure 2.10: Comparison of the absolute amount of aspalathimeated in green rooibos

extracts and aspalathin solutions. (The outlierldeen excluded).
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Table 2.5: Distribution data of aspalathin in green rooibosaot (GRE) and standard aspalathin (As) solutioth lat a concentration of

approximately 1 mg/ml aspalathin.

Stratum corneum Epidermis & dermis Whole skin Receptor Total absorbed
(ng/ent) (ng/cnt) (ng/en) (ng/en) (ng/ent)

GRE As GRE As GRE As GRE As GRE As
Skin 0.870 0.586 1.974* 0.074 2.844 0.660 0.183 0.062 3.027 0.722
donor 1.094 0.483 0.108 0.048 1.202 0.531 0.092 0.074 1.294 0.605
1(n=23) 0.761 0.347 0.078 0.039 0.840 0.386 0.088 0.081 0.928 0.467
Skin 0.337 0.530 0.134 0.130 0.471 0.661 0.150 0.099 0.621 0.759
donor 0.307 0.420 0.082 0.087 0.389 0.508 0.127 0.108 0.516 0.615
2(n=3) 0.272 0.420 0.194 0.130 0.465 0.550 0.122 0.086 0.587 0.636
AV 0.607 0.464 0.428 0.085 1.035 0.549 0.127 0.08% 1.162 0.634
SD 0.348 0.086 0.758 0.039 0.938 0.103 0.036 0.016 0.958 0.103
% RSD 57.326 18.545 177.015 45.996 90.612 18.828 28.125 19.273 82.454 16.186

* Inconsistent value.
@ The amount of aspalathin distributed into the $€ignificantly different to the amount distributieto ED, P < 0.05.

b The amount of aspalathin that permeated intogbeptor phase is significantly different from GRi# atandard aspalathin solutions, P < 0.05.

49



the 1.35 mg/ctof green tea extracts applied, which was alsovedgiit to the percentage
absorbed after intragastric administration of grésm extracts in rats. Compared to the
findings of Batcheldeet al. (2004) aspalathin has two-times the skin permeaifogreen
tea catechins. Figure 2.10 is a plot of aspalatistribution data. The amount of aspalathin
in whole skin represents the sum of aspalathinGnpfis ED. The total absorbed is the
total amount of aspalathin in total skin plus teeaptor fluid fraction. Attention is drawn
to the extraordinarily high value produced by GREha epidermis and dermis (ED) phase
(marked *). Nonetheless, no significant differemeeaspalathin permeation was detected

between including and excluding this particulauea(P < 0.05).

Approximately 1 mg/ml of aspalathin was applied corthe skin in this permeation
experiment. By substituting, determined from Eq. 3 and the applied concentmatib
aspalathin into Eq. 2 a projected flux of aspafatinom an aqueous solution across the

skin may be calculated as follow:

J =KpCapp
=1.52 x 10" cm/h x 1 000ug/ml

= 0.152pg/h/cn?

permeation experiment) a theoretical aspalathirmdstestate flux after 12 hours of
approximately 1.8231g/cm2 is obtained. This predicted value is highent the value
obtained from this experiment. This may be explditey that this estimated flux is
obtained by assuming the flux of aspalathin hashed the steady state, yet, the flux of
aspalathin might have not reached the steady stathe 12 hours of the diffusion
experiment to generate the estimated value. Becaspalathin is a polar compound
possessing as many as nine ionisable hydroxyl uamtsilable for hydrogen-bond
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formation and interaction with cellular componeotshe skin, its transport across the skin
was further hindered and dramatically decreaseddifiesion coefficient. In addition,
aspalathin may oxidise to the two flavonones dibydrientin and dihydro-iso-orientin,
which may have occurred during the permeation expt. Nevertheless, aspalathin is
only one of the many flavonoid antioxidants in twus tea, permeation of other flavonoid
compounds that contribute to the health benefiramiibos tea were also observed by

HPLC.

2.4 Conclusion

Aspalathin is one of the major flavonoid componaeritsooibos comprising approximately
20 % of the crude extract. Degradation of the cammplooccured in solution and was found
more stable in a phosphate buffer system buffestdiden pH 5 and pH 6 with less than
30 % loss over 14 hours. Aspalathin is hydrophitojuble in water and exhibits an
octanol/water partition coefficienK(,) below the value for optimal partition behaviour.
Aspalathin was only detected in one of the two camuial skin care products amounting
to less than 0.1 % of 1 g of cream analysed andrengation experiment on the product
was thus not considered feasible. In the permeatwperiments of GRE and pure
aspalathin solution, aspalathin accumulated mastilye stratified layers of the skin, rather
than permeating into the receptor fluid. Less tBan% of aspalathin from the total dose
applied was absorbed transdermally. This is corbfgatd the percentage permeation of
green tea catechins observed by Batchedtie. (2004). Approximately 80 % of the total
aspalathin absorbed was distributed in the stratmmeum. Since more hydrolytic
activities occur in the deep viable epidermis a3 lin the stratum corneum (Mavetral,
2004), aspalathin accumulation in the stratum aamenay be desirable in the topical use

of rooibos.
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CHAPTER 3. IN VITRO INTESTINAL EPITHELIAL TRANSPORT OF

ASPALATHIN ACROSS CACO-2 CELL MONOLAYERS

3.1 Introduction

Orally delivered compounds of foods and drugs entzuthe gastrointestinal tract as the
first barrier to absorption and have to pass actossintestinal epithelium in order to be
transferred to the whole body (Carriegeal, 2001). Tea of any sort is a beverage widely
consumed throughout the world. There have beeniestyoerformed on human subjects
indicating that flavonoids, in general, are absdrbe an appreciable amount through rapid
absorption process, and remain relatively stabléhénluminal fluid (Kuo, 1998). A study
performed by Kuo (1998) suggests that flavonoidspadapid diffusional transport as their
main route of absorption. It has also been sugdeht the intestinal cells have the ability to
accumulate flavone (Kuo, 1998 and Tamnetlal, 2004). In order to determine the required
level of flavonoid intake for maximum health-pronmgt effects, some knowledge of the
potential of oral absorption of these compoundssisential. Amongst thien vitro systems
employed to predict oral drug bioavailability inrhans, the most commonly used epithelial
cell line is Caco-2 monolayers, which has beconganged as the best model in terms of
throughput and reliability (Karlssoet al. 1999, Krishnaet al, 2001, Youdimet al, 2003).
Studies have shown that there is a good correld@ween permeability across the Caco-2

cell monolayers and the oral absorption in hum&nisiinaet al, 2001).

