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Invictus 

Out of the dark night that covers me, 

Black as the pit from pole to pole 

I thank whatever gods may be 

For my unconquerable soul. 

In the fell clutch of circumstance 

I have not winced nor cried aloud. 

Under the bludgeoning of chance 

My head is bloody, but unbowed. 

Beyond this place of wrath and tears 

Looms but the Horror of the shade, 

And yet the menace of the years 

Finds and shall find me unafraid. 

It matters not how strait the gate, 

How charged with punishments the scroll, 

I am the master of my fate: 

I am the captain of my soul. 

-William Ernest Henley- 
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ABSTRACT 

Patients on anti-retroviral (ARV) drug treatment are sometimes simultaneously taking other 

prescribed drugs and/or over-the-counter drugs and/or herbal remedies.  Pharmacokinetic 

drug-drug or herb-drug interactions can occur in these patients, which might be synergistic 

or antagonistic in nature leading to increased or decreased bioavailability of the ARV.  

Consequences of bioavailability changes may either be adverse effects due to increased 

plasma levels, or lack of pharmacological responses due to decreased plasma levels.  The 

aim of this study is to determine if pharmacokinetic interactions exist between selected 

commercially available herbal products, namely Linctagon Forte®, Viral Choice® and 

Canova® and the ARV, indinavir, in terms of transport and metabolism in cell culture models. 

Bi-directional transport of indinavir was evaluated across Caco-2 cell monolayers in four 

experimental groups, namely indinavir alone (200 µM, negative control group), indinavir in 

combination with Linctagon Forte®, indinavir in combination with Viral Choice® and indinavir 

in combination with Canova® at three different concentrations.  Verapamil (100 µM), a known 

P-gp inhibitor, was combined with indinavir in the positive control group.  Samples obtained 

from the transport studies were analysed by means of a validated high performance liquid 

chromatography (HPLC) method.  The apparent permeability coefficient (Papp) values were 

calculated from the transport results in both directions and the efflux ratio (ER) values were 

calculated from these Papp values.  The metabolism of indinavir was determined in LS180 

cells in the same groups as mentioned for the transport study but with ketoconazole (40 µM), 

a known CYP3A4 inhibitor, as the positive control group.  Indinavir and its predominant 

metabolite (M6) were analysed in the metabolism samples by means of liquid 

chromatography linked to mass spectroscopy (LC/MS/MS) to determine the effect of the 

herbal products on the biotransformation of indinavir. 

The BL-AP transport of indinavir increased in a concentration dependent way in the 

presence of Linctagon Forte® and Viral Choice® when compared to that of indinavir alone 

(control group).  Canova® only slightly affected the efflux of indinavir compared to that of the 

control group.  Noticeable increases in the efflux ratio values of indinavir were found for 

Linctagon Forte® and Viral Choice®, whilst the effect of Canova® on the efflux ratio value was 

negligible. 

There was a pronounced inhibition of the metabolism of indinavir in LS180 cells over the 

entire concentration range for all the herbal products investigated in this study.  These in 

vitro pharmacokinetic interactions indicate the selected herbal products may affect indinavir’s 
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bioavailability, but the clinical significance needs to be confirmed with in vivo studies before 

final conclusions can be made. 

Key words:  Herb-drug interactions, efflux, P-glycoprotein, CYP3A4, Caco-2, 

LS180, metabolism 
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UITTREKSEL 

Pasiënte wat anti-retrovirale (ARV) geneesmiddels neem, maak ook soms gelyktydig gebruik 

van ander voorgeskrewe geneesmiddels en/of oor-die-toonbank geneesmiddels en/of kruie 

geneesmiddels.  Farmakokinetiese geneesmiddel-geneesmiddel of kruie-geneesmiddel 

interaksies kan voorkom in hierdie pasiënte, wat hetsy sinergisties of antagonisties van aard 

kan wees en mag lei tot verhoogde of verlaagde biobeskikbaarheid van die ARV.  Die 

nagevolge van biobeskikbaarheidsveranderings mag moontlike ongunstiged newe-effekte 

wees weens verhoogde bloed plasmavlakke of ‘n afwesigheid van ‘n farmakologiese reaksie 

weens verlaagde bloed plasmavlakke.  Die doel van die studie was om te bepaal of daar 

enige farmakokinetiese interaksies bestaan tussen geselekteerde kommersiële beskikbare 

kruieprodukte, naamlik Linctagon Forte®, Viral Choice® en Canova® met die ARV, indinavir, 

in terme van transport en die metabolisme in selkultuurmodelle. 

Die twee-rigting transport van indinavir was ge-evalueer oor Caco-2 selmonolae in vier 

eksperimentele groepe naamlik indinavir alleen (200 µM, negatiewe kontrole groep), 

indinavir in kombinasie met Linctagon Forte®, indinavir in kombinasie met Viral Choice®  en 

indinavir in kombinasie met Canova® by drie verskillende konsentrasies.  Verapamil (100 

µM), ‘n bekende P-gp inhibeerder, was gekombineer met indinavir as die positiewe kontrole 

groep.  Monsters verkry vanaf die transport studies was geanaliseer deur middel van ‘n 

gevaludeerde hoedruk vloeistofchromatografiese (HDVC) metode.  Die 

deurlaatbaarheidskoeffisient (Papp) waardes was bereken vanaf die transport resultate vir 

beide rigtings en die effluksverhouding (EV) was bereken vanaf die (Papp) waardes.  Die 

metabolisme van indinavir was bepaal in die LS180 sellyn deur gebruik te maak van 

dieselfde groepe soos genoem vir die transport studie maar met ketoconazole (40 µM), ‘n 

bekende CYP3A4 inhibeerder, as die positiewe kontrole groep.  Indinavir en sy mees 

prominente metaboliet (M6) was geanaliseer in die metabolisme monsters deur middel van 

vloeistofchromatografie gekoppel aan ‘n massaspektrometer (VC/MS/MS) om te bepaal wat 

die effek van die kruieprodukte was op die biotransformasie van indinavir. 

Die basolaterale-na-apikale (BL-AP) transport van indinavir het in ‘n konsentrasie afhanklike 

wyse verhoog in die teenwoordigheid van Linctagon Forte® en Viral Choice® in vergelyking 

met die van indinavir alleen (kontrole groep).  Canova® het slegs ‘n effense effek op die 

effuks van indinavir gehad in vergelyking met die kontrole groep.  Daar is ‘n kenmerklike 

toename in die effluksverhoudings van indinavir vir Linctagon Forte® and Viral Choice®, 

terwyl die effek van Canova® op die effluksverhouding amper weglaatbaar was.  Daar was 

defnitiewe inhibisie in die metabolisme van indinavir in die LS180 selle oor die hele 
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konsentrasie reeks vir al die kruieprodukte geondersoek gedurende die studie.  Hierdie in 

vitro farmakokinetiese interaksies dui op ‘n moontlikheid dat die geselekteerde kruieprodukte 

indinavir se biobeskikbaarheid mag affekteer, maar die kliniese betekenisvolheid hiervan 

behoort bevestig te word deur in vivo studies voor enige finale gevolgtrekkings gemaak kan 

word. 

Sleutel woorde:  Kruie-geneesmiddel interaksies, efflux, P-glikoproteien, CYP3A4, 

Caco-2, LS180, metabolisme 
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CHAPTER 1 
INTRODUCTION 

1.1 Background 

The use of natural plant products dates back centuries to the Assyrians, Egyptians and 

Mesopotamians, 2600 BC (Ji et al., 2009:194; Silverman, 2004:1).  In South Africa, the 

consultation of traditional healers and use of traditional herbal remedies still remains popular 

(Cordier & Steenkamp, 2011:53; Fenell et al., 2004: 205; Taylor et al., 2001:25)  Ras and 

colleagues (1983:140-142) reported the first two known cases of human immunodeficiency 

virus (HIV) infections, associated with acquired immunodeficiency syndrome (AIDS), in 

South Africa and by 2013 a staggering 5.24 million people were HIV infected, with 55% of 

these patients receiving anti-retroviral (ARV) treatment (Mc Neil, 2012; Statistics SA, 2013).  

Patients infected with HIV and receiving ARV treatment are, sometimes, simultaneously 

taking other prescribed drugs as well as traditional and herbal medicines without informing 

their health care provider (Cohen et al., 2002:42,45). 

Any herbal product or natural plant product is usually composed of, not only one, but a 

complex mixture of various phytochemicals, each exerting potential pharmacological effects 

to a certain extent.  Unfortunately, the phytochemicals in natural products may exhibit 

interactions with drugs such as ARVs when taken simultaneously by the same patient (Pal & 

Mitra., 2006:2132) and concurrent intake could result in pharmacokinetic and/or 

pharmacodynamic interactions (Tarirai et al., 2010:1517).  Pharmacokinetic interactions 

occur by means of induction and/or inhibition of intestinal efflux proteins such as p-

glycoprotein (P-gp) or multiple resistance proteins (MRPs), as well as modulation of 

intestinal and hepatic metabolising enzymes, specifically the cytochrome P450 super family 

(Pal & Mitra., 2006:2132). 

P-gp, an ATP-binding cassette (ABC) protein, is a drug transporter located in the plasma 

membrane of cells and is actively involved in the efflux of drug and drug conjugates from 

cells.  This protein is highly expressed on the apical membranes of epithelial cells in the 

colon, small intestine, pancreatic and hepatic bile ductiles, as well as the kidney proximal 

tubule (Sharom, 2008:106,108).  The physiological role of efflux pumps in cells is to offer 

protection against potential toxicity of various endogenous and exogenous compounds.   

P-gp mediates the efflux transport of various structural dissimilar compounds including, but 

not limited to, HIV-protease inhibitors, antihistamines, immunosuppressive agents, 

analgesics and H2-receptor antagonists.  When P-gp extrudes drug molecules from the 
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epithelium back into the intestinal lumen, it may lead to reduced absorption and 

consequently poor oral bioavailability (Sharom, 2008:106). 

The enzyme detoxification system is mostly located in the liver and secondarily in the 

intestinal mucosal wall and is responsible for ridding the body of harmful lipophilic 

compounds.  It consists of a two phased system working in conjunction with one another to 

produce a more water soluble compound (Liska, 1998:188).  Cytochrome P450 (CYP) 

enzymes facilitate the first degradation onslaught to xenobiotic compounds in phase I 

reactions by means of oxidation, reduction and hydrolysis reactions (Liska, 1998:189).  The 

CYP enzyme system accounts for 30% of the hepatic metabolism activity as well as more 

than 70% of the intestinal metabolism activity.  The most abundant isoform of the CYP family 

is CYP3A4, which is responsible for metabolising up to 70% of all administered drugs 

(Hellum & Nilsen 2008:466; Pal & Mitra., 2006:2136).  CYP phase I enzymes are 

responsible for the production of hydroxyl radicals, or any other reactive group, with the aid 

of oxygen and the cofactor, NADH.  The process involves production of reactive oxygen 

intermediates capable of secondary tissue damage if not otherwise properly metabolised by 

phase II of the enzyme detoxification system (Liska, 1998:189).  Phase II metabolism is 

primarily known as the conjugation phase.  The reactive oxygen intermediate compound 

produced during phase I is biotransformed to one which is more water soluble by means of 

sulfation, glucuronidation, glutathionine conjugation, acetylation or amino acid conjugation; 

the product is more water soluble allowing excretion via urine or bile (Liska, 1998:190).  

Patients with HIV/AIDS on ARV treatment often use supplements and herbal products in 

addition to their allopathic medicines.  Therefore, commercially available herbal products, 

often used by patients as immune system boosters, were selected for this project.  Herbal 

remedies such as Canova®, Linctagon Forte® and Viral Choice® are composed of extracts 

from various herbs which may exert possible interactions with the metabolism and transport 

of the ARV drug, indinavir.  

Canova® is a homeopathic product composed of various extracts from Aconitum napellus 

(Ranunculaceae), Arsenicum album (arsenic trioxide), Bryonia alba (Curcubitaceae), Apis 

mellifica (Apidae), Lycopodium clavatum (Lycopodiaceae), Pulsatilla nigricans 

(Ranunculaceae), Asa foetida, Rhus toxicodendrum, Barita carbônica, Ricinus communis 

(Euphorbiaceae), Silicea, Calcarea carbônica, Conium maculatum (Apiaceae), Veratrum 

album (Liliaceae), Carapichea ipecacuanha (Rubiacea), Lachesis muta (Viperidae) and 

Thuya occidentalis (Cupresaceae).  Canova® is known as an immune response modifier 

directed at macrophages which result in a decrease in their production together with the 
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release of cytokine TNFα in cancer and AIDS patients (De Oliveira et al., 2008:3; Takahachi 

et al., 2007:350). 

Linctagon Forte® is a natural product used to prevent and treat colds, flu and respiratory tract 

infections.  It contains extracts of Pelargonium sidoides as well as the natural occurring 

compounds quercetin and bromelain.  Viral Choice®, also a natural product, contains a 

variety of minerals, vitamins, amino acids, trace elements, phytosterols as well as Echinacea 

purpurea and Allium sativum extracts. 

1.2 Research problem 

The incidence of pharmacokinetic herb-drug interactions is a realistic outcome in patients 

simultaneously taking natural herbal products and ARVs.  These pharmacokinetic 

interactions might be synergistic or antagonistic in nature, leading to increased or decreased 

bioavailability of the ARV.  Consequences of bioavailability changes may either be adverse 

effects due to increased plasma levels, or lack of pharmacological responses due to 

decreased plasma levels.  The research problem to be investigated in this project is to 

determine if pharmacokinetic interactions exist between selected commercially available 

herbal products and indinavir in terms of transport and metabolism in intestinal epithelial cell 

cultures. 