3.2 Comparison ofin vivo and in vitro human intestinal epithelia

3.2.1 Anatomy and physiology of the small intestine

The human intestine is estimated 2 — 6 m long artivided into three sections, namely, the
duodenum, the jejunum, and the ileum, comprising,550 %, and 45 % of the length,
respectively (Balimane and Chong, 2005). The bickigand physiological parameters of the
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human gastrointestinal tract are listed in Table Below (Balimane and Chong, 2005).
Approximately 90% of all absorption in the gasttestinal tract occurs over the length of the
small intestine (Stolet al, 2000) as its surface area has various projectizatsdrastically
increase the potential surface area for digesti@habsorption. The valve-like circular folds
encircling the entire intestinal lumen are estirdai® increase the surface area of the small
intestine threefold (Balimane and Chong, 2005). ptesence of villi and microvilli (Figure
3.1) further increase the surface area by 30-fold @00-fold, respectively (Balimane and
Chong, 2005). The uptake of substances occurs ynaithe duodenum and jejunum due to,
among others, the decrease in size and the nurhlbgcwlar folds, villi and microvilli in the

distal ileum (Stolkt al, 2000).

Table 3.1: Biological and physiological characteristics of theman gastrointestinal tract

(Balimane and Chong, 2005).

Stomach 35 0.25 1.0-20
Duodenum 19 ~35 40-55
Jejunum 184.0 ~280 55-7.0
lleum 278.0 ~420 70-75
Colon and rectum 1.3 ~150 70-75
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Figure 3.1: Villi and microvilli increase the absorptive swéaarea of the small intestine

(re-drawn fromhttp://www.emc.maricopa.edu/faculty/farabee/BIOBKYB0ookDIGEST. htmy.

The main functions of the small intestine are thledive absorption of major nutrients and
to serve as a barrier to digestive enzymes andsiedeforeign substances. The intestinal
epithelial cells are heterogenous in nature antidecenterocytes or absorptive cells, goblet
cells (mucin secreting cells), endocrine cells,gtlarcells, M cells, and tuft and cup cells
(Shahet al, 2006). Enterocytes are the most abundant efaitleellls that are responsible for
the majority of the absorption of nutrients andgdrin the small intestine. These cells are
polarized, having distinct apical and basolaterahthranes that are linked to each other by

tight junctions (Balimane and Chong, 2005).
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3.2.2 Pathways of intestinal absorption

Absorption of molecules and substances acrossntiestinal epithelium occurs mainly by
concentration gradient driven passive diffusion W cell membrane of enterocytes
(transcellular) (Figure 3.2A), or via the tight gtion between the enterocytes (paracellular),
(Figure 3.2B). The passive diffusion transcellutaute diffusion is related to lipophilic
molecular properties, and the paracellular pathisayainly size (molecular weight (MW),
or volume) and charge-dependent (Ungell, 2004)oplplic substances can rapidly and
completely partition from the luminal fluid and @tibute into the cell membranes of the
intestinal epithelium (Arturssoat al, 2001). Slowly and incompletely passively absdrbe
hydrophilic drugs and peptides distribute poorlyithe cell membranes and are transported
through the water-filled pores of the paracellutarte (Arturssoret al, 2001 and Shagt al.,
2006). However, absorption via this route is geliyetaw as the intercellular tight junctions
restrict free transepithelial movement in the iogdlular spaces between epithelial cells
(Chanet al, 2004). Moreover, the surface area of the bruskddr membrane is >1000-fold
larger than the paracellular surface area, thudattger surface area of the cell membrane
may compensate for the differences in partitionregween the cell membranes and the
extracellular fluid allowing the hydrophilic subet to be transported in equal amounts by
the paracellular and the transcellular routes (Adganet al, 2001). Substances having
similar chemical structures as those of certairriewils and vitamins can be transported
across the intestinal epithelium by specific tramggrs/carriers (Shaét al, 2006) (Figure
3.2C). This type of transport is often partly byrea-mediated and partly by passive routes.
Carrier-mediated transport is saturable, thus tbetribution of the passive route will
increase with increasing dose (Arturssetnal, 2001 and Shakt al, 2006). The plasma
membranes of the epithelial cells possess actiexehechanisms that play a critical role in
limiting absorption and accumulation of potentigihxic substances in epithelial cells (Chan
et al, 2004). Figure 3.2D demonstrates substances legingded by the efflux transporters,
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e.g. the P-glycoprotein (Pgp), multidrug resistancéMDR) and multidrug
resistance-associated protein-type (MRP) transprback into the intestinal lumen (Chan
et al, 2004 and Hunter and Hirst, 1997). Substancesepten high concentrations in the
blood may undergo active blood-to-lumen secretigntiese plasma membrane efflux
transporters (Figure 3.2E). In addition to effluxnps, the transcellular route of absorption
exposes compounds to intracellular metabolic systeBnush-border enzymes e.g. lactase,
sucrase-isomaltase, and dipeptidylpeptidase IV, ayidchrome P450 (CYP)-mediated
metabolic systems (phase | metabolism) in the snmééistine plus other intracellular
metabolic systems, such as phase Il conjugatiogyne®z, may yield metabolites that are
substrates for efflux pumps (Figure 3.2F and G)ufiHal996, Suzuki and Sukiyama, 2000
and Charet al, 2004). Finally but not the least, the vesicutansport (transcytosis) from
the apical to the basolateral side of the intesgpihelium (Figure 3.2H) is considered as a
route for highly potent drugs such as peptide ansg This transport pathway is of limited
value due to its low transport capacity and thes@mee of proteolytic enzymes limit this

pathway as a general drug transport route (Arturssal, 2001 and Shaét al, 2006).
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Figure 3.2: Routes of drug transport. (A) Passive transcellalzsorption across intestinal

epithelium. (B) Paracellular absorption mediatedtigirt junctions. (C) Carrier-mediated
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transcellular transport at the apical and/or basodh membranes. (D) Efflux transporter at
the apical membrane may actively drive compoundsk bato the intestinal lumen thus
restricting their absorption into the blood. (E) iegd efflux transporters that facilitate
intestinal clearance of compounds that are alrepoBsent in blood. (F) Intracellular
metabolising enzymes may modify compounds beforg émter the blood. (G) Apical efflux
transporters and intracellular metabolising enzymesy co-ordinately metabolise and
excrete compounds, forming an effective barrier ireja intestinal absorption. (H)

Transcellular vesicular transport (modified froma@let al., 2004; Hunter and Hirst, 1997).

3.2.3 Thein vitro Caco-2 cell model for transport study

Unlike enterocytes, human tumour cells grow rapidty confluent monolayers that provide
an ideal cell culture model system for the rapiseasment of the intestinal permeability of
xenobiotics (Balimane and Chong, 2005). The huntenacarcinoma cell line Caco-2 was
originally isolated from a moderately well-diffeterted human colon adenocarcinoma by
Fogh and co-workers (1997), and has been develapeal model of intestinal epithelium
(Gharatet al, 2001 and Isodat al, 2006). These cells are able to spontaneouslyipeland
differentiate in long-term culturas vitro to form monolayers that exhibit morphological and
functional characteristics of enterocytes (Carriéteal, 2001). When confluent, the cells
polarise and join by tight junctions, with well ddoped and organised microvilli on the
apical membrane. The cells start to express seesaymatic activities e.g. brush border
enzymes alkaline phosphotase and dipeptidyl pesgid&ypical of the small intestine
(Carriéreet al, 2001; Basson and Hong, 1996). Polarized expnessicseveral transport
systems for sugars, amino acids, peptides and d®mtgtein efflux transporters also follow
the differentiation of Caco-2 cells (Yamashiéta al, 2000 and Shalet al, 2006). Thus,
Caco-2 cells have been used widely to study theceffand metabolism of natural and
synthetic compounds at the intestinal level in addito their transport through the epithelial
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barrier. The Caco-2 cell line exhibits both chagastics of the small intestine and that of the
colonocytes (Ranaldiet al, 2003 and Tammelaet al, 2004). Several permeability
characteristics such as the paracellular barriéhetolon present in Caco-2 cell monolayers
is much higher than that of the small intestinghegtium, which unfortunately, results in the
underestimation of the systemic bioavailability pdracellularly transported compounds
(Versantvoortet al, 2002). Nevertheless, Caco-2 monolayers can b& asean absorption
model to predict the intestinal absorption of compuas, to investigate their mechanism of
transport, and as an vitro model for studying the functionality of the carfieediated

transport in the small intestine (Mersantvoetral, 2002).

3.2.41n vitro/in vivo correlations

When usingin vitro systems to gain information about drug permeabditross the small
intestine, the experimental conditions should otfies closely as possible the réalvivo
conditions (Youdinmet al, 2003). Many drug molecules are ionisable and oasyxist in both
their charged and uncharged forms in solution. itsplogical pH 7.4, these drug molecules
are predominantly ionised. The pH hypothesis pastsl that the diffusion of a molecule
across lipid membranes is through its unchargedn f@and that the charged form is
impermeable. Luminal pH values vary throughoutdbstrointestinal tract. Measurement of
the “acid microclimate” on the surface of intestiapithelial cells (intact with mucus layer)
in rats reveals that the pH value on the apiac# sif the cells range from 6-8, whereas the
values on the basolateral side was ~7.4 (Figure (88idet al, 1986 and Youdiret al,
2003). Yamashita and co-workers (2000) employedigré-pH conditions i.e. pH Gifca —
PH 7.4,as0ateraln Characterising drug permeability. In comparisonso-pH condition i.e. pH
7 Aapical — PH 7.4asoiaera Weak acids were found more permeable under thdiegrt-pH
condition, whereas weak bases showed no differemcegermeability under the two
conditions. Nonetheless, for weak acids, both passiffusion and active transport are
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dependent on the concentration of protons in theaapolution. Thus, for an acid neither the

presence nor absence of a pH gradient by itselfiiding the interpretation (Ungell, 2004).

In contrast to the extensively folded jejunum thec&2 monolayers are flat, representing
only a fraction of the anatomical surface areahefihtestine, the villi tips (Figure 3.3). This
supports the hypothesis that only a fraction ofahatomical surface area of the intestine, i.e.
the villi tips, participate in the absorption ofuds that adopt passive transcellular route
(Arturssonet al, 2001). On the other hand, slowly and incompletddgorbed substances
were found to be transported 30- to 80-fold slowmerate in the Caco-2 monolayers than in
the human jejunum (Lennernasal, 1996). This phenomenon may possibly be a redult o
differences in the permeability of the paracellufmthway and absorptive surface area
between the Caco-2 monolayers and the human jejasutinere are fewer water-filled pores
in the tight junctions in the Caco-2 monolaydrsvivo, substances with lower permeability
will remain in the intestinal lumen longer befoteey are absorbed. This retention allows
diffusion of the substance further down the lenoftivilli as compared to substances having
higher permeability which are rapidly and completabsorbed through the villi tips. This
diffusion results in an increase in the absorpéikea and, in addition, allows a fraction of the
substance to be absorbed through the leakier plaacgathway in the crypt region. Other
potential sources of variability may arise from exmental conditions and the specific cell

line (Arturssoret al, 2001).
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Gastrointestinal tract Caco-2 cells

' pH: 6-8 APICAL * pH: Normally 7.4
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BASOLATERAL
Figure 3.3: A comparison ofin vivo extensively folded intestinal epithelia amdvitro flat
Caco-2 cell monolayer, and barriers across whiclggimust pass to reach the basolateral

phase (Youdinet al, 2003).

3.3In vitro Caco-2 cell monolayer transport study

3.3.1 Caco-2 cell culture and setup for transporttadies

Various methods of growing and carrying out tramspaperiments with Caco-2 monolayers
have been described and employed. In general, a&lgrown on a porous support, such as
polycarbonate filters, for about 15 — 21 days itel culture medium containing Delbecco’s
Modified Eagle Medium supplemented with 20 % fodialine serum, 1 % non-essential
amino acids and 2mM-glutamin (pH 7.4 mimicking the physiological pHlhe cells are
grown at 37 °C in 5 % carbon dioxide at a relativenidity of 95 %. Transport experiments

are usually carried out after 21 days of culturing.
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— hasolateral cell culture medium (pH 7.4)

polycarbonate filter
Figure 3.4: Thein vitro cell culture model (modified from Youdiet al, 2003; During and

Harrison, 2005).

3.3.2 Determination of the apparent permeability cefficient (Papp)

The rate of dissolution and solubility (determiningw fast the drug reaches its maximum
concentration (C) within the luminal intestinal itl), and the permeability coefficient (P)

(determining the rate at which the drug will créss intestinal wall to reach the portal blood
circulation) are properties that influence the eak which a drug can be absorbed (Youdim
et al, 2003). Together, these factors comprise Fick& faw, describing the rate of transport
(flux) (Jwan) of a drug across the intestinal wall which carekpressed as follows (Youdiet

al., 2003) (cf. Eq. 1, Chapter 2):

Jwall =PxC (1)

When examining drug permeability acrassvitro cell models, determination of the apparent

permeability coefficient (Eqg. 2, Artursson, 200Briged from Fick’s first law may be used

by taking into account the starting concentrationdell, 2004):

Papp = dQ/dt (1/(A60C0)) (2)

Where: Ry, = apparent permeability coefficient (cm/s),
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dQ/dt = permeability rate (amount permeated pauta),
A = diffusion area of the monolayer (&m

@ = initial concentration of the marker moleculghe apical compartment.