1.3 Aim and objectives 

The aim of this research project is to investigate the effect of selected herbal medicinal 

products, namely Linctagon Forte®, Viral Choice® and Canova® on the in vitro transport and 

metabolism of indinavir in intestinal epithelial cells. 

To achieve this aim, the following objectives were set: 

• To modify and validate a high performance liquid chromatographic (HPLC) analysis 

method for indinavir for the in vitro transport study. 

• To modify and validate an analysis method by means of a liquid chromatography 

linked to a mass spectrometer (LC/MS/MS) for indinavir in the presence of its 

predominant metabolite (i.e. M6) for the in vitro metabolism study. 

• To grow and seed out Caco-2 and LS180 cells as in vitro models for the transport 

and metabolism studies, respectively. 

• To evaluate the effects of the selected herbal products at an extreme range of 

concentrations on the bi-directional transport of indinavir across Caco-2 cell 

monolayers. 
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• To evaluate the effects of the selected herbal products in different concentrations on 

the in vitro metabolism of indinavir in the LS180 cell line. 

1.4 Structure of dissertation 

This dissertation begins with an introductory chapter (Chapter 1), which provides a 

motivation and justification for the research project as well as an outline of the aim and 

objectives.  This is followed by a literature overview in Chapter 2 focusing on mechanisms of 

pharmacokinetic interactions, such as P-glycoprotein related efflux modulation, as well as 

changes in metabolism of drugs by co-administered compounds.  The scientific methods 

used during the different in vitro studies are described in Chapter 3 and the results obtained 

from these experiments are presented and discussed in Chapter 4.  Finally, Chapter 5 draws 

final conclusions from the results displayed in the dissertation and offers recommendations 

for future studies. 
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CHAPTER 2 
LITERATURE REVIEW ON HERB-DRUG PHARMACOKINETIC 

INTERACTIONS 

2.1 INTRODUCTION 

The use of herbal medicines has a long history and dates back as far as the Assyrians in 

1900 to 400 BC.  Historically, the Egyptian, Chinese, African, Indian as well as Native 

American cultures have employed herbal remedies for treatment of ailments (Ji et al., 

2009:194; Ehrlich, 2013; Silverman, 2004:1).  Advances made in chemical and 

pharmaceutical sciences over the last few decades made the extraction and modification of 

active ingredients found in plants possible, which resulted in a decline in the use of herbal 

medicines in some instances (Ji et al., 2009:194; Ehrlich, 2013).  However, some traditional 

herbal medicines maintained popularity, whilst the use of herbal medicines in general has 

recently started to grow dramatically in the Western world (Liu et al., 2011:835). 

It is estimated that between 60 and 90% of Africa’s population still make use of traditional 

healers and medicine to meet their health care needs (Fenell et al., 2004:205; Taylor et al., 

2001:25).  Africa is the continent most severely affected by the human immunodeficiency 

virus (HIV) and acquired immune deficiency syndrome (AIDS), hosting 22.4 million people 

living with HIV/AIDS.  As many as 5.28 million people were infected with HIV in South-Africa 

alone in 2013 and 55% of these patients are receiving anti-retroviral (ARV) treatment, of 

which 84% are also making use of traditional medicines (Mc Neil, 2012, Statistics SA, 2013, 

Unge et al., 2011:851).  In South Africa, approximately 60% of the population consult 

traditional healers, of whom there are an estimated 200 000 (Taylor et al., 2001:25).  

Traditional healers are predominantly located and consulted in rural areas where there is a 

general lack of health care providers and/or a higher preference for traditional healers.  An 

astonishing 80% of the population in KwaZulu Natal Province, South Africa, indicated they 

would rather consult a traditional healer than a registered health care practitioner (Taylor et 

al., 2001:25). 

Various reasons exist for the use and popularity of traditional medicines.  As mentioned 

before, the general public has greater access to traditional medicines in certain developing 

countries, which offer affordability and these treatment practices often correspond to the 

patient’s ideology, religious and even cultural beliefs (Fenell et al., 2004: 205; Taylor et al., 

2001:25; Wachtel-Galor & Benzie, 2011).  It is also generally believed by many patients that 

due to the natural origin of herbal medicines, they are safer with less adverse effects than 
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allopathic medicines (Wachtel-Galor & Benzie, 2011).  There are currently no regulations to 

control the prescription and usage of traditional medicines in South Africa, which may 

increase mis-administration.  Scientific knowledge regarding the genotoxicity during 

prolonged use of most herbal medicines is limited (Fenell et al., 2001:205).  The use of 

commercially available complementary and alternative medicines (CAM) is also on the rise 

in the higher income groups, for reasons which include ease of access, the belief it is non-

toxic and effective alleviation of symptoms associated with some diseases (Littlewood & 

Vanable, 2008:1004). 

However CAM, as well as traditional herbal remedies, may cause interferences with the 

effectiveness of anti-retroviral (ARV) drugs (Cordier & Steenkamp, 2011:53; Littlewood & 

Vanable, 2008:1004), due to the fact herbal medicines are generally composed of a complex 

mixture of a variety of phytoconstituents.  These phytoconstituents each potentially 

possesses the ability to cause pharmacodynamic and/or pharmacokinetic interactions when 

administered with other prescribed drugs (Liu et al., 2011: 835; Pal & Mitra., 2006:2132; 

Tarirai et al., 2010:1517).  Pharmacokinetic interactions involve interferences with a drug’s 

absorption and disposition in the body and can often be associated with modulation of the 

active transporter, P-glycoprotein, and the cytochrome P450 enzyme family, or both (Darby 

et al., 2011:722). 

2.2 PHARMACOKINETIC INTERACTIONS INVOLVING P-GLYCOPROTEIN 
AND CYTOCHROME P450 

Although various routes of administration are available, the oral route still remains the most 

preferred route of drug administration (Gavhane & Yadav, 2012:1).  For a drug to be 

therapeutically effective, it is required to be pharmacologically active and have sufficient 

intestinal permeability to reach the target tissue or organ intact at the required concentration 

(Shargel et al., 2006:453,459).  After oral administration, the drug molecules undergo 

absorption, distribution, metabolism and excretion as illustrated in Figure 2.1. 
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Figure 2.1: Pharmacokinetics showing absorption, distribution, metabolism and 

elimination of administered drugs (Hamman, 2007:64) 

The stomach and small intestine serves as the major site for drug absorption. The extent of 

drug absorption is influenced by various physiological as well as biochemical mechanisms 

(Daugherty & Mrsny, 1999:144).  These biochemical and physiological mechanisms include 

enzymatic activity and efflux pathways found in the brush border of the intestinal lumen 

epithelial cells, influencing the subsequent distribution and bioavailability of the administered 

drug (Daugherty & Mrsny, 1999:144; Engman, 2003:7; Hamman, 2007:64).  Following 

absorption the administered drug is distributed by means of the hepatic portal system, 

subjecting it to the liver and the liver enzyme detoxification system, which is a two phased 

system responsible for the metabolism of various orally administered drugs (Hamman, 

2007:64, Liska 1998:189).  The remaining drug now enters the systemic circulation where it 

is transported to the target site resulting in a pharmacological response (Hamman, 2007:64). 
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2.3 EFFLUX OF DRUGS 

Efflux refers to the counter-transport of drugs by efflux proteins, which are active 

transporters responsible for the expulsion of drugs back into the lumen of the gastrointestinal 

tract after uptake into the epithelial cells (Chan et al., 2004:26).  This efflux mechanism is 

crucial to the health of the organism as it limits both absorption and accumulation of harmful 

exogenous substances.  Conversely, it is also known for its detrimental effects on the 

treatment of tumour cells by lowering cellular concentrations of anti-cancer drugs and 

actively contributing to multi drug resistance (Chan et al., 2004:25).  One of the most 

important and prevalent efflux transporters is P-glycoprotein (P-gp) (Yang, 2013:2). 

2.3.1 P-Glycoprotein (P-gp) 

Juliano and Ling were responsible for the elucidation of P-gp when they noticed the 

appearance of a membrane protein in drug-resistant ovary cells of Chinese hamsters (Chan 

et al., 2004:25; Lin & Yamazaki., 2003:60).  P-gp forms part of the ATP-binding cassette 

(ABC) superfamily of transporter proteins and was one of the first active counter-transporters 

to be described (Ambudkar et al., 2003:7469; Russel, 2010:28).  Various ABC transporters 

have since been identified which are subdivided into seven classes based on gene 

sequence similarities (Ambudkar et al., 2003:7469).  These ABC transporters are found in a 

multitude of organs where they attribute to the active transport of a wide-ranging set of 

substrates (Russel, 2010:28).  The P-gp protein, encoded by the multiple drug resistance 

(MDR1/ABCB1) gene, is present on the apical side of the brush border membrane of 

intestinal enterocytes present in the gastrointestinal (GI) tract, where its expression in the 

jejunum is the highest followed by ileum and then the colon (Giacomini & Sugiyama., 

2006:66,67; Russel, 2010:32,38; Yang, 2013:2).  P-gp is also widely expressed in the 

canicular membrane of hepatocytes in the liver, proximal tubule of the kidneys, blood brain 

barrier, blood-testis barrier, blood-ovarian barrier and the placenta (Giacomini & Sugiyama, 

2006:66,67; Marchetti et al., 2007:928; Russel, 2010:32,38; Yang, 2013:2). 

2.3.1.1   Structure of P-Glycoprotein 

Functional ABC proteins are composed of at least four core domains; two membrane-bound 

domains forming the permeation pathway for substrate transport and two nucleotide binding 

domains (NBDs) responsible for the hydrolysation of adenosine triphosphate (ATP) 

(Sharom, 2008:105).  The P-gp transmembrane protein comprises a single polypeptide of 

170- 190 kDa in length, which consists of two homologous and two symmetrical cassettes as 

illustrated in Figure 2.2.  These cassettes contain six transmembrane domains with an  

α-helix structure each separated by six extracellular hydrophobic loops of which one is 
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glycosylated and two NBDs are found on the membrane’s cytoplasmic face (Lin & 

Yamazaki., 2003:61; Rosenberg et al., 1997:10685,10693; Sharom 2008:106).  The two 

cassettes are separated by an intracellular flexible linker polypeptide loop with an ATP-

binding motif.  They interact cooperatively and function as a single unit.  The flexible linker 

region assures the proper interaction of the cassettes due to its role in ATPase and transport 

activities (Lin & Yamazaki, 2003:61). 

 

 

 

 

 

 

 

 

Figure 2.2: P-gp (MDR1) transmembrane arrangement were the N denotes the nitrogen-

terminus of the amino acid chain and the C denotes the carboxylic terminus of the amino 

acid chain, NDB denotes nucleotide binding domain (Adapted from Chan et al., 2004:28) 

Three dimensionally, P-gp occupies a surface area of approximately 60 nm2.  On the 

extracellular side of the lipid bilayer, P-gp appears cylindrical with a 10 nm diameter and a 

maximum height of 8 nm of which 4 nm is imbedded into the lipid bilayer.  The 

12 transmembrane domains form an aqueous annulated structure of approximately 5 nm in 

diameter, open on the extracellular space and closed to the intracellular space, thus creating 

an aqueous chamber within the membrane.  Embedded in the lipid bilayer, an opening to P-

gp can be found which corresponds with the “flippase” model of drug substrate translocation 

(Rosenberg et al., 1997:10693).  A schematic illustration of the three dimensional structure 

of P-gp is given in Figure 2.3 below. 

NBD 
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Extracellular space 

Intracellular space 

N C 
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Figure 2.3: Schematic illustration of the three dimensional structure of P-gp (Marzolini et 

al., 2004:17) 

2.3.1.2   P-gp mechanism for the transport model 

Various mechanistic models have been proposed to elucidate drug transport mechanisms of 

P-gp, which are illustrated in Figure 2.4. 

 

 

 

 

 

 

 

 
 

Figure 2.4: Schematic illustration of the classical pump, vacuum cleaner and ‘flippase’ 

models as potential mechanisms of action of P-gp (adapted from Sharom, 2008:115) 
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The initial model viewed P-gp as an ion channel protein, which acts as an aqueous 

transmembrane pore that transports polar substances from the intracellular space to the 

extracellular space.  The second model, known as the vacuum cleaner, views P-gp as an 

extruder, which moves drug molecules that are partitioned into the cell membrane directly 

back into the extracellular space before these molecules reach the cytoplasm (Lin & 

Yamazaki, 2003:62; Sharom, 2008:115).  The third model views P-gp as a ‘flippase’, where 

an interaction occurs between lipophilic drug molecules and the lipid bilayer membrane 

rather than direct interaction with the P-gp transporter.  Upon interspersion of the lipid 

soluble drugs into the inner leaflet of the bilayer, the drug is flipped by the P-gp transporter 

into the outer leaflet of the bilayer (Higgens & Gottesman, 1992:18-20; Lin & Yamazaki, 

2003:62; Sharom, 2008:114). 

2.3.1.3   Substrate specificity and drug binding sites of P-gp 

P-gp is known for the active transport of various structural dissimilar compounds, thus 

showing a broad range of substrate specificity.  P-gp substrates range from small molecules 

to large peptides (i.e. approximately  200 - 4  000 Da in size) with a preference to 

hydrophobic, cationic or amphiphatic molecules with a planar ring system (Estudante et al., 

2013:1342; Russel, 2010:38; Yang, 2013:2).  P-gp is also known for its capability to 

transport neutral and hydrophilic compounds as well as negatively charged carboxylic 

groups (Estudante et al., 2013:1343).  Table 2.1 offers an indication of the various drugs that 

are substrates of P-gp. 