The apparent permeability coefficientff quantifies the transport of a drug molecule in a
two compartmental system (Ekmekcioglu, 2002). Tinead-to-basolateral permeability of a
substance through the epithelial cell layer is meat as an increase in the concentration of

the substance in the basolateral phase over timai (Bt al., 2000)

3.3.3 Measurement of transepithelial electrical rastance (TEER)

Tight junctions play a critical role in epitheliaell biology by forming a selective
permeability barrier in the spaces between adjaepithielial cells and in the maintenance of
compositional asymmetry in the cell (Isoéfaal, 2006). The tight junctions provide a route
of transport of ions across the intestinal epidiatells. Hydrophilic drugs and peptides, in
general, are assumed to adopt this route of trahsfpassive paracellular pathway)
(Arturssonet al, 2001). Thus, measurement of TEER may reflecidhgpermeability of the
cell monolayers, where an increase in transpoidredf is associated with opening of the tight
junctions (increase in diameter) resulting in ardased TEER. Measurement of TEER also
evaluates the integrity of epithelial monolayersl @& a sensitive method widely used for

screening possible membrane perturbents resuttomg ¢ell injury (Isodaet al, 2006).

3.4 Pheroid technology

Various methods have been used to increase thedliaigility of drugs. Some involves the
use of specific chemicals to facilitate the absorpof the drug by temporarily increasing the
membrane permeability (Ghafouriahal, 2004). Pheroid technology (further referred to as
Pheroid or Pheroids, previously known as Emzalbigecchnology) is a patented system that

62



involves the use of a unique submicron emulsiomtdation. A Pheroid is a stable structure
within a system that is flexible in terms of morfdwical, structural, size, and functional
manipulation. It is a composite of mainly ethylerstof plant and essential fatty acids, such
as linoleic acid, linolenic acid, and oleic acidhudsified in water saturated with nitric oxide
(NO) (Saunderet al, 1999). Several fatty acid constituents in Phes@ice therapeutically
beneficial in maintaining cell membrane integrignergy homeostasis, and modulating the
immune system through leukotrins and prostaglan@@@®bler, 2004). Pheroid technology
was first discovered when it was used as a basmauiation which led to the remission of
psoriasis (Schlebush, 2002). Three types of Phero@mely, (i) lipid bilayer vesicles in both
nano- and micrometer size range, (ii) micro-spongesl (iii) depots or reservoirs that
contain pro-Pheroids, have since been formulatedatiempt to increase entrapment
capabilities, enhance rate of transport, delivang stability. The size and shape of vesicles
vary depending on the type of formulation, withdifpilayers of 30 — 80 nm, micro-sponges
of 0.5 — 5um, and the size of depots varies with the amouprefPheroid contained within
(Grobler, 2004). The entrapment of drugs in thedkphased Pheroid system (water, fatty
acid, and nitric oxide) proposes to create a safel more effective formulation in drug

delivery (Grobler, 2004).

Pheroid technology is currently being studied ftsr drug penetration enhancing effect.
During the transport experiment of green rooibasaexs and its pure compound aspalathin,
this technology was employed as one of the possidehanisms to enhance intestinal
absorption and it was kindly provided by the Dememt of Pharmaceutics, North-West

University (Potchefstroom campus).
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3.5 MATERIALS AND METHODS

3.5.1 Materials

The green rooibos extract (GRE) (EURO Ingrediemta$ provided by Dr. E. Joubert. The
aspalathin pure compound was obtained from PROMBGefberg, South Africa). Pheroids
containing green rooibos aqueous extracts wereapgdpand provided by North-West
University. HPLC grade acetonitrile (GEIN) and 0.1 % acetic acid (GEBIOOH) were
obtained from BHD Laboratory Supplies (Poole, UKjotassium dihydrophosphate
(KH2PQy), disodium hydrogen phosphate dihydrate »#0Os-2H0), and sodium chloride
(NaCl) were supplied by Merck (Midrand, South A&)qISO 9001 certified). Cryopreserved
Caco-2 cells were obtained from American Type Qelt€Collection (Virginia, USA).
Dulbecco’s Modified Eagle’s Medium (DMEM), Hank'saBinced Salt Solution (HBSS) (pH
7.4), Dulbecco’s Phosphate Buffered Saline (DPBH) walcium and magnesium (pH 7.4),
trypsin-versine solution, 1 % non essential amioolsa (NEAA), and 1 %
penicillin/streptomycin mixture (10 000 units pdhia/ml and 10 000ug streptomycin/ml)
were all supplied by Bio Whittaker (Walkersville,aland). Foetal bovine serum (10 %)
was obtained from Delta Bioproducts, Kempton P&suth Africa. Double distilled water
was prepared by Milli-Q water purification systeMil(ipore, Milford, USA), which was

used throughout the study.

3.5.2 High performance liquid chromatography (HPLC) method for the analysis of
aspalathin
The method for analysis of aspalathin and validatd HPLC procedure are described in

section 2.2.2 of Chapter 2. Pheroid samples wealysed by HPLC as is.
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3.5.3 Determination of stability of aspalathin

3.5.3.1 Stability in transport medium

Gastrointestinal assays using Caco-2 cell monadaienormally carried out with DMEM
supplemented with bovine serum albumin (BSA) as ¢ghewth medium that provides
nutrients for culturing of cells, and as well as tleceiver buffer medium in the basolateral
phase. The use of BSA is usually recommended taceedinspecific binding to plastics,
filters or accumulation within the lipid bilayer antracellularly (Ungell, 2004), and may
improve permeability by providing a more favourabdenk condition” for partitioning of
lipophilic compounds, mimicking the properties dfypiological presence of albumin within
the capillary lumen (Youdiret al, 2003). Phenolic compounds are renowned for 8teang
affinities for proteins to form both non-covalemidacovalent association according to the
size of the phenolic compound (Lauregtt al, 2007). Kuo (1998) observed binding of
flavonoids to extracellular proteins and to BSAtlhe incubation and led to impedance in
transport and cellular accumulation of flavone inlase-dependent fashion. In addition, a
preliminary aspalathin transport experiment carmed using BSA supplemented DMEM
showed interference in the recovery of aspalathius, an investigation on the stability of
the aspalathin in DMEM is critical to eliminate gdge compound-vehicle interaction. Three
vehicle systems: (i) double distilled water, (iihgsphate buffer system (PBS) (pH 7.4)
(prepared as described in Chapter 2), and (iii) DMEere used in determining the stability
of aspalathin. Water serves as a control mediumoaibos tea is an agueous extract of the
rooibos plant, and the PBS serves as a possil@mative to DMEM as the receiver buffer
medium in the basolateral phase. Solutions of apmately 120ug/ml of aspalathin were
prepared in each of the vehicle systems and letherautosampler under room temperature
25 °C for analysis by HPLC at hourly intervaldhe peak areas of aspalathin at each hour

were determined and plotted as a function of tifigure 3.7).
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3.5.4In vitro transport study

3.5.4.1 Preparation of test formulations for the tansport study

Three concentrations: 10.0 mg/ml, 5.0 mg/ml, ar@l hg/ml, of GRE dissolved in DPBS
were prepared in a volume of 10 ml, respectivety, atlow experimentation of each
concentration done in triplicate. In a prelimin&tl LC analysis of the green rooibos aqueous
extracts 5.0 mg/ml green rooibos extracts contaiaggdroximately 1.0 mg/ml aspalathin
(described in Chapter 2). Thus aspalathin solutiwese: prepared at 2.0 mg/ml, 1.0 mg/ml,
and 0.2 mg/ml in 10 ml DPBS, respectively, to equatthe amounts of aspalathin contained
in the three solutions of GRE. Pheroids contairiRE made up to 10.0 mg/ml, 5.0 mg/ml,

and 1.0 mg/ml concentrations were prepared andged\by North-West University.

3.5.4.2 Preparation of Caco-2 cell monolayers

3.5.4.2.1 Culturing of Caco-2 cells

Cryopreserved Caco-2 cells obtained from AmericgmeTCulture Collectiomvere thawed in

a water bath at 37 °C for one minute. The cellseviben transferred to a 25 toell culture
flask (Coring Costar Corporation, USA) containirty rhl culture medium, pre-heated to 37
°C. The cell lines were grown and maintained intum@l medium consisting of DMEM
containing 25 mM glucose, 3.7 g/L NaHgQupplemented with 10 % foetal bovine serum,
1 % NEAA and a 1 % penicillin/streptomycin mixtu@ 000 units penicillin/ml and 10 000
ug streptomycin/ml). The cells were incubated in @, @cubator (Forma Scientific Inc.,
Marietta, Ohio, USA) at 37C in 5 % CQ and an atmosphere of 95 % humidified air. The
medium was initially changed 24 hours after theonstitution of cells, after which the

medium was then changed every second day andrigtpsi every week.

3.5.4.2.2 Trypsination of the Caco-2 cells
The culture flasks were macroscopically examined anly flasks with cells that had
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reached confluence were used for the trypsinatimtquure (x every 7 days). HBSS,
trypsin-versine solution, and culture medium weeathd in a water bath at 3Z. These
selected cell culture flasks and the pre-heatedtisok were transferred to a laminar airflow
cabinet. The cells in the flask were rinsed twigthwiBSS and 0.5 ml of the trypsin-versine
solution was poured onto the cells and distribugeenly to cover the cell monolayer. The
flask was then incubated for 10 minutes at 37 °G %% CQ in an atmosphere of 95 %
humidified air. After incubation the flask was tséerred to the laminar airflow cabinet and
inspected macroscopically whether all the cellsengatached, and approximately 2 ml of the
warm medium (37 °C) was then added to the dowrasarbf the flask. This cell suspension
was diluted by adding it to warm (37 °C) culturedien in a tube and agitated with a
Pasteur pipette. The flask was rinsed with 1 nwafm  (37°C) culture medium to ensure
all the cells were removed from the flask. Threer#5lasks were transferred to the laminar
airflow cabinet and marked with the date and nesspge number. An amount of 15 ml of

the cell suspension was added to each of the B&eel culture flasks and incubated.

This trypsination procedure was repeated every wegkrevent overgrowth of the cells in

the flasks until they were used in the experiments

3.5.4.2.3 Seeding and culturing of Caco-2 cell molagers on 6-well filter plates

Caco-2 cells were seeded (Figure 3.5A) on tissltareutreated polycarbonate filters (area =
4.70 cnf) in Costar Transwell 6-well plates (Corning Cos@urporation, USA). A cell
suspension was obtained in the same way as dedanlibe trypsination process (previous
section). The cells were counted on a hemacytonsetdrdiluted until a concentration of
1.77 x 10 cells/ml was reached. The culture medium consiste®MEM supplemented
with 10 % foetal bovine serum, 1 % NEAA and 1 % ip#lin/streptomycin fungizone
solution (10 000 units penicillin/ml, 10 0Qdy streptomycin/ml and 2fg fungizone/ml).
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The medium was added to both the apical (2.5 nd) l@awsolateral (2.5 ml) compartments
and was changed every second day under asepti@ioosdThe cell cultures were kept in
an incubator at 37 °C in 5 % G@nd an atmosphere of 95 % humidified air. Therltwere

used for drug transport measurements 21 daysssesling.

3.5.4.2.4 Measurement of TEER

The integrity of the cell monolayers was assessgdhb measurement of transepithelial
electrical resistance (TEER) (Figure 3.5B). Caamel monolayers exhibiting a TEER value
of more than 16@ cnt were used within 30 days post-seeding. TEER wassured using a

Millicell ERS meter (Millipore, USA) before and eftthe experiment.

3.5.4.3 Transport of aspalathin across Caco-2 cetionolayers

The growth medium was removed from the basolatgmamber and replaced with 2.5 ml

DPBS with calcium and magnesium buffered at pHahd incubated for another 30 min.

After the incubation the growth medium from thecapiside was removed and replaced with
2.5 ml of GRE, pure aspalathin solution, and Phisraiontaining green rooibos aqueous
extract, respectively (Figure 3.5 C and D). SamplE200ul were taken at time intervals of

0, 20, 40, 60, 90, and 120 minutes from the bas@hside (Figure 3.5E) after incubation of
the test formulations on the apical side of the ofmyers. The samples withdrawn from the
basolateral side were immediately replaced witle@umal volume oDPBS. All experiments

were done in triplicate in a humidified atmosphef®5 % air and 5 % Cfat 37 °C.
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Figure 3.5: Procedures oin vitro transport across Caco-2 cell monolayers. (A) Swepdi

Caco-2 cells. (B) Measurement of TEER. (C) Rem@fajrowth medium. (D) Loading of
test formulation onto Caco-2 cell monolayers. (Bmpling from the basolateral phase at

predetermined time intervals (photos provided by AViljoen).