Table 2.1: Examples of drugs from different classes that are substrates of P-gp (Adapted 

from, Amin, 2013:29; Fong et al., 2011:9; Hayeshi et al., 2006:74,75; Lee et 

al., 1998:3598; Levin, 2012:40; Mechetner & Roninson, 1992:5827; 

Meijerman et al., 2006:745; Sharom, 2008:107; Srivalli & Lakshmi, 2012:355; 

Wessler, 2013; Zha et al., 2013:e54349) 

Anticancer drugs Vinblastine  • Substrate 

 Doxorubicin  • Substrate 

 Paclitaxel  • Substrate  

 Epitoposide  • Substrate 

 Ttopotecan • Substrate 
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 Bisantrene  • Substrate 

HIV protease inhibitors Indinavir  • Substrate  
• Inhibitor 

 Ritonavir • Substrate 
• Inhibitor 

 Saquinavir • Substrate 

 Nelfinavir • Substrate 

Analgesics Morphine • Substrate 

Antihistamines Terfenadine • Substrate 

 Fexofenadine • Substrate 

H2-receptor antagonists Cimetidine • Substrate 

Immunosuppressive agents Cyclosporine A • Substrate 
• Inhibitor 

 Tacrolimus (FK506) • Substrate 

Antiarrhythmics Quinidine • Substrate 
• Inhibitor 
• Inducer 

 Amiodarone • Substrate 
• Inhibitor 

 Propafenone • Substrate 
• Inhibitor 

Antiepileptics Felbamate • Substrate 

 Topiramate • Substrate  

Fluorescent compounds Calcein-AM • Substrate 

 Hoechst 33342 • Substrate 

 Rhodamine 123 • Substrate  

HMG-CoA reductase inhibitors Lovastatin • Substrate 
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 Atorvastatin • Substrate 
• Inhibitor  

Antiemetics Ondansetron • Substrate 

Tyrosine kinase inhibitors Imatinib mesylate • Substrate 

 Gefitinib • Substrate 

Cardiac glycosides Digoxin • Substrate 

Antihelminthics Ivermectin • Substrate 

Calcium-channel blockers Verapamil  • Substrate  
• Inhibitor 

 Nifedipine • Substrate 

Calmodulin antagonists Trifluoperaqzine • Substrate 

 Chlorpromazine  • Substrate  
• Inhibitor 

  Trans-flupentixol • Substrate 

Antihypertensives Reserpine • Substrate 
• Inhibitor 

 Propanolol • Substrate 
• Inhibitor 

Antibiotics Erythromycin • Substrate 

 Ketoconazole • Substrate 

Steroids Corticosterone • Substrate 

 Progesterone • Substrate 
• Inhibitor 

 Cortisol • Substrate 

Pesticides Methylparathion • Substrate 

 Endosulfan • Substrate 
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Natural Products Curcuminoids • Substrate 
• Inhibitor 

 Colchicine • Substrate 

Antialcoholism drug Disulfiram • Substrate 

Psychotrophics Amitriptyline • Substrate 
• Inhibitor 

 Carbamazepine • Substrate 
• Inhibitor 

 Sertraline • Substrate 
• Inhibitor 

 

The drug-binding pocket of P-gp, located in the membrane leaflet on the cytoplasmic side, 

comprises the trans-membrane (TM) regions.  These funnel shaped drug binding pockets 

are 6000 Å wide, which are narrower on the cytoplasmic side with the potential to 

accommodate two drug molecules simultaneously (Gottesman et al., 2009:546, Sharom, 

2008:110).  Drug substrates enter the drug binding sites by means of “gates” formed by the 

cytoplasmic ends of different TM helices, which are in close proximity to each other 

(Gottesman et al., 2009:546; Sharom, 2008:110).  The ability of P-gp to transport various 

dissimilar chemical compounds is attributed to the flexibility of these binding sites.  Drug 

molecules interact with different subsets of the residues in the binding pockets in an 

induced-fit fashion.  Various drug binding sites forming mini-pockets exist, which sterically or 

allosterically interact with each other in a very complex way, leading to either the stimulation 

or inhibition of transport of a second drug molecule.  It is presumed the P-gp transporter is 

poly-specific rather than non-specific (Aller et al., 2009:1720; Sharom, 2008:110-113).  The 

number of hydrogen bonds possible between the drug molecule and the binding site of P-gp 

as well as the binding strength determines the affinity of the drug for  

P-gp.  The TM region of P-gp is rich in amino acid side chains, especially tryptophan, which 

play an important role during binding of substrates containing aromatic rings (Sharom, 

2008:113).  It is proposed that the surface area, together with the amphiphilic characteristics 

of chemical compounds, may play a role in P-gp activity (Lin & Yamazaki, 2003:64).  It is 

furthermore important to note that the lack of structure-activity relationship between P-gp 

and its substrates may be attributed to the structural complexity of this efflux transporter 

protein (Lin & Yamazaki, 2003:64). 
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2.3.1.4   ATP dependence of P-gp related transport 

For a drug to be transported by P-gp, binding of ATP to specific binding sites on the P-gp 

protein, as well as the subsequent hydrolysis thereof, are crucial for active transport to take 

place (Lin & Yamazaki, 2003:62, 63).  The two ATP-binding domains of P-gp, also known as 

the nucleotide binding domains (NBDs), can be found on the intracellular side of the cell 

membrane.  These ATP binding domains consist of three regions known as the Walker A 

and B motif; characteristic of proteins that bind ATP or GTP; and the Signature C-motif 

which is exclusive to the ABC superfamily (Lin & Yamazaki, 2003:62, 63; Sharom, 

2006:981). 

The transport of substrates by P-gp is a process involving two unified cycles.  The first cycle 

involves the hydrolysis of ATP, which is the catalytic reaction that drives the transport 

process.  During the second cycle or substrate transport cycle, the drug substrate is actively 

displaced from the cytoplasmic side of the membrane into the extracellular space.  However, 

the details regarding these two interconnected cycles as well as the coupling mechanism 

remains unresolved (Sharom, 2008:113). 

During the catalytic cycle, the drug substrate as well as ATP bind with low affinity to the NBD 

of P-gp, a step that does not require energetic input.  The rate-limiting step is the hydrolysis 

of ATP to adenosine diphosphate (ADP) and phosphate (Pi).  This is a very important step in 

the transport process as it is a prerequisite for reducing the affinity of substrate binding, but 

not nucleotide binding due to the conformational changes occurring during the release of 

ADP.  The NBD reloads with ATP and a second ATP hydrolysis event is initiated.  Substrate 

binding is not possible during this stage.  With the release of ADP and Pi, the catalytic cycle 

is complete and P-gp returns to its original state with the possibility to initiate the next cycle 

(Ambudkar et al., 2003:7480-7481; Sharom, 2008:113). 

The drug substrate is therefore transported by entering the binding pocket of P-gp on the 

cytoplasmic side of the membrane, after which it is moved either by the vacuum cleaner 

model or flippase model.  Conformational changes now occur, driven by binding and 

hydrolysis of ATP as described in the catalytic cycle.  Following the protein conformational 

changes, the drug substrate is then released in either the opposing membrane leaflet or the 

extracellular space (Lin & Yamazaki, 2003:62; Sharom, 2008:114). 

2.3.1.5   Induction and Inhibition of P-gp 

P-gp is susceptible to inhibition, activation as well as induction, which may alter the 

pharmacokinetics of co-administered drug substrates by elevation or reduction of 
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intracellular drug concentrations (Izzo, 2004:3; Marchetti et al., 2007:930).  Various inhibitors 

and inducers of P-gp have been identified as indicated in Table 2.1. 

Inhibition of P-gp may either be competitive or non-competitive.  Competitive inhibition 

occurs when two drug substrates compete for the same drug-binding site on P-gp.  Non-

competitive inhibition, conversely, occurs when one of the drug substrates inhibits the ATP 

hydrolysis cycle and thereby changes the conformation of the binding site by means of an 

allosteric mechanism (Marchetti et al., 2007:930).  Inhibition, especially competitive 

inhibition, occurs within a short time frame (Pal & Mitra, 2006:2136).  One of the best known 

inhibitors of P-gp efflux is grapefruit juice. Co-administration of grapefruit juice with 

cyclosporine, an immunosuppressant agent that prevents organ rejection during organ 

transplants, results in a dramatic increase in the bioavailability of cyclosporine (Colombo et 

al., 2014:2). 

Induction of P-gp results from up-regulation of the ABCB1/MDR1 gene by means of the 

pregnane X receptor (PXR) and constitutive androstane receptor (CAR) acting as sensors 

for drug substrates.  The cellular uptake of drug substrates results in the activation of CAR.  

Activation causes both CAR and PXR to dimerise with the retinoid-X-receptor (RXR), 

forming a heterodimer that binds to the response elements located on the ABCB1/MDR1 

gene.  This prompts the transcription of the specific gene causing an increase in messenger 

ribonucleic acid (mRNA) for protein formation (Pal & Mitra., 2006:2140).  Induction is time 

dependent, which results in a reduction of the intact drug reaching the systemic circulation, 

leading to an active decrease in oral bioavailability and efficacy of co-administered drugs 

(Pal & Mitra, 2006:2136).  An example is the co-administration of St John’s Wort, a known 

inducer of P-gp, with cyclosporine, a known P-gp substrate, resulting in a decrease in 

cyclosporine plasma concentrations (Colombo et al., 2014: 2).  

2.3.1.6   Physiological function of P-gp and genetic polymorphism 

Physiologically, P-gp plays a detoxifying role in the body and offers protection against the 

onslaught of toxic xenobiotics as well as their metabolites.  The body is protected through 

the effective extrusion of toxic xenobiotics and accompanying metabolites back into the 

intestinal lumen as well as other excretory organs, preventing accumulation in vital organs 

such as the brain and offering protection to the developing foetus (Marchetti et al., 

2007:928).  P-gp affects the rate at which drug substrates are absorbed, distributed and 

eliminated.  Efflux of drugs by P-gp is therefore an important factor to consider during drug 

design (Sharom, 2008:117).  The role of P-gp in the development of drug resistance during 
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cancer treatment is also widely known and an important factor to take into consideration for 

optimised treatment (Ambudkar et al., 2003:7469; Lin & Yamazaki, 2003:60). 

Inter-individual genetic variability attributes to the problem of variable pharmacokinetics 

during pharmacotherapy.  Various genetic polymorphisms of P-gp have been reported in 

both humans and animals.  Genetic polymorphism in the ABC drug efflux pump family 

contributes to the impact of efflux on drug bioavailability (Chan et al., 2004:42; Sharom, 

2008:117).  A point mutation affecting a percentage of the population is considered a single 

nucleotide polymorphism (SNP), which may either be synonymous, silent or non-

synonymous, resulting in a change to the coding sequence.  SNPs may lead to variances in 

protein expression and transport functionality affecting the absorption, distribution and 

elimination of drugs, as well as plasma concentrations (Sharom, 2008:117).  

Cancer cells in humans presented signs of genetic polymorphism for P-gp during in vitro 

studies until the first reports from Hoffmeyer et al. (2000:3477) gave insight into in vivo 

polymorphisms by identifying several different MDR1 SNPs (Lin & Yamazaki, 2003:65; 

Hoffmeyer et al., 2000:3477).  It is estimated that 105 variants in the ABCB1 gene exists, 

varying in occurrence amongst different ethnic groups.  However, many of these variants 

involve introns or non-coding regions and do not have an effect on the amino acid sequence 

of P-gp (Marchetti et al., 2007:928).  

Three of the most frequent SNPs of P-gp are C1236T in exon 12, G2677T/A in exon 21 and 

C3435T in exon 26 (Estudante et al., 2013:1344).  One of the most common SNPs, namely 

C3435T, is located at exon 26 and was 24% TT homozygous, which resulted in two-fold 

reduction of P-gp in subjects which were TT homozygous in contrast to the CC homozygotes 

(Chan et al., 2004:42; Drescher et al., 2002:527).  C3435T, when expressed, is associated 

with alteration of the tertiary structure of P-gp, affecting its interaction with drugs and 

modulators (Sharom, 2008: 118).  This SNP is associated with a high frequency in 

European/American subjects and was also found to be in association with two other SNPs, 

namely G2677T in exon 21 and C1236T in exon 12 (Chan et al., 2004;42).  The G2677T/A/C 

SNP is non-synonymous resulting in amino acid modification A893S, A893P and A983T 

altering substrate specificity as well as ATPase kinetic properties of P-gp (Sharom, 

2008:118).  

The frequency of the C3435T polymorphism at exon 26 was studied to identify both ethnic 

and inter-ethnic differences associated with MDR1.  During this study, 1280 subjects were 

picked from 10 ethnic groups for evaluation.  African populations comprised Ghanaians, 

Kenyans, African-Americans and Sudanese who had frequencies ranging from 73% to 84%, 

whereas the Caucasian/Asian populations comprised of British Caucasians, Portuguese, 
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southwest Asians, Chinese, Filipinos and Saudis presented with lower frequencies between 

34% and 55%.  This would suggest a possible increase in the expression of P-gp in African 

populations, correlating with their subjection to various environmental influences and 

corresponding large population size (Cordier & Steenkamp, 2011:54; Lin & Yamazaki, 

2003:66). 