3.5.4.4 Sample analysis

Results obtained from HPLC were corrected for ailutand expressed as cumulative
transport (% of initial dose) and apparent pernigglgoefficients (Rpy) of aspalathin in
GRE, pure aspalathin solution, and Pheroids congigreen rooibos aqueous extract,

respectively, were calculated according to theofwihg equation (detailed previously):

F:'app = (dQ/dt) (1 / (A.60.G))

3.5.4.5 Statistical analysis
The experiments were done in triplicate and tha dapressed as means * standard deviation.

Differences between mean values were analysed lapsnef one-way analysis of variance
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(ANOVA). The difference between the three test folations was compared and a P-value <

0.05 was considered significantly different.

3.6 RESULTS AND DISCUSSION

3.6.1 Stability of aspalathin in transport medium

Aspalathin solutions prepared in (i) double distllwater (control), (i) PBS (pH 7.4), and
(i) DMEM were sampled and analysed at room terapae 25°C at hourly intervals over

ten hours by HPLC. Figure 3.6 is a plot of aspatafieak area over time demonstrating

degradation/interference of aspalathin in/withhadous vehicles.

—o— Water —=— PBS —~— DMEM
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Figure 3.6: Loss of aspalathin over time in vehicles of (i)udie distilled water, (ii)

phosphate buffer solution (PBS) (pH 7.4), and @ylbecco’s Modified Eagle’s Medium
(DMEM).

From Figure 3.6 it is noted that there was a gdrless of aspalathin in all three of the

vehicle systems. The decline in the percentagespdilathin is highest in DMEM, exhibiting
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a rapid logarithmic decline to virtually zero ddten of aspalathin at the tenth hour.
Approximately 90 % and 74 % of aspalathin in doulitilled water and PBS, respectively,
remained at the tenth hour. Although aspalathiratisgion was less dramatic in the double
distilled water and PBS, degradation was still moappreciable amount accounting for the
fact that the decline is a function of time in h@uFrom these results it can be seen that
aspalathin is an unstable compound once in solu#dthough Tammela and co-workers
(2004) did successfully employ DMEM in their traospstudy, results from this assay
confers the use of PBS as the alternative recdivet buffer medium to DMEM for the
transport of aspalathin. The aspalathin transpgpeement was done over 2 hours where
less than 5 % loss of aspalathin could occur (EgBu6). To further reduce the rate of

degradation, samples of the experiment were stire2D°C immediately after collection.

3.6.2 Transport of aspalathin in the green rooibogxtracts

The cumulative (% of initial dose) transport of alsphin in GRE at three different
concentrations is shown in Table 3.2. The experimers carried out over 2 hours and time
is expressed in minutes. Each value is expressatkans + standard deviation (SD) of three
experiments (n = 3). The,i is also expressed as means + SD of the averagenage

transport.
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Table 3.2: The cumulative (% of initial dose) transport £ SDagpalathin in green rooibos

extract across the Caco-2 cell monolayers.

Average % transport + SD
Time (min) Extract 1 Extract 2 Extract 3
(20.0 mg/ml) (5.0 mg/ml) (2.0 mg/ml)
0 0.00 0.00 0.00
20 81.24 +7.70 9.27+2.14 12.47 +1.03
40 94.79 +6.99 10.53 + 3.04 16.27 £ 6.15
60 99.74 +9.85 11.65 + 2.07 16.35+7.78
90 92.80 + 3.03 12.70 + 2.05 17.17 £ 0.45
120 96.96 + 8.95 14.16 £ 1.22 18.13+1.85
Papp(cm/sec) | 20.93+3.61 x 6% | 3.49+1.45x18°° | 4.00+0.42 x 18°°

ab Pappis statistically significantly different to oneather, P < 0.05.
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Figure 3.7: Plot of the cumulative transport of aspalathiniieem rooibos extracts over time.

Figure 3.7 is a plot of the average percentagespram of aspalathin as a function of time.
From the graph it can be seen that transport adlagpn in GRE 1 (10.0 mg/ml) was rapid
and linear at the first 20 minutes, reaching ae@alatafter 60 min (1 hour). A total of 80 % of

aspalathin transported occurred within 20 minuted reached close to 100 % transport of
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aspalathin of the administered dose at 120 min(eBours). The average percentage of
aspalathin in GRE 2 (5.0 mg/ml) and GRE 3 (1.0 nfig/transported were found
considerably less than that in GRE 1. All threeaots showed similar patterns of flux of
aspalathin reaching plateau after 60 min but agheh rate in the case of GRE 1. This may
probably be due to a concentration dependent faottine transport of aspalathin i.e. the
higher the concentration the greater the amounsprarted where the driving force of flux
may be greater. Consequently, thg,Bf aspalathin in GRE 1 (20.93 * 3.61 x%@m/s) is
the highest of the three concentrations testetbateig a rapid and almost complete apical to
basolateral transportgqfgof aspalathin in GRE 2 and GRE 3 are similar (205), which are
3.49 + 1.45 x 18° cm/s and 4.00 + 0.42 x $&cm/s, respectively, corresponding to a slower
rate of transport of aspalathin across the Cac@lP roonolayers and are statistically
significantly different to that of GRE 1 (P < 0.05)his difference may be due to that

aspalathin transport was rapid in the first 20 ofithe experimentin  GRE 1.

3.6.3 Transport of aspalathin in pure aspalathin slution

Table 3.3 presents the average percentage (%)ptrensef aspalathin in pure aspalathin
solutions buffered at three concentrations. Eadheves expressed as means + SD of three
experiments (n = 3). The,i is also expressed as means + SD of the averagenage

transport.
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Table 3.3: The cumulative (% of initial dose) transport + SID aspalathin in a pure

aspalathin solution across the Caco-2 cell monodaye

Average % transport = SD
Time (min) Aspalathin 1 Aspalathin 2 Aspalathin 3
(2.0 mg/ml) (2.0 mg/ml) (0.2 mg/ml)
0 0.00 0.00 0.00

20 68.12+ 8.20 0.86% 0.03 4.02+ 8.10

40 66.17+ 6.78 3.19+ 0.98 2.06+ 3.75

60 71.59+ 11.97 411+1.01 2.68% 3.19

90 67.74+7.01 4.50+ 0.76 2.76% 3.45

120 79.03+0.38 7.54+0.71 4.66+ 4.70
Papp 15.34 +1.66 x 18°2 | 2.48+0.03 x18°" | 0.91 +0.37 x 18°°

a'b'cPapp is statistically significantly different to oneather, P < 0.05.
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Figure 3.8: Plot of the cumulative transport of aspalathin ipuse aspalathin solution over

time.