2.4 METABOLISM 

The principal site of metabolism for many drugs is the liver, however, other secondary 

organs and tissues may also be involved including the skin, lungs, mucosal cells of the 

gastrointestinal tract and also the microbiological flora of both the ileum and large intestine 

(Shargel et al., 2005:303).  Various chemical reactions in the liver are responsible for the 

metabolism or biotransformation of drugs, which include oxidation, reduction, hydrolysis and 

conjugation.  Phase I reactions also known as asynthetic reactions involve oxidation, 

reduction and hydrolysis, which are responsible for biotransformation of most non-polar 

drugs into reactive oxygen intermediates.  These reactive oxygen intermediates are further 

biotransformed by phase II conjugation reactions, also known as synthetic reactions, which 

result in a more polar compound with increased water solubility allowing rapid excretion 

through the bile and urine (Liska, 1998:190; Shargel et al., 2005:320). 

2.4.1 Cytochrome P450 (CYP) isoenzyme family 

The mixed-function oxidases (MFOs) enzyme system is responsible for oxidation and 

reduction reactions of various chemically diverse endogenous and exogenous substances 

during drug biotransformation (Sheweita, 2000:107).  These structural enzymes, found in the 

endoplasmic reticulum of hepatic parenchyma cells, comprise an electron-transport system 

dependent on molecular oxygen, reduced nicotinamide adenine dinucleotide phosphate 

(NADPH), cytochrome P450 (CYP), NADPH-cytochrome P450 reductase and also 

phospholipids.  The phospholipids play an important role in the binding of the drug molecules 

to the CYP and are involved in the coupling of the NADPH-cytochrome P450 reductase to 

CYP (Shargel et al., 2005:319). 

Central to the MFO enzymes is the cytochrome P450 isoenzyme family (Sheweita, 

2000:107).  CYP enzymes are closely related isoenzymes, differing only in their amino acid 

sequence and drug specificity.  CYP forms part of a haeme containing class of oxygenases 

with an iron protoporphyrin IX prosthetic group.  This class of oxygenases is not only 

responsible for the metabolism of drugs and xenobiotics by means of oxidation and 

reduction, but also for the synthesis of steroid hormones, fat soluble vitamin (A, D, E & K) 
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metabolism and the conversion of polyunsaturated fatty acids into biologically active 

molecules (Denisov et al., 2005:2253).  

2.4.2 CYP families, subfamilies and nomenclature  

A multitude of CYP enzymes exist for which approximately 4 000 CYP genes have been 

identified.  This superfamily of enzymes can be found not only in humans, but in a diversity 

of life forms (Danielson, 2002:562; Denisov et al., 2005:2253).  The various family names 

are each assigned an Arabic numeral and the subfamily is assigned a capital letter followed 

by another numeral, indicating the order in which they were discovered (Danielson, 

2005:562). 

Families are grouped according to amino acid sequence, if the sequence has a 40% 

similarity it is placed within a certain family.  Accordingly, a 55% similarity results in the 

protein being placed in the same subfamily.  Allelic variations occur when there is greater 

than 97% similarity (Danielson, 2002:562).  Humans encode for a total of 57 CYP genes, as 

well as 27 pseudo-genes, organised into 18 families further divided into 43 subfamilies.  

Members of the CYP1, CYP2 and CYP3 families are of significant importance during 

biotransformation of drugs (Danielson, 2002:572). 

2.4.3 CYP biochemistry 

CYP serves as an important component of the electron transfer system found in the 

endoplasmic reticulum.  It binds not only to oxygen, but acts as a substrate binding locus for 

drugs as well as endogenous substances, which is done in combination with the flavoprotein 

reductase and NADPH (Shargel et al., 2005:365; Sheweita, 2000:111).  Substrate 

metabolism by CYP produces an oxidised compound.  The following figure illustrates the 

electron flow pathway and drug substrate binding of CYP during biotransformation of 

xenobiotics. 
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Figure 2.5: Schematic illustration of the electron flow pathway of cytochrome P450 during 

metabolism of a drug molecule (Darby et al., 2011:723; Shargel et al., 2005:365) 

From Figure 2.5, it is clear the cycle starts with the binding of the drug substrate to the 

apoprotein moiety of the ferric (Fe3+) haemoprotein forming a ferric substrate complex 

(indicated by “1” in Figure 2.5).  The ferric substrate complex is then subjected to electron 

reduction from NADPH cytochrome P450 reductase (indicated by “2” in Figure 2.5) which 

converts the haeme iron to a ferrous (Fe2+) state (indicated by “3” in Figure 2.5).  The ferrous 

(Fe2+) complex reacts with molecular oxygen producing an oxygenated haemoprotein 

substrate complex (indicated by “4” in Figure 2.5) that undergoes additional electron 

reduction.  The complex undergoes intermolecular rearrangement with the addition of 

molecular oxygen to the substrate, which produces a reactive oxygen intermediate (indicated 

by “5” in Figure 2.5).  The haeme complex dissociates and thereby frees the enzyme and 

oxidised drug molecule (indicated by “6” in Figure 2.5) which enters into phase II conjugation 

reactions (Shargel et al., 2005:365; Sheweita, 2000:111). 

CYP is responsible for multitude metabolic reactions, including N-, S- and O-dealkylation, 

aromatic hydroxylation, N-and S-oxidation, deamination, desulfuration, epoxidation, 

peroxidation and dehalogenation, to name but a few (Shargel et al., 2005:367).  These 

chemical reactions result in the production of reactive oxygen intermediates, which are 

capable of secondary tissue damage, if not properly metabolised by phase II of the enzyme 

detoxification system (Liska, 1998:189). 
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2.4.4 Pre-systemic metabolism 

Drugs administrated by means of the oral route are susceptible to pre-systemic metabolism 

(Shargel, 2005:333; Thummel, 2007:3173).  Pre-systemic metabolism refers to the 

metabolism of the drug before it reaches the general circulation, which takes into account 

the contributions of the small intestine and the liver (Doherty & Charman, 2002:236).  Drugs 

that are orally administered are obligated to first pass through the gastrointestinal tract 

epithelium (as shown in Figure 2.6), then transported to the hepatic portal vein by means of 

the mesenteric vessel.  Orally administered drugs are therefore exposed to intestinal 

epithelium and liver metabolism during this “first pass” movement before entering the 

systemic circulation (Shargel et al., 2005:333; Thelen & Dressman, 2009:541).  Drugs 

subjected to metabolism by the liver, as well as the enterocytes of the small intestine, may 

present with poor systemic bioavailability (Shargel et al., 2005:333). 

 

Figure 2.6: First pass metabolism of orally administered drugs (Hamman, 2007:64) 

Bioavailability of a drug is determined by the product of the following (Thelen & Dressman, 

2009: 541; Zhang & Bennet, 2001: 159): 

• fraction of the absorbed dosage (Fa),  

• fraction of the dosage absorbed that passed through the gastrointestinal tract 

epithelium into the hepatic portal vein unchanged (Fg),  

• fraction that is not metabolised by the liver (Fh). 



22 
 

2.4.5 Distribution of CYP 

The CYP enzyme system accounts for 30% of the hepatic metabolism activity and more than 

70% of the intestinal metabolism activity (Hellum & Nilsen 2007:466; Pal & Mitra., 

2006:2136).  A substantial amount of the enzymes involved in Phases I and II reactions 

occurring in the liver, have also been detected in the intestinal epithelial cells of the 

gastrointestinal tract.  These include first and foremost the CYP enzyme system, but also 

other metabolic enzymes such as sulfotransferase, epoxide hydrolase, alcohol 

dehydrogenase, glutathione S-transferase, sulfotransferase, acetyl transferase and uridine 

diphosphate glucuronosyltransferase (Thelen & dressman, 2009: 541). 

In addition to the liver and intestinal mucosa, the CYP enzyme system can also be found in 

the kidney, brain, lungs, skin as well as the olfactory mucosa (Paine et al., 2006:880; 

Shargel et al., 2005:316).  Of these tissues, the mucosa of the gastrointestinal tract remains 

the most significant extra-hepatic site for CYP metabolism (Paine et al., 2006:880).  The 

Figure 2.7 illustrates the distribution of CYP isoforms in the liver and intestinal mucosa. 

 

Figure 2.7: Distribution of CYP isoforms in the liver and intestinal epithelium (Paine et al., 

2006:884) 

2.4.5.1   Intestinal CYP 

Since the pathway of drug transport across the intestinal epithelium will play an important 

role in its metabolism, it will briefly be described here.  Drug absorption from the 

gastrointestinal tract can occur by one of two pathways, namely the transcellular pathway 

through the epithelial cells, or the paracellular pathway through the intercellular spaces 

between epithelial cells (Thelen & Dressman, 2008:543). 
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Figure 2.8 schematically illustrates the pathways and mechanisms by which drugs can be 

absorbed from the gastrointestinal tract. 

 

 

 

 

Figure 2.8: Schematic illustration of the pathways by which drugs cross the intestinal 

epithelium: Passive transcellular diffusion (1), carrier-mediated transport (2), passive 

paracellular diffusion (3) and endocytosis (4) (adapted from Thelen & Dressman, 2009:543) 

The pathway by which drugs are absorbed across the intestinal epithelium is of particular 

significance with respect to pre-systemic metabolism in the intestinal mucosa, because 

drugs absorbed by the paracellular pathway will not be influenced by intracellular CYP 

enzymes (Thelen & Dressman, 2009:543).  The blood flow rate through the small intestine is 

also of importance since the mucosal blood flow determines the intracellular residence time 

and the effective duration of exposure of drug molecules to the intracellular CYP enzymes 

(Thelen & Dressman, 2009:543). 

The most abundant CYP enzyme expressed in the intestines is CYP3A. This is expressed 

by a single cell type found in the mucosal lining, the mature absorptive columnar epithelial 

cells also known as enterocytes (Paine et al., 2006:880).  The amount of CYP3A expressed 

is not uniform and decreases as one moves through the GI tract, with the highest expression 

in the proximal region declining towards the distal ileum (Paine et al., 2006:881; Thelen & 

Dressman, 2009:544).  Expression of CYP in the villi of the small intestine also varies, where 

the highest concentration of CYP enzymes can be found in mature enterocytes which line 

the tip of the villi.  A lower concentration is expressed in the goblet cells as well as the 

epithelial cells of the crypts found between the villi, which is not surprising as the villi are the 

primary site of absorption (Thelen & Dressman, 2009: 544). 
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The most abundant CYP subfamily found in the intestinal epithelium is CYP3A, comprising 

CYPs 3A3, 3A4, 3A5, 3A7 and 3A43, of which CYP3A4 is the most abundant.  This is 

followed by the CYP2C subfamily, consisting of CYPs 2C8, 2C9, 2C18 and 2C19, as well as 

CYP2J2, CYP2D6, CYP1A1/2 and CYP2E1 (Paine et al., 2006:881; Thelen & Dressman, 

2009:545).  The CYP3A family accounts for approximately 80% of the total CYP content 

found in the intestines, however, large inter-individual variability in the expression and 

therefore, abundance of CYP3A have been noted (Thelen & Dressman, 2009:545).  

Although expressed at lower levels in the intestine, the CYP3A subfamily contributes to 

higher metabolism of certain drug substrates in the intestines when compared to that of the 

liver (Galetin & Houston, 2006:1220; Thelen & Dressman, 2009:545). 

2.4.5.2   Liver CYP 

The liver, due to its relatively high expression of the CYP enzyme family, serves as the most 

important site for drug metabolism and biotransformation (Liska, 1998:189, Paine et al., 

2009:880; Shargel et al., 2005:316).  The liver consists of basic units known as liver lobules, 

containing parenchymal cells with intricate blood and lymph connections.  Blood is supplied 

to the liver from both the hepatic artery and the hepatic portal vein and leaves by means of 

the hepatic vein, emptying into the vena cava (Shargel et al., 2005:316).  Metabolism in the 

liver is dependent on two factors, blood flow and site of blood flow.  Metabolising enzymes 

are not uniformly dispersed as within the small intestine and therefore blood flow influences 

which enzymes are reached as well as the fraction of the drug that reaches the enzymes 

(Shargel et al., 2005:316).The most abundant CYP3A subfamilies are 3A4 and 3A5, which 

represent 40% of the total CYP content in the liver, second most abundant is the CYP2C 

subfamily (18% of the total CYP content), comprising of 2C8, 2C9, 2C18 and 2C19, followed 

by CYP1A2 (13%), CYP2E1 (7%), CYP2A6 (4%), CYP2D6 with less than 2% and CYP2B6 

with less than 1% of the total CYP content (Paine et al., 2006:880). 

2.4.5.2.1   CYP induction 

Induction of CYP refers to the increase in enzyme expression due to a chemical stimulus of 

the gene (Pelkonen, 2009:126).  During induction of CYP3A4, the pregnane X receptor 

(PXR), as well as the constitutive androstane receptor (CAR), are activated.  PXR and CAR 

can be activated via two mechanisms, either by the triggering of the cytoplasmic 

translocation of CAR, thus endorsing the release of certain unknown proteins, or the direct 

activation of PXR in the nuclease. Activation causes both CAR and PXR to  

homo-dimerise with the retinoid-X-receptor (RXR), forming a heterodimer that binds with the 

response elements located on target genes. This prompts an increase in the transcription of 
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the specific gene, thus, increasing messenger ribonucleic acid (mRNA), which in turn results 

in increased enzyme production and consequently an increase in the enzyme activity (Pal & 

Mitra, 2006:2136-2140; Pelkonen, 2009:133; Wilkinson, 2005:2216).   

Induction of the CYP enzyme system may result in a decrease in the plasma concentration 

of an orally administered drug, thus, effectively reducing the bioavailability and efficacy of the 

drug (Bibi, 2008:4; Pelkonen, 2009:127; Wilkinson, 2005:2215).  Conversely, an increase in 

CYP expression may result in enhanced pharmacodynamic effects of pro-drugs which 

require metabolic activation (Pelkonen, 2009:127).  The time course of CYP induction is 

dependent on both the half-life of the drug as well as the enzymatic turnover.  The known 

CYP inducer, Rifampicin, induces CYP within 24 h due to its short half-life compared to 

Phenobarbital, with a half-life of 3 to 5 days, which requires a week for induction of CYP to 

become apparent (Bibi, 2008:4, Wilkinson, 2005:2216).  This up-regulation of CYP enzymes 

by certain drug modulators may have a detrimental effect on co-administered drug 

substrates in terms of their bioavailability (Wilkinson, 2005:2216). 

2.4.5.2.2   CYP inhibition 

Inhibition of the CYP enzyme system results in the increased bioavailability of orally 

administered drugs that are CYP substrates, causing in some instances, heightened adverse 

effects and even possible drug toxicity (Wilkinson, 2005:2214).  Inhibition is possible by 

means of one of three mechanisms namely competitive, non-competitive and mechanism-

based inhibition (Bibi, 2008:3). 

Competitive inhibition 

During reversible competitive inhibition, the inhibitor competes with the drug substrate for the 

same binding site located on the enzyme (Palmer & Bonner, 2007:126).  Competitive 

inhibition of metabolic enzymes is, for example, observed during the co-administration of the 

beta-adrenoceptor blocking agent, metroprolol, and profenone resulting in a two-fold 

decrease in the biotransformation of metroprolol with increased blood levels.  Competitive 

inhibition of enzymatic metabolism is also observed during the co-administration of fluoxetine 

and desipramine, as well as diltiazem and cyclosporine (Bibi, 2008:3, Wilkinson, 2007:2214). 

Non-competitive inhibition 

In reversible non-competitive inhibition, the substrate as well as the inhibitor binds at 

different binding sites on the enzyme, which produces a dead-end complex.  Dissociation of 

the inhibitor molecule is mandatory before reaction between the enzyme and substrate can 

commence (Palmer & Bonner, 2007:127-136).  Non-competitive inhibition occurs when 
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cimetidine is co-administered with other drug substrates.  This is attributed to the fact that 

cimetidine forms a very stable CYP-substrate complex when it binds to the CYP enzyme, 

preventing the metabolism of other co-administered drug substrates by that specific enzyme 

(Bibi, 2008:4). 

Mechanism-based inhibition 

Mechanism-based inhibition refers to binding of a drug substrate resulting in the formation of 

metabolic intermediates which deactivate the enzyme, forming tight irreversible bonds with 

the binding site (Zhou et al., 2005:3).  Mechanism-based inhibition occurs during the co-

administration of terfenadine and erythromycin or any other inhibitor such as ketoconazole, 

diltiazem or verapamil.  This specific example of enzymatic inhibition may result in prolonged 

electrocardiographic intervals attributed to prolonged cardiac repolarisation, which may 

result in cardiac dysrhythmia, better known as torsades de pointes, which could lead to 

sudden death (Bibi, 2008:3; Wilkinson, 2005:2214).  The cause of torsades de pointes is 

attributed to the formation of a complex between a nitro compound, usually a metabolite, 

demethylated by the CYP enzyme system and the CYP enzyme forming an irreversible 

metabolite intermediate complex (Bibi, 2008:3). 

2.4.6 Inter-individual variability of CYP 

Genetic variations found in drug metabolising enzymes are known to contribute to 

differences in drug responses due to altered plasma concentration levels found in 

individuals.  These inter-individual differences may have clinically significant consequences 

(Al Omari & Murry, 2007:206).  The environment, physiological status, disease state, as well 

as genetic polymorphisms are known contributors in the variation of CYP enzyme activity, 

which affect the bioavailability and adverse effects of certain drugs (Al Omari & Murry 

2007:207).  Each of the CYP enzymes are encoded by a specific gene and genetic alleles 

are inherited from each parent.  These alleles are described as “wild type” (occurring 

predominantly) or “variant”.  When a “wild type” allele is replaced by a “variant”, 

polymorphism occurs (Lynch, 2007:391).  In terms of genetic variability, four metabolic 

classes exist in which these individuals can be grouped.  An individual receiving two “variant” 

alleles has a lack of functional enzyme and is referred to as a “poor metaboliser”. 

“Intermediate metabolisers” are individually heterogeneous in terms of alleles, receiving both 

the “wild type” and “variant” alleles.  “Extensive metabolisers” have received two “wild type” 

alleles and “ultra-rapid metabolisers” received multiple copies of the “wild type” alleles 

(Ingelman-Sundberg, 2004:193; Lynch, 2007:391). 
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There are 57 genes in the human genome known to encode the various CYP genes of the 

CYP enzyme family (Danielson, 2002:572).  Genes found in the CYP1, CYP2 and CYP3 

sub-families are all polymorphic and responsible for the metabolism of a vast amount of 

clinically used drugs (Ingelman-Sundberg 2004:193; Zanger & Schwab 2013:104).  It is 

estimated that 90% of drug metabolism in humans is attributed to the following CYP 

enzymes: CYP1A2, 2C9, 2C19, 2D6, 3A4 and 3A5.  CYP3A contributes approximately 50% 

and CYP2D6 between 20% and 30% to the total metabolism of drugs (Cordier & 

Steenkamp, 2011:53).  There are, however, differences in the functional importance of the 

variant alleles as well as differences in ethnic groups in terms of distribution frequencies.  

The genetic variation of selected CYP isoenzymes will be discussed below. 

CYP2C9 

The CYP2C9 enzyme is responsible for the catalytic activity against the anti-coagulant 

drugs, arbiturate sedatives, anti-diabetic agents and anti-convulsants (Danielson, 2002:580).  

Thirty allelic variants have been identified for CYP2C9 and of these the alleles, CYP2C9*2, 

CYP2C9*3, CYP2C9*5 and CYP2C9*11 have the most prominent decreasing effects on the 

enzymatic function (Ali et al., 2009:110; Cordier & Steenkamp, 2011:55).  The frequency of 

CYP2C9*2, CYP2C9*5 and CYP2C9*11 alleles are very low in Caucasians (0.25%) and 

Asians (<0.25%), occurring predominantly in Africans (Cordier & Steenkamp, 2011:55; 

Danielson, 2002:580).  

CYP2D6 

Major CYP2D6 substrates include β-adrenergic blocking agents, neuroleptics, anti-

depressants, anti-arrhythmics and narcotic analgesics (Danielson, 2002:580; Ingelman-

Sundberg, 2005:7).  It is estimated there are more than 80 known polymorphic CYP2D6 

alleles for which Caucasians and Asians present with a 7% and 50% frequency, 

respectively.  The following are of importance: CYP2D6*2, CYP2D6*3, CYP2D6*4, 

CYP2D6*5, CYP2D6*6, CYP2D6*9, CYP2D6*10, CYP2D6*17, CYP2D6*29 and 

CYP2D6*41 (Cordier & Steenkamp, 2011:55; Ingelman-Sundberg, 2005:8).  CYP2D6*3, 

CYP2D6*4, CYP2D6*5, CYP2D6*6 and CYP2D6*4xN result in inactivity of the enzyme and 

are found in high frequencies in Western, Southern and Northern Africa.  CYP2D6*9, 

CYP2D6*10, CYP2D6*17, CYP2D6*29 and CYP2D6*41 result in decreased enzyme activity 

prevalent in Eastern and Western populations.  CYP2D6*1xN, CYP2D6*2xN, CYP2D6*10xN 

and CYP2D6*41xN result in increased enzyme activity with a high frequency of 21-29% in 

Northern Africa, decreasing in frequency from Central to Southern Africa (Cordier & 

Steenkamp, 2011:55; Danielson, 2002:581).  CYP2D6*4 and CYP2D6*41 are more 

prevalent amongst the Caucasians, with CYP2D6*17 and CYP2D6*29 amongst Africans.  Of 
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note is the high frequency of CYP2D6*5 in the coloured South African population (Cordier & 

Steenkamp, 2011:55). 

CYP3A4/5 

CYP3A4 and 3A5 overlap in substrate specificity and are responsible for metabolism  of a 

broad range of drugs such as antibiotics, anti-arrhythmics, benzodiazepine sedatives, 

immunomodulating agents, antiretrovirals, antihistamines and calcium channel blockers, to 

name but a few (Danielson, 2002:583).  Up to 20 allele variants have been identified for 

CYP3A4 namely CYP3A4*2, CYP3A4*3, CYP3A4*4, CYP3A4*5, CYP3A4*6, CYP3A4*7, 

CYP3A4*8, CYP3A4*9, CYP3A4*10, CYP3A4*11, CYP3A4*11b, CYP3A4*11c, CYP3A4*12, 

CYP3A4*13, CYP3A4*14, CYP3A4*15, CYP3A4*16, CYP3A4*16b, CYP3A4*17, 

CYP3A4*18, CYP3A4*18b and CYP3A4*19 (Danielson, 2002:583, Keshava et al., 

2004:828).  CYP3A4*8, CYP3A4*11, CYP3A4*11b, CYP3A4*13, and CYP3A4*17 are 

known to decrease enzyme activity, whereas CYP3A4*20 causes no activity change in the 

enzyme and CYP3A4*18 results in an increased activity.  Overall, there is a very low 

frequency of the allelic variants in the gene expression of this enzyme.  Inter-individual 

variation observed in CYP3A4 may be attributed to genes encoding PXR and CAR, which 

are involved in the posttranslational regulation of CYP3A4 (Božina et al., 2009:232).  

Allelic variations in the CYP3A5 gene include CYP3A5*1B, CYP3A5*1C, CYP3A5*2, 

CYP3A5*3, CYP3A5*5, CYP3A5*6, CYP3A5*7 and CYP3A5*11 (Cordier & Steenkamp, 

2011:55; Roy et al., 2005:886).  The expression of the CYP3A5*3 and CYP3A5*6 variations 

reduces the synthesis of the functional CYP3A5 enzyme, thus effectively reducing its drug 

substrate clearance (Božina et al., 2009:232; Roy et al., 2005:886).  CYP3A5*3 is highly 

expressed in most ethnic populations, for example between 70 to 90% in Caucasians, 75% 

in Asians and 50 to 75% in African-Americans and Zimbabweans, whereas CYP3A5*6 is 

only expressed in low frequencies amongst African-Americans and Zimbabweans (Roy et 

al., 2005:886).  The CYP3A5*1B and CYP3A5*1C variants result in an increase in the 

clearance of drug substrates which may influence efficacy.  Both allelic variants are 

expressed in very low frequencies in Caucasians, whilst being highly expressed in African-

Americans (Božina et al., 2009:232; Cordier & Steenkamp, 2011:55; Roy et al., 2005:886).  

The CYP3A5*11 variation is extremely rare, occurring predominantly in Caucasians, 

resulting in a decrease of the catabolic activity of CYP3A5 (Cordier & Steenkamp, 2011:55). 
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2.5 INTERPLAY BETWEEN CYTOCHROME P450 AND P-GLYCOPROTEIN 
DURING HERB-DRUG INTERACTIONS 

It is apparent that CYP3A4 and P-gp are two of the major determining factors in oral 

bioavailability of drug substrates (Van Waterschoot & Schinkel, 2011:391).  Not only is there 

a possibility that administered drugs may present with overlapping substrate specificity for 

both CYP3A4 and P-gp, but the strategic co-localisation in both the enterocytes and 

hepatocytes further attributes to possible interplay (Van Waterschoot & Schinkel, 2011:391; 

Zhang & Benet, 2001:163,164).  The latter may result in a possible synergistic effect, 

specifically in the small intestine as P-gp efflux prolongs exposure to CYP3A4 during the 

repetitive counter transport of substrates (Zhang & Benet, 2001:163,164).  This synergistic 

reaction limits the amount of intact drug that will reach the systemic circulation (Zhang & 

Benet, 2001:164).  Figure 2.9 schematically illustrates the interplay between P-gp and CYP 

mediated metabolism. 

 

Figure 2.9: Schematic illustration of the interplay between P-glycorpotein and cytochrome 

P450 metabolism (Darby et al., 2011:723) 

During the co-administration of two or more drugs which are substrates for CYP3A4 and P-

gp, the possibility of drug-drug interactions arises.  These interactions may be caused by the 

induction or inhibition of CYP3A4 and P-gp, respectively.  A sub-therapeutic drug plasma 

concentration is the result of induction of both P-gp and CYP3A4, with a resulting reduction 

in drug bioavailability and efficacy.  Conversely, the inhibition of both P-gp and CYP3A4 
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result in increased bioavailability and adverse effects exceptionally harmful during the 

administration of drugs with narrow therapeutic indexes (Pal & Mitra, 2006:2136). 

There are various known herb-drug pharmacokinetic interactions.  In a recently published 

review article by Calitz et al. (2014), the herb-drug interactions involving various traditional 

African herbs were evaluated and discussed.  Since the candidate has been involved in 

writing this review article, it will not be repeated in the literature review chapter, but instead it 

is included in Appendix A. 

2.6 INDINAVIR (USED AS MODEL COMPOUND IN THE TRANSPORT AND 
METABOLISM STUDIES) 

Indinavir is an antiretroviral drug, more specifically, an HIV protease inhibitor and is also a 

substrate for both P-gp and CYP 3A4 (Hochman et al., 2000:315,316; Lin, 1999:34).  