A plot of the average percentage transport of aspial versustime of the three pure
aspalathin solutions is presented in Figure 3l&i to what is observed in GRE 1 (Figure

3.7) transport of aspalathin at 2 mg/ml (Aspalathins rapid and linear from O (zero) to 20
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minutes. Although the aspalathin transport in Asgah 1 varied after 20 minutes to 120

minutes, it seems to have reached a steady pldteas.than 10 % of the administered dose
of aspalathin was transported across the cell nagrod in Aspalathin 2 (1 mg/ml) and

Aspalathin 3 (0.2 mg/ml). A similar trend in theopbf transport of aspalathin in the GRE

and in the pure aspalathin solutions can be seemreater amount of aspalathin was
transported in formulations at the highest coneginins (GRE 1 and Aspalathin 1),

demonstrating once again that the absorption maycdreentration dependent. In this

experiment, the rate of transport of aspalathin sigsificantly different (P < 0.05) amongst

the three solutions, where thg,Fof aspalathin in Aspalathin 1, 2, and 3 are 153466 X

10% cm/s, 2.48 +0.03 x I cm/s, and 0.91 + 0.37 x Becm/s, respectively.

3.6.4 Transport of aspalathin in Pheroids

Table 3.4 is the average percentage (%) transpSB of aspalathin in Pheroids incorporated
with GRE over 2 hours. Three concentrations of &her were formulated. Results are
expressed as means + SD and value gf iB expressed as means + SD of the average

percentage transport (n = 3).
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Table 3.4: The cumulative (% of initial dose) transport + 8Daspalathin in Pheroids across

the Caco-2 cell monolayers.

Average % transport = SD
Time Pheroid 1 Pheroid 2 Pheroid 3
(10.0 mg/ml) (5.0 mg/ml) (2.0 mg/ml)
0 0.00 0.00 0.00
20 2.61+1.33 15.46 + 4.02 2.18 £ 0.97
40 3.94 +£0.39 32.96 + 3.03 453+0.21
60 591+1.19 40.63 £+ 4.68 7.93+0.40
90 5.48 £ 0.08 56.24 £ 0.10 12.82+1.04
120 6.04 £ 1.07 61.82+0.71 16.32 +1.13
Papp 1.65+0.12 x 18°? | 18.62 +0.23 x 18°® | 4.95+0.27 x 1§°°

a'b'cP;mp is statistically significantly different to oneather, P < 0.05.

—o— Pheroid 1 (10 mg/ml)-—=

Pheroid 2 (5 mg/ml)

Pheroid 3 (1 mg/ml)

S

- 100

o

73

c 80 N

o

(O] u:

o 607 .

8

< T

g 40 _ ¥

[} il

o

o 209 P x

© - N -

o s g %*

> [0 T T T T T T 1

< 0 20 40 60 80 100 120 14(
Time (min)

Figure 3.9: Plot of the cumulative transport of aspalathiftreroids over time.

Pheroids were developed to act as permeation eehamalrug delivery across biological
membranes. The physicochemical properties of Ptierdiave not yet been clearly
characterised and its function as permeation emdras not completely been elucidated. It

can be seen from Figure 3.9 that the pattern inrtresport of aspalathin in Pheroids is quite
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different to that observed in the GRE and the @msmalathin solutions (P < 0.05). Transport
of aspalathin in Pheroids was slow and steady ashchak reach a plateau at the end of the
experiment. A higher amount of aspalathin was frarted in Pheroid 2 than in Pheroids 1
and 3. The Bpdetermined for each concentration differs grefityn one another (P < 0.05),
where 1.65 + 0.12 x 18 cm/s, 18.62 + 0.23 x 18 cm/s, and 4.95 + 0.27 x ¥bem/s
are Rpp of Pheroid 1, 2, and 3, respectively. Compared téigure 3.7 and 3.8, Figure 3.9
does not exhibit enhanced transport of aspalathinhe Pheroid technology across the

Caco-2 cell monolayers in this experiment

3.6.5 Comparison of the apparent permeability coeifient (Papp)

Figure 3.10 presents theyRP+ SD obtained for the transport of aspalathin frdma three
formulations at three different concentrations. Tiet shows that £, of aspalathin is a
concentration dependent factor. This may be expthlyy the higher concentrations result in
a greater driving force of diffusion. Thegpof aspalathin is higher in the GRE than in the
pure aspalathin solutions. This may be explainedGRE being a mixture of numerous
flavonoid glycosides and phenolic compounds thay aféect the flux of aspalathin by e.g.
increasing the driving force of diffusion or fatdliing its transport across the Caco-2 cell
monolayer. Table 3.5 presents the averagg#SD obtained for aspalathin in the various

test formulations (n = 3).
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Table 3.5: The apparent permeability coefficient of (i) GRE), pure aspalathin solutions,

and (iii) Pheroids at three different concentragion

Average R,,(x10°) (cm/s) + SD
GRE 1 (10 mg/ml) 2093 =+ 361
GRE 2 (5 mg/ml) 349 + 145
GRE 3 (1 mg/ml) 400 + 042
Aspalathin 1 (2 mg/ml) 15.34 * 1.66
Aspalathin 2 (1 mg/ml) 248 + 0.03
Aspalathin 3 (0.2 mg/ml) 091 + 0.37
Pheroid 1 (10 mg/ml) 1.65 + 0.12
Pheroid 2 (5 mg/ml) 18.62 + 0.23
Pheroid 3 (1 mg/ml) 495 =+ 0.27
[ Extract [ Aspalathin [ Pheroid
30
251
Q [
§ 20 l
L =
< T
g 15 ¥
XS
2 101
o
5 T ==
e
0 =
10.0 mg/ml 5.0 mg/ml 1.0 mg/ml
(2.0 mg/ml aspalathin) (1.0 mg/ml aspalathin) (0.2migs palathin)
Concentration (mg/ml)

Figure 3.10: Comparison of the apparent permeability coeffici®a,y of: (i) GRE, (ii)

aspalathin solution, and (iii) Pheroids at thref@edent concentrations.