Indinavir is a class II drug according to the Biopharmaceutics classification system (BCS), 

thus having low solubility and high permeability (Wu & Bennet, 2005:12, 21).  It is 

commercially available as Crixivan® capsules (indinavir sulfate), with a molecular chemical 

formula of C36H47N5O4•H2SO4 (chemical structure is shown in Figure 2.10) and a molecular 

weight of 711.88 g/mol (see package insert in Appendix B). 
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Figure 2.10: Chemical structure of indinavir sulphate 

During the hepatic and intestinal metabolism of indinavir, seven prominent metabolites are 

produced namely M1, M2, M3, M4a, M4b, M5 and M6 (Chiba et al., 1997:1190).  Metabolite 

M1 is a quaternised ammonium conjugate, which is produced by glucuronidation at the 

pyridine nitrogen; M2 and M4a by pyridine N-oxidation; M4b by means of para-hydroxylation 

of the phenyl methyl group; metabolites M2, M3 and M5 are formed during the 3’-

hydroxylation of the indan moiety; M5 and M6 by means of N-depyromethylation (Chiba et 

al., 1997:1190; Lin, 1999:41).  The N-dealkylation biotransformation pathway serves as the 
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most important during metabolism of indinavir as more than 50% thereof is metabolised to 

the N-dealkylated metabolites, M5 and M6 (Chiba et al., 1997:1190). 
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Figure 2.11: Chemical structure of the N-dealkylated metabolite M6 of indinavir 

Hormonal contraceptives, anti-tuberculosis drugs (e.g. rifampicin) and anti-convulsants (e.g. 

phenobarbital, phenytoin and carbamazepine) are examples of drugs that have interactions 

with indinavir during co-administration (Cohen et al., 2002:45). 

2.7 OVERVIEW OF SELECTED COMMERCIAL HERBAL PRODUCTS USED IN 
THE TRANSPORT AND METABOLISM STUDIES 

HIV/AIDS patients on ARV treatment often use supplements and herbal products in addition 

to their allopathic medicines, therefore, herbal products commercially available and often 

used by patients as immune system boosters were selected for this project.  Herbal 

remedies such as Canova®, Linctagon Forte® and Viral choice® are composed of extracts 

from various herbs that each may exert possible interactions with the metabolism and 

transport of indinavir. 

2.7.1 Canova® 

Canova® is a homeopathic product composed of extracts from Aconitum napellus 

(Ranunculaceae), Arsenicum album (arsenic trioxide), Bryonia alba (Curcubitaceae), Apis 

mellifica (Apidae), Lycopodium clavatum (Lycopodiaceae), Pulsatilla nigricans 

(Ranunculaceae), Asa foetida, Rhus toxicodendrum, Barita carbônica, Ricinus communis 

(Euphorbiaceae), Silicea, Calcarea carbônica, Conium maculatum (Apiaceae), Veratrum 

album (Liliaceae), Carapichea ipecacuanha (Rubiacea), Lachesis muta (Viperidae) and 

Thuya occidentalis (Cupresaceae) (see package insert of Canova® in Appendix C).  

Canova® is known as an immune response modifier directed at macrophages that result in 

an increase in their production, together with the release of cytokine TNFα in cancer and 
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AIDS patients having an anti-inflammatory effect (De Oliveira et al., 2008:3; Takahachi et al., 

2007:350).  A picture of the commercially available Canova® product is shown in Figure 

2.12. 

 

Figure 2.12: Picture of the Canova® drops product used in this study 

(www.immunesupplementreview.com, 2014) 

Aconitum napellus (Ranunculaceae) is a toxic plant originally used by ancient tribes to 

produce poisonous arrows and spears.  Active as well as toxic constituents include 

aconitines, benzoylaconines and aconines that influence the voltage-dependant sodium 

channels, resulting in cardiotoxicity and neurotoxicity (Fujita et al., 2007:132; Yang et al., 

2013a:561).  Aconite has been in use since 1363 AD as treatment for fever, diarrhoea, 

indigestion, coughs and as an aphrodisiac (Rastogi, 2011:234,235).  Aconite has also been 

employed as an analgesic, cardiotonic and anti-inflammatory agent (Yang et al., 2013a:561).  

During a study covering in vitro (Caco-2 and MDCKII-MDR1 cells), in situ (single-pass 

intestinal perfusion), in vivo (Sprague-Dawley rats) and in silico (molecular modelling) 

methods by Yang et al. (2013a), it was determined that aconitum is significantly transported 

by P-gp (Yang et al., 2013b:199).  Tang et al. (2011) investigated the involvement of various 

CYP isoenzymes in the metabolism of aconitine by means of human liver microsomes, as 

well as recombinant CYP enzymes.  It was determined that CYP3A4 and CYP3A5 were 

responsible for the metabolism of aconitine, whereas CYP2C8, 2C9, 2D6 and 2C19 played a 

lesser role in the metabolism (Tang et al., 2011:53).  Both studies suggested that co-

administration of aconitine together with other P-gp and CYP3A4/5 substrates may result in 

possible pharmacokinetic herb-drug interactions. 

Bryonia alba (Curcubitaceae) dates back to ancient Greece and had both medicinal and 

cosmetic uses.  As homeopathic medicine it is used as an anti-inflammatory agent.  There is 

currently no data available with regards to the effect of B. alba on CYP3A4 and P-gp. 

Lycopodium clavatum (Lycopodiaceae) is used as a pollen paste for the treatment of cuts 

and wounds (Uprety et al., 2010:7).  In the Cree nations it is known as “Pashtanhoagin” and 

used as an anti-diabetic (Tam et al., 2011:15).  During a study using a cell free model by 

http://www.immunesupplementreview.com/
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Tam et al. (2011), the effect of L. clavatum on the NADPH-dependant inhibition of CYP3A4 

was examined.  It was found that L. clavatum significantly influenced both the NADPH and 

time dependent inhibition of CYP3A4 when combined with testosterone.  This suggests that 

L. clavatum, like grapefruit juice, may possibly result in mechanism-based inactivation of 

CYP3A4 (Tam et al., 2011:14,19,20). 

Pulsatilla nigricans (Ranunculaceae), also known as the wild flower or meadow anemone, is 

traditionally a Chinese herbal remedy used for the treatment of dysentery, diarrhoea, 

wounds and trauma.  As homeopathic treatment, it is used as treatment for shock, anger, 

grief, bronchitis, chickenpox, digestive troubles and headaches (Souter, 2000; Wurges, 

2005).  Investigation of pharmacokinetic and pharmacological interactions during co-

administration with other drugs has not yet been explored. 

Asafoetida is the gum resin obtained from Ferula asafoetida (Apiacea) (Mahendra & Bisht, 

2012:141).  This gum resin, also known as devil’s dung or “duiwelsdrek” due to its foul smell 

and nauseating taste, is used to give a distinctive taste to Worcestershire sauce.  

Medicinally, it is used as anti-spasmodic, diuretic, analgesic, anti-flatulence, vermifuge and 

treatment of asthma (Mahendra & Bisht, 2012:142; Milad & Mehrdad, 2011:2).  Active 

constituents include sulphur containing compounds and various coumarins (Milad & 

Mehrdad, 2011:3).  In a recent study by Al-Jenoobi et al. (2014), the effect of asafoetida 

resin on the modulation of CYP2D6 and CYP3A4 was evaluated in vitro, in human liver 

microsomes, as well as in a clinical in vivo study.  The in vitro study suggested that 

asafoetida is responsible for the inhibition of CYP2D6, but a concentration dependent 

activation of CYP3A4.  However, the in vivo study suggested that asoefetida significantly 

inhibits CYP3A4 activity with little to no inhibitory effect on CYP2D6 (Al-Jenoobi et al., 

2014:4,5). 

Rhus toxicodendrum or poison ivy is the name used for the Toxicodendron pubescens 

(Anacardiaceae) plant (Dos Santos et al., 2007:95).  Traditional uses include the treatment 

of herpetic eruptions and use as an allergen, while current medicinal uses include treatment 

of oedema (Dos Santos et al., 2007:100). 

Ricinus communis (Euphorbiaceae), known as the castor plant, has been widely employed 

as a purgative and laxative.  Pharmacological activities include anti-oxidant activity, anti-

nococeptive activity, anti-asthmatic activity and anti-diabetic activity (Jena & Gupta, 2012:26-

27).  It was reported during an in silico study involving HerboChip® followed by fluorometric 

enzyme inhibition studies, that Ricinus communis may have a significant effect on the 

inhibition of CYP3A4 (Calitz et al., 2014:5). 
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Conium maculatum (Apiaceae), also known a hemlock or poisonous hemlock, was 

historically used in Greece as a lethal poison administered to criminals.  Medicinal uses 

include the treatment of herpes, erysipelas and breast tumours.  However, due to extreme 

toxic effects, specifically on the central nervous system and very narrow therapeutic range, 

the medicinal uses are limited (Vetter, 2004:1374,1379).  As a homeopathic treatment, 

hemlock is prescribed for nervous disorder, cancerous tumours and dizziness 

(Herbs2000.com, 2014). 

Veratrum album (Liliaceae), also known as the false helleborine, has been in use since 377 

BC where the famous Hippocrates employed it as an emetic (Ji et al., 2009:194,195).  It is a 

highly toxic plant resulting in abdominal pain accompanied by nausea and vomiting after 

ingestion, symptoms progress into cardiovascular effects which may ultimately result in 

death (Grobosch et al., 2008:768).  Active constituents include the alkaloids protoveratrine 

A, protoveratrine B, jervine, veratride and cevadine (Grobosch et al., 2008:769).  As a 

homeopathic treatment, V. album is prescribed for use after minor surgery relieving 

constipation and intestinal cramping.  It is also useful as treatment for shock and trauma 

(elixirs.com, 2014). 

Carapichea ipecacuanha (Rubiacea), or ipecac, is traditionally used as an emetic and 

expectorant.  Current studies on the pharmacological activities deemed C. ipecacuanha 

effective as treatment for dysentery, bronchitis, blood disorders, leukemia, cancer and 

induction of vomiting, etc. (Junior et al., 2012:110).  The active constituents in C. 

ipecacuanha are, amongst others, cephaeline and emetine.  It was found that both these 

active constituents are substrates for CYP2D6 and CYP3A4.  In an in vitro study involving 

human liver microsomes, both cephaeline and emetine resulted in low inhibitory action 

against CYP2D6 as well as CYP3A4 (Asano et al., 2001:682). 

Thuya occidentalis (Cupresaceae), or Arbor vitae, was traditionally used as contraceptive 

and abortificant (EMEA, 1999:2).  Pharmacological properties include in vitro HIV-1 activity, 

antibody production and cytokine induction with in vivo increase in antibody response as well 

as cytokine induction (Naser et al., 2005:69-73).  The essential oil from T. occidentalis 

contains the active ingredient α-thujone, which is a known substrate for CYP2A6 and 

CYP3A4.  The latter suggests that co-administration with other CYP2A6 and CYP3A4 

substrates may result in pharmacokinetic interactions (Pelkonen et al., 2013:102,104). 

The medicinal use of animals or products derived from organs and various body parts dates 

back to ancient time and is still in use today (Alves et al., 2007:455).  Snakes, for example, 

Lachesis muta (Viperidae), also known as the bushmaster, are notorious for their medicinal 

properties.  The fat of L. muta is used as an ointment in the treatment of tumours and 

http://www.elixirs.com/
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furuncles, respectively (Alves et al., 2007:461).  The female honey bee, Apis mellifica 

(Apidae), is used in homeopathic remedies by crushing the bee as a whole which is then 

repeatedly diluted with lactose powder, distilled water or ethanol until no cellular remnants 

remain.  The dilution can then be purchased as a tincture, gel or pellets.  Apis mellifica is 

used in the treatment of bites, stings, pharyngitis, glomerulonephritis, headaches, influenza, 

allergies, arthritis, infertility and nephritic syndrome (wiseGeek, 2014). 

Calcarea carbônica, or impure calcium carbonate (CaCO3), is prescribed in homeotherapy 

as a so called “constitutional” for people suffering from cold with an inability to keep warm 

(Frey, 2005).  Barita carbônica, or barium carbonate (BaCO3), is used for the treatment of a 

variety of symptoms involved in physical, emotional and mental impairments (wiseGeek, 

2014). Silicea, better known as silica, is used in homeotherapy as “mood” treatment for 

people lacking assertiveness, indecisiveness and confidence, as well as people suffering 

from exhaustion (wiseGeek, 2014).  Arsenicum album (arsenic trioxide), the trace element of 

arsenic although toxic, has been used as a homeopathic treatment in a diluted form for the 

treatment of for example digestive disorders, anxiety, depression and obsessive compulsive 

disorder (webMD, 2014). 

2.7.2 Linctagon Forte® 

Linctagon Forte® is a natural product used to prevent and treat colds, flu and respiratory tract 

infections.  It contains extracts of Pelargonium sidoides, as well as the natural occurring 

compounds quercetin and bromelain (See package insert Appendix D).  A picture of the 

commercially available Linctagon Forte® product is shown in Figure 2.12. 

 

Figure 2.13: Picture of the Linctagon Forte® tablet product used in this study 

(www.nativia.co.za, 2014) 

http://www.nativia.co.za/
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Pelargonium sidoides (Geraniaceae) is a traditional South African herb, also available in the 

commercial herbal product Umckaloabo®, of which the roots are used as treatment for 

diarrhoea, dysentery, colds, as well as improvement of upper respiratory tract viral infections 

and tuberculosis (Brendler & van Wyk, 2008:421,423, 428, 429; Schnitzler et al., 2008:1114; 

Tahan & Yaman, 2012:2-3).  The potential active constituents of P. sidoides are gallic acid 

and its methyl ester, (+)-catechin, as well as coumarins (Kayser et al., 2001:123).  The 

efficacy and the immunomodulating characteristics of P. sidoides can be attributed to the 

active constituents’, gallic acid and its methyl ester (Kayser et al., 2001:125).  Currently, 

there are no known interactions between co-administered drugs and P. sidoides extract 

containing products with respect to P-gp and CYP3A4.  However, due to synergism with 

anti-coagulants and anti-platelet agents (in vitro), as well as hepatotoxic agents and 

laxatives, P. sidoides extracts may theoretically increase the risk of bleeding, cause 

hepatotoxicity and have possible laxative effects.  The inhibition of immunosupressants in 

vitro has also been reported (Posadski et al., 2012:610). 

Quercetin [3.3’,4,5,7-pentahydroxyflavone] is a natural occurring polyphenolic flavonoid 

present in apples, onions, tomatoes, broccoli and berries (Borska et al., 2012:3375; 

Harwood et al., 2007:2180; Russo et al., 2012:7).  Flavonols are known to exhibit a variety of 

biological and pharmacological effects such as anti-inflammatory, anti-oxidant, anti-

carcinogenic, bacteriostatic and cardioprotective activities (Borska et al., 2012:3375; 

Harwood et al., 2007:2181).  During an in vivo study on male Sprague-Dawley rats by Choi 

et al. (2011), it was found that quercetin has an inhibitory action on CYP3A4 in a 

concentration-dependent manner.  It was also determined by means of rhodamine-123 (Rh-

123) transport studies that P-gp activity is significantly inhibited by quercetin (Choi et al., 

2011:609).  In another study by Borska et al. (2012), the cell line EPG85-257RDB (RDB-

cells) exposed to 12 µM quercetin, showed a significant reduction in the expression of P-gp.  

It is also believed that quercetin may have a possible modulating role in the MDR gene on a 

deoxyribonucleic acid (DNA) or mRNA level (Borska et al., 2012:3382). 

Bromelain is the aqueous extract of the leaves, stems and fruit of the pineapple plant (Anana 

comus Merr. mainly var. cayenne, Bromeliaceae) and forms part of a group of related 

proteolytic enzymes.  It is used for systemic treatment of inflammatory and blood-coagulation 

related diseases (Chobotova et al., 2010:148; Lotz-Winter, 1989:249; Maurer, 2001:1234).  

Active constituents include closely related proteinases attributing to bromelain’s fibrinolytic, 

as well as anti-thrombotic effects; both observed in vitro and in vivo (Pavan et al., 2012:1).  

Bromelain has been shown to have immune-modulatory effects acting as an anti-cancer 

therapeutic agent and is also used as treatment for sinusitis and bronchitis (Chobotova et al., 

2010:152 -154; Pavan et al., 2012:1).  Other therapeutic benefits include its ability to 
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enhance the absorption of drugs (Pavan et al., 2012:1). Bromelain is absorbed by means of 

a self-enhanced paracellular route without degradation and maintaining biological activity 

(Bock et al., 1998:1399; Pavan et al., 2012:1). 

2.7.3 Viral Choice® 

Viral Choice® is a natural product containing a variety of minerals, vitamins, amino acids, 

trace elements, phytosterols, as well as Echinacea purpurea and Allium sativum extracts 

(see package insert in Appendix E).  A picture of the Viral Choice® capsule product used in 

this study is shown in Figure 2.14. 

 

Figure 2.14: Picture of the Viral Choice® capsule product used in this study 

(www.ciao.co.uk, 2014) 

Echinacea spp forms part of the Asteraceae family and extracts for medicinal purposes are 

prepared from three species: E. purpurea, E. angustifolia and E. pallid (Barrett, 2003:66-67; 

Gorski et al., 2003:90; Hansen & Nilsen 2009:86).  Only the aboveground parts of 

E. purpurea and roots of E. pallid have proven effective and suitable for oral treatment of 

certain conditions (Gorski et al., 2003: 90).  Common uses of E. purpurea include treatment 

of the common cold, mainly due to its proposed immune modulation, treatment of influenza, 

bronchitis, inflammation and it also has anti-fungal effects (Barrett, 2003:67; Gorski et al., 

2003:89).  The active constituents of E. purpurea include polysaccharides, inulin, caffeic 

acids and derivates of cichoric acid and echinacoside, alkaloids, alkylamides such as 

echinacein and polyacetylenes (Goldhaber-Fiebert & Kemper, 1999:4; Wills et al., 2000:54). 

In an in vitro study by Budzinski et al. (2000), it was found that extracts of the root and aerial 

portions of E. purpurea and the roots of E. angustifolia had an inhibitory effect on cDNA 

expressing CYP3A4.  This was confirmed by an in vivo study conducted by Gorski et al. 

(2004), during which  400 mg of E. purpurea root was administered 4 times daily for 8 days.  

It was found that the clearance of caffeine and tolbutamide serving as in vivo probes for 

CYP1A2 and CYP2C9 metabolism was significantly reduced.  Clearance of midazolam, the 

http://www.ciao.co.uk/
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in vivo probe for hepatic CYP3A, was also significantly increased, which was consistent with 

previous in vitro findings (Gorski et al., 2004: 96).  An in vitro study by Hansen and Nilsen 

(2009) provided insight into the interaction of a 20% commercial E. pururea ethanol extract 

with digoxin during P-gp mediated transport in the Caco-2 cell line.  It was concluded that 

E. purparea extract in a concentration range between 0.0064 mg/ml and 6.36 mg/ml may 

have a biphasic effect presenting low allosteric activation and possible inhibition at low and 

high concentrations, respectively (Hansen & Nilsen, 2009:87-90). 

Allium sativum (Liliaceae), known as garlic, has dietary and medicinal uses (Banerjee et al., 

2003:97).  The bulbous root of the garlic plant is used for medical purposes as a fresh plant, 

dehydrated, or in a steam distilled oil form.  It is used as an immune system modulator, anti-

microbial, anti-cancer, anti-atherosclerotic and lipid lowering agent (Banerjee et al., 2003:97; 

Tattelman, 2005:103).  Active constituents include high concentrates of thiosulfinates  which 

are sulphur containing compounds (e.g. allicin) (Tattelman, 2005:103).  Other active 

constituents includes diallyl disulphide, methyl-allyl thiosulfinates, 1-propenyl allyl 

thiosulfinates, L-glutamyl-S-alkyl-L-cysteine, allin, S-allyl cysteine, S-allyl mercaptocysteine, 

diallyl trisulphide, allyl methyl trisulfide, allyl methyl disulphide, dialyl tetrasulphide, allyl 

methyl tetrasulphide, dimethyl trisulphide, diallyl sulphide, 2-vinyl-4-H-1,3-dithiin, 3-vinyl-4-H-

1,2-dithiin, E-ajoene, Z-ajoene and allylyl mercaptan.  However, active constituents vary with 

different garlic preparations resulting in varying effects on the CYP enzyme system 

(Banerjee et al., 2003:98; Colalto et al., 2010:210). 

2.8 SUMMARY 

From the literature overview given in this chapter it is apparent that pharmacokinetic herb-

drug interactions have high potential to influence the bioavailability and efficacy of not only 

anti-retroviral drugs, but also various other orally administered drugs.  Factors to take into 

consideration include induction and inhibition of both efflux and metabolic pathways of orally 

administered drugs, as well as polymorphic inter-individual variability.  Various herbs and 

drug substrates of both P-gp and CYP3A4 have been studied with regard to their influence 

on these pathways.  However, the unregulated use of herbal supplementation as alternative 

medicine remains as popular as ever; even with limited knowledge regarding safety during 

prolonged used.  The latter urges the investigation into possible pharmacokinetic interactions 

that may result during the concomitant usage of these herbal supplements and other 

prescribed drugs. 
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CHAPTER 3 
MATERIALS AND METHODS 

3.1 INTRODUCTION 

Various methods have been developed providing insight into the mechanisms involved in 

drug transport and metabolism, which can be subdivided into three categories namely in 

vivo, in situ and in vitro models (Le Ferrec et al., 2001:653).  In this study, in vitro models 

were used, which are techniques employed throughout the pharmaceutical industry for pre-

clinical screening tests (Balimane & Chong, 2005:336).  In vitro models that can be used for 

drug transport studies include Ussing chambers, everted intestinal sac systems, cell based 

systems and artificial lipid-based systems (Alqahtani et al., 2013:4; Balimane & Chong, 

2005:336).  In vitro models which can be used for metabolism studies include primary 

hepatocyte models, cell cultures, microsomes and precision-cut liver slices (Alqahtani et al., 

2013:4).  The two human Caucasian colon adenocarcinoma cell lines, Caco-2 and LS180, 

were employed in this study for bi-directional transport and metabolism studies, respectively. 

The Caco-2 cell line is one of the best characterised and most commonly used in vitro 

models for drug transport studies during the drug discovery and development process.  It 

offers a simple model to screen the influence of P-gp on drug absorption and has been 

extensively studied as an in vitro model (Gan & Thakker, 1997:89; Van de Kerkhof et al., 

2007:667).  Despite their colonic origin, Caco-2 cells are enterocyte-like cells with villi on the 

apical membrane.  Being of human origin, they present with morphological and functional 

characteristics similar to that of their in vivo counterparts.  They form tight junctions and 

express various brush border enzymes, certain CYP enzymes as well as phase II enzymes 

at 21 days after spontaneous differentiation (Artursson et al., 2001:29; Travelin et al., 

2002:234,235). 

The Caco-2 cell line has certain limitations, such as the relatively low expression of CYP3A4, 

lack of expression of PXR and it requires relatively long culture periods (i.e. 21 days).  The 

LS180 cell line is not as extensively characterised as the Caco-2 cell line, but was chosen as 

the in vitro model for the metabolism experiments in this study because it expresses CYP 

enzymes to a higher extent (Brandon et al., 2006:7; Gupta et al., 2008:1178; Van de Kerkhof 

et al., 2007:667). 
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3.2 HIGH PRESSURE LIQUID CHROMATOGRAPHY ANALYTICAL METHOD 
FOR INDINAVIR 

A previously validated high performance liquid chromatography (HPLC) analysis method for 

indinavir was employed (Roos, 2012:44-57).  To ensure the method was applicable and 

suitable for the current study, the linearity and repeatability were confirmed, as well as the 

specificity of the method in combination with the commercial herbal products. 

3.2.1 Chromatographic conditions 

The indinavir analysis was performed on an HP1100n chromatograph equipped with a UV 

detector and Chemstation Rev.A.10.01 Agilent® Technologies data acquisition and analysis 

software (Hewllet-Packard Paulo Alto, California, USA).  The separation of the indinavir was 

performed on a Venusil XBP C18(2) column, 4.6 x  150 mm, 5 µm,  100 Å (Agela 

technologies, Wilmington, Delaware, USA) using an acetonitrile solvent adjusted to pH 7, 

with 0.1% ammonium formate (NH4HCO2) as the mobile phase in isocratic elution mode with 

a flow rate of 1 ml/min and an injection volume of  100 µL.  The UV detector was set 

at 210 nm and the retention time for indinavir was 4.6 min. 

3.2.2 Linearity 

Linearity is defined as the proportional relationship of response versus the concentration of 

the analyte over a working range (Shabir, 2004:30).  A standard solution was prepared by 

dissolving 24.93 mg indinavir in 100 ml Dulbecco’s Modified Eagle’s Medium (DMEM), which 

was further diluted to 0.2493 µg/ml and 2.493 µg/ml.  Different volumes (i.e. 2.5, 5, 10, 20, 

30, 40 and 50 µl) of the original and diluted solutions were withdrawn and transferred to vials 

in duplicate, before being placed into the auto sampler of the chromatograph.  The 

correlation coefficient as well as the y-intercept of the linear regression curve provides an 

indication of the acceptability of the linearity.  A regression coefficient (R2) value higher than 

0.998 indicates an acceptable fit (Shabir, 2004:31; Singh, 2013:29). 

3.2.3 Repeatability 

Repeatability is performed to determine the intra-day precision of the method under the 

same conditions over a relatively short time frame (i.e. within the same day) (Shabir, 

2004:33).  A maximum of six measurements, at concentration 24.93 µg/ml, were 

determined.  Repeatability is reported by standard deviation, as well as relative standard 

deviation which should be less than 1% and vary little, remaining constant between 

replicates (Shabir, 2004:33; Singh, 2013:30). 
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3.2.4 Specificity 

Specificity of the HPLC method refers to the ability to unambiguously measure a specific 

analyte in the presence of other components present during the analysis (Singh, 2013:30).  

The selected herbal products investigated in this study (i.e. Linctagon Forte®, Viral Choice® 

and Canova®), in combination with indinavir (Crixivan®), were analysed to ensure the 

accurate determination of indinavir by means of HPLC.  The prescribed dosage of each 

product as directed by the package inserts (Appendix B-E) were ground, with a mortar and 

pestle, to a fine powder (where applicable) and dispersed in 100 ml distilled water (ddH2O).  

Each solution was stirred with a magnetic stirrer for 1 h.  The solutions were filtered using a 

syringe filter (0.4 μm pore size) and a 10 ml syringe.  The filtrate of each product in 

combination with indinavir was placed in separate HPLC vials and evaluated by means of 

HPLC (as previously described for indinavir analysis in section 3.2.4.1) with the detector set 

at two wavelengths namely, 210 nm and 270 nm. 