In a study conducted by Biganzat al. (1999), the By, of 13 antibiotics with variable
bioavailability in humans were obtained. On theibas$ Py, they grouped the compounds
into : (i) PyppVvalues < 0.2 x 18 cm/s (bioavailability < 1 %); (ii) RBpvalues between 0.2 and
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2.0 x 10° cm/s (bioavailability between 1 % and 90 %); (Hyp values > 2.0 x 18cm/s
(bioavailability > 90 %). Arturssoet al. (2001) also found that completely absorbed drugs
have a high permeability coefficient,gf> 1 x 10° cm/s), whereas incompletely absorbed
drugs had a low permeability coefficientaf°< 1 x 10’ cm/s) in the Caco-2 monolayer
model. In this study the,p), of aspalathin obtained were all greater than .2 Xa10° cm/s

at the various concentrations and formulationsetesuggesting that aspalathin may have a
bioavailability up to or greater than 90 % depegdam the concentration administered. This
correlates with the findings by Kuo (1998) and Tastaet al. (2004) in the investigation on
the transport of various flavonoids. To compare #meount of aspalathin available for
absorption in a cup of rooibos tea (i.e. 3 mg deedrin Chapter 1 section 1.6.3) to the
highest aspalathin concentration (2mg) appliech €aco-2 cell monolayers for transport
study, a greater than 90 % of aspalathin in a dupabos tea is bioavailable. In addition,
rooibos tea and green tea have a comparable anodufstvonoid contents and the latter
exhibits greater inhibition on lipid peroxidation vitro (described in the section 1.6.4 of
Chapter 1). However, Zhareg al (2004) conducted a transport study on the majeergtea
flavonoids i.e. epicatechin (EC), epigallocatecfifGC), epicatechin gallate (ECG), and
epigallocatechin gallate (EGCG), and found thg, Bf each of the flavonoids were 1.39 +
0.082 x 10 cm/s, 1.49 + 0.13 x 1bcm/s, 0.96 + 0.15 x I0cm/s, and 0.83 + 0.24 x 10
cm/s, respectively. Although green tea flavonoidhilgt good inhibitory effects on lipid
peroxidaiton, their B, would predict a bioavailability of less than 1 Thus, aspalathin may
exhibit a good bioavailability in humans and thiatan be absorbed to an appreciable amount

to exhibit biological activities.

3.7 Conclusion
Many flavonoid compounds have been investigated tf@ir in vitro transport across
intestinal epithelium using Caco-2 cell monolayénsthis study, a chemical interaction was

79



observed between aspalathin and DMEM (pH 7.4) amobst caused complete degradation
of aspalathin within hours. The DPBS may be anriadiitve to the DMEM for transport
studies of flavonoids. Aspalathin has an absorpgimofile that is concentration dependent
where almost 100 % transport of aspalathin was regbdein GRE at 10 mg/ml. Better
aspalathin absorption occurred in the GRE thanhen gure aspalathin solutions and the
incorporation of the Pheroid technology did notamte the transport of aspalathin. Thg, P
of aspalathin in the GRE and in the pure aspalatblation were all above 0.2 x40
cm/s, a value ten-fold greater than of that ofrttegor green tea catechins obtained by Zhang

et al (2004), predicting a greater than 90 % bioavditghn vivo.
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CHAPTER 4: CONCLUSION AND FUTURE PROSPECTIVE

4.1 Summary and conclusion

The in vitro percutaneous permeation aim vitro intestinal epithelial transport of

aspalathin was investigated. Human female abdonskial mounted onto vertical Franz

diffusion cells and Caco-2 cell monolayers isolatewi cultured from human colonic

adenocarcinoma cells were used. Extracts of gresferfnented) rooibos and pure

aspalathin solutions at various concentrations \patdo tested.

Less than 0.1 % of aspalathin in the applied do$segeen rooibos extract and pure
aspalathin solution permeated the skin.

80 % of the permeated aspalathin was distributélddrstratum corneum.

Aspalathin was only detected in one of the two oseiskin care products (cream).
Less than 1 mg (0.1 %) of aspalathin was extraitted 1 g of the cream. Permeation
study on these skin care products was thereforearsidered feasible.

Transport of aspalathin across Caco-2 cell monoayxhibited a concentration
dependent behaviour.

Almost 100 % transport was observed at the higt@stentration applied.

Better aspalathin transport was observed with theeaus green rooibos extracts than
with the pure aspalathin solution across the Cacel2nonolayers.

The apparent permeability coefficient,gfp obtained for aspalathin was above 0.2 x
10° cm/s which may predict a bioavailability of ové %in vivo.

The incorporation of the Pheroid technology did positively enhance the transport
of aspalathin across the Caco-2 cell monolayer.

A greater amount of aspalathin was transportedsactibe Caco-2 cell monolayers

than permeated into and through the skin.
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4.2 Future prospective

The benefits of rooibos tea and green rooibos, artiqular, have only recently been
recognised. Unlike the commonly occurring quercétiat has been extensively studied,
relatively few studies on aspalathin have been dbfwst of the studies have focused on
the biological and pharmacological activities obils. The present study is the first to
investigate the percutaneous permeation and transpaaspalathin across Caco-2 cell
monolayers. Green rooibos extracts contains varmtisxidants, which undergo chemical
and biological breakdown in the body. Further stadin percutaneous absorption of green
rooibos extracts may be carried out to measureotiaé phenolic content of green rooibos
after skin permeation, account for the degradatgioihe compounds, and evaluate the total
antioxidant capacity of the permeants. Various elehsystems carrying green rooibos

extracts may also be investigated to enhance therjption of rooibos tea.

Many studies on the intestinal absorption of agpalacan still be done to obtain a more
comprehensive absorption profile. In this studye tpical-to-basolateral transport of
aspalathin was investigated. The intestinal egaheélls possess cellular activities such as
enzymatic metabolism, carrier systems, and effllecimnisms that affect absorption of
drugs and molecules. By analysing basolateral-tcahfransport, metabolites, and cellular

accumulation, the knowledge on the transport o&latpin may become more complete.
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Prof J du Plessis 30 Augustus 2004

Bussie 36
Noordwes-Universiteit

(Potchefstroomkampus)

Geagte prof Du Plessis

GOEDKEURING VIR EKSPERIMENTERING MET DIERE

Hiermee wens ek u in kennis te stel dat u projekedeé “In vitro transdermale aflewering van geneesmiddtels
goedgekeur is met nommer 04D08. Let assebliefogadat pasiénte vooraf toestemmig moet gee enielatakfsel nie
vir ‘n ander doel aangewend mag word as dit waard@pasiént toestemming gegee het nie.

Gebruik asseblief die nommer genoem in paragraablle korrespondensie rakende bogenoemde prajét elaarop
dat daar van projekleiers verwag word om jaarlikdunie aan die Etiekkomitee verslag te doen mstikse aspekte
van hulle projekte asook van publikasies wat daandrtgespruit het. U sal in Mei 2005 die dokutasie hieroor
ontvang.

Goedkeuring van die Etiekkomitee is vir ‘n termyanwhoogstens 5 jaar geldig (volgens Senaatshealui# November
1992, art 9.13.2). Vir die voortsetting van praghka verstryking van hierdie tydperk moet opnwédkeuring verkry

word.

Die Etiekkomitee wens u alle voorspoed met u week t

Vriendelike groete
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Privaatsak X6001, Potchefstroom, Suid-Afrika, 2520
Tel: (018) 299-1111 « Faks: (018) 299-2799

Internet: http:/Mwww.nwu.ac.za

97