3.3 LIQUID CHROMATOGRAPHY MASS SPECTROMETRY ANALYTICAL 
METHOD FOR INDINAVIR METABOLITE ANALYSIS 

A liquid chromatography mass spectrometry (LC/MS/MS) method was developed and 

employed for the analysis of indinavir metabolites in the samples obtained from the in vitro 

metabolism experiments. 

Liquid chromatography was performed on an SB-Phenyl (2.1 x 100 mm, 1.8 µm) column 

using an Agilent 1100 series HPLC instrument.  The mobile phase consisted of a mixture of 

phase A and B at 40:60 v/v ratio, where phase A was 0.1% w/v formic acid in water and 

phase B 0.1% w/v formic acid in acetonitrile.  The mobile phase was delivered at a constant 

flow rate (180 µl/min) with an injection volume of 5 µl, while the column was kept in a 

compartment at 40°C. 

Quantitative analysis of indinavir, M6 ((2R)-1-[(2S,4R)-4-benzyl-2-hydroxy-4-{[(1R,2S)-2-

hydroxy-2,3-dihydro-1H-inden-1-yl]-C-hydroxycarbonimidoyl}butyl]-N-tert-butylpiperazine-2-

carboximidic acid) (indinavir metabolite) and the internal standard (indinavir-d6) was 

performed on an AB Sciex API 3200 mass spectrometer (ESI in the positive ion mode) and 

the settings on the apparatus are summarised in Tables 1 and 2.  The mass spectrometer 

was operated at unit resolution in the multiple reactions monitoring (MRM) mode, monitoring 

the transition of the protonated molecular ions at m/z 614.4, m/z 523.4 and m/z 620.5 to the 

product ions at m/z 421.3, m/z 273.1 and m/z 421.2 for indinavir, M6 and the internal 

standard, respectively. 
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Table 3.1: Ionisation source settings for the LC/MS/MS analysis of indinavir metabolite 

Electro Spray Ionisation Settings Value 

Nebulizer gas (Gas 1) (arbitrary unit) 30 

Turbo gas (Gas 2) (arbitrary unit) 40 

CUR (curtain gas) (arbitrary unit) 15 

CAD (collision gas) (arbitrary unit) 3 

TEM (source temperature) (°C) 500 

IS ( Ion Spray Voltage) (V) 3500 

 

 

Table 3.2: MS/MS detector settings for the analysis of indinavir, metabolite and internal 
standard. 

MS/MS Settings Indinavir M6 ISTD 

Protonated molecular mass (m/z) 614 523 620 

Product ion molecular mass (m/z) 421 273 421 

Dwell time (ms) 150 150 150 

DP (declustering potential) (V) 45 40 40 

EP (entrance potential) (V) 12 9 12 

CEP(collision cell entrance potential) 
(V) 

35 40 25 

CE (collision energy) (eV) 50 45 45 

CXP (collision cell exit potential) (V) 11 11 8 

Scan Type MRM MRM MRM 

Polarity Positive Positive Positive 

Pause time 5ms 5ms 5ms 

 

3.4 CHEMICAL FINGERPRINTING OF HERBAL PRODUCTS 

The selected herbal products investigated in this study (i.e. Linctagon Forte®, Viral Choice® 

and Canova®) were chemically fingerprinted by means of HPLC.  The prescribed dosage of 

each product, as directed by the package inserts, were ground with a mortar and pestle to a 
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fine powder (where applicable) and dispersed in 100 ml ddH2O.  Each solution was stirred 

with a magnetic stirrer for 1 h.  The solutions were filered using a syringe filter (0.4 μm pore 

size) and a 10 ml syringe.  The filtrate of each product was placed in separate HPLC vials 

and evaluated by means of HPLC (as previously described for indinavir analysis in section 

3.2.4.1) with the detector set at two wavelengths namely, 210 nm and 270 nm. 

3.5 SAMPLE PREPARATION FOR TRANSPORT AND METABOLISM 
STUDIES 

3.5.1 Negative control group for both transport and metabolism studies 

The negative control group consisted of a  200 µM indinavir solution for both the transport 

and metabolism studies, which was prepared by dissolving two Crixivan® capsules in  100 ml 

ddH2O (thus  800 mg indinavir in 100 ml).  To obtain an indinavir solution with a 

concentration of 200 µM, 444 µl of the indinavir solution was added to 49.556 ml DMEM.  

For the combination with the positive control and the sample preparations during the 

experiments, 444 µl indinavir solution was added to 25.556 ml DMEM to maintain a 200 µM 

indinavir solution. 

3.5.2 Positive control group for the transport studies 

As a positive control group for the transport studies, a 100 µM verapamil (a known inhibitor 

of P-g) solution was prepared by dissolving 2.25 mg verapamil in 25 ml DMEM.  To obtain 

final concentrations of 100 µM verapamil and 200 µM indinavir in 2.5 ml media, which was 

administered to the cells during bi-directional transport studies, 1.25 ml 200 µM verapamil 

solution was combined with 1.25 ml 400 µM indinavir solution. 

3.5.3 Positive control group for the metabolism studies 

The positive control group for the metabolism studies consisted of a 40 µM ketoconazole, a 

known inhibitor of CYP3A4 solution.  The ketoconazole solution was prepared by dissolving 

1 mg ketoconazole in 940.32 µl methanol.  A volume of 50 µl of this solution was 

administered to the cells in combination with 2.5 ml of the 200 µM indinavir solution, to 

obtain final concentrations of 40 µM ketoconazole and 200 µM indinavir. 

3.5.4 Herbal product test solution for transport and metabolism studies 

For the bi-directional transport and metabolism inhibition studies, a concentration range for 

each of the herbal products were selected, based on a series of different potential 

distribution volumes to cover an extreme range of possible in vivo concentrations at different 
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sites as described before (Hellum et al., 2007:26).  The highest concentration consisted of a 

prescribed dose of the herbal product diluted in 500 ml, the medium concentration 

represented a prescribed dose of the herbal product diluted in 5 L and the lowest 

concentration represented a prescribed dose of the herbal product diluted in 50 L.  All herbal 

preparations were freshly prepared prior to the transport and metabolism experiments. 

The prescribed dose of each herbal product, as directed by the package insert, was ground 

(where applicable) using a mortar and pestle and dissolved in 100 ml ddH2O.  The herbal 

product solutions were stirred with a magnetic stirrer for 1 h, after which they were diluted 

to 500 ml, 5 L and 50 L.  The ingredient with the highest concentration in each selected 

herbal product was used to calculate the concentration of the dilutions, for example in 

Linctagon Forte®, the following calculations were done: 

A single Linctagon Forte® tablet comprises (See package insert Appendix D): 

Pelargonium sidoides              250 mg 

Quercetin         60 mg 

Bromelain      40 mg 

Pelargonium sidoides extract is the ingredient with the highest concentration in Linctagon 

Forte®.  The directed dosage of Linctagon Forte® is one tablet four times daily.  One tablet 

dissolved in 100 ml ddH2O would result in a Pelargonium sidoides extract concentration of 

250 mg/100 ml, which is equal to 2.5 mg extract (C1). 

If one tablet is dissolved in 500 ml (to produce the highest concentration tested in this study), 

then 250 mg Pelargonium sidoides extract will be present in 500 ml, which is equal to 

0.5 mg/ml (C2).  To obtain 0.5 mg/ml in 50 ml (V2), the following equation is used to calculate 

the volume needed from the original solution to be diluted to 50 ml: 

C1 x V1 = C2 x V2                                   Eq (1) 

Where C1 and C 2 represent the initial and final concentrations, respectively and V1 and V2 

represent the initial and final volumes, respectively.  
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Thus: 

C1x V1 = C2 x V2 

2.5 mg/ml x V1 = 0.5 mg/ml x 50 ml 

V1 = 
0.5 mg/ml x 50 ml

2.5 mg/ml
 

V1 = 10 ml of the initial concentration. 

A volume of 10 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach a 

final concentration of 0.5 mg/ml of Pelargonium sidoides extract.  All other calculations can 

be found in Appendix F. 

3.6 BI-DIRECTIONAL TRANSPORT STUDIES 

3.6.1 Culturing of the Caco-2 cells 

The Caco-2 cell line was used as the in vitro transport model, which was obtained from the 

European Collection of Cell Cultures (ECACC), by Sigma Aldrich, Johannesburg, South 

Africa.  The cells were subsequently cultured in high-glucose DMEM (Separations, 

Randburg, South Africa) supplemented with 10% foetal bovine serum (The Scientific Group, 

Johannesburg, South Africa), 1% non-essential amino acids (NEAA) (Whitehead Scientific, 

Cape Town, South Africa), 1% penicillin/streptomycin (Separations, Johannesburg, South 

Africa ), 1% 2 mM L-glutamine (Whitehead Scientific, Cape Town, South Africa) and 1% 

amphotericin B ( 250 µg/ml) (The Scientific Group, Randburg, South Africa). 

The Caco-2 cells were cultured at 37°C with 5% carbon dioxide and 95% humidified air in a 

Galaxy 170R incubator (Eppendorf Company, Stevenage, UK).  The growth medium was 

exchanged every second day.  Prior to exchange of the growth medium, the cells were 

inspected by means of a light microscope (Nikon Eclipse TS100/TS100F, Nikon Instruments, 

Tokyo, Japan) to estimate the percentage confluence as well as ensuring the absence of 

any contamination.  The growth medium was decanted and removed from the cell culture 

flask and replaced with 10 ml pre-warmed growth medium using a serological pipette and 

pipettor, under sterile conditions, inside a laminar flow hood. 

3.6.2 Sub-culturing of the Caco-2 cells 

Upon reaching 50% confluency, the Caco-2 cells were sub-cultured by means of 

trypsinisation.  Growth medium and phosphate buffered saline (PBS) (Sigma Aldrich, 

Johannesburg, South Africa) solution were pre-warmed to 37°C in a circulating water bath.  

The growth medium was decanted and removed from the cell culturing flask and the cells 
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were rinsed twice with 10 ml PBS using a pipettor and serological pipettes, under sterile 

conditions, in a laminar flow hood.  A volume of 3 ml Typsin-Versene (EDTA) mixture 

(Whitehead scientific, Cape Town, South Africa) was added to the cell culturing flask and the 

mixture was evenly distributed on the cell layer.  The flask was placed in the CO2 incubator 

for 3 to 5 min at 37°C.  To ensure detachment of the cells, the flask was gently shaken every 

2 min and detachment of the cells was determined with the aid of a light microscope.  Upon 

complete detachment of the cells, 6 ml pre-warmed growth medium was added to the trypsin 

mixture to inactivate its action.  The cell suspension was gently agitated by a pipette to 

ensure all cells were rinsed from the bottom of the flask and then divided to a ratio of 1:4, 

whereafter 10 ml pre-warmed growth medium was added to each flask.  The flasks were 

returned to the CO2 incubator to grow the cells under normal culturing conditions. 

3.6.3 Seeding of Caco-2 cells onto Transwell® membrane filters 

Caco-2 cells were seeded onto Transwell® 6-well membrane filters (Corning Costar® 

Corporation, Tewksbury, USA) with a pore diameter of 0.4 µm and surface area of 4.67 cm2.  

A cell suspension was obtained by means of trypsinisation with Trypsin-Versene as 

previously described.  After detachment of the cells, 6 ml pre-warmed growth medium was 

added to the flask and the cell suspension was agitated extensively with a pipette to ensure 

complete detachment and de-agglomeration of the cells to form a suspension consisting of 

single cells.  This single cell suspension was transferred to a 50 ml tube.  A Pasteur pipette 

was used to agitate the cell suspension to ensure a homogenous distribution of the cells.  

Cells in the suspension were counted by means of a haemocytometer after addition of 

Trypan blue.  In order to count the cells, 10 µl cell suspension, 15 µl PBS and 25 µl Trypan 

blue (Sigma Aldrich, Johannesburg, South-Africa) were mixed in a 2.5 ml Eppendorf tube 

using a pipette and left for 3 min, thereafter 10 µl of the mixture was placed on either side of 

the cover slip of the haemocytometer.  Using a light microscope (Nikon Eclipse 

TS100/TS100F, Nikon Instruments, Tokyo, Japan), cells were counted on 5 of the 9 squares 

on the grid of the haemocytometer on each side.  The average number of cells per square 

was calculated; this number was then multiplied with the dilution factor (5 x 104) which 

established the total number of cells per ml in the cell suspension.  The cell suspension was 

diluted to a concentration of 20 000 cells per ml using equation 1. 

Seeding of the cells onto Transwell® filter membranes occurred under sterile conditions in a 

laminar flow hood by pipetting 2.5 ml of the final cell suspension into each apical chamber of 

the membrane filter plate wells.  The Caco-2 cells were grown for 21 to 24 days on the 

membrane filters to produce intact epithelial cell monolayers, whilst the growth medium was 

replaced every second day under sterile conditions. 
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3.6.4 In vitro bi-directional transport studies 

Prior to commencement of the transport experiments, the transepithelial electrical resistance 

(TEER) of each cell monolayer was measured with a Millcell ERS II meter (Millipore, 

Billerica, Massachusetts, USA) as an indication of the integrity thereof.  A TEER reading 

higher than 250 Ω (which is equivalent to 1167.5 Ω/cm2) was required before the transport 

studies could be conducted. 

3.6.4.1   Transport in the apical to basolateral direction 

For the transport studies in the apical to basolateral (AP-BL) direction, the growth medium 

was removed from the basolateral chamber and replaced with 2.5 ml pre-heated DMEM 

buffered with HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) (The Scientific 

group, Biochrom, Randburg, South Africa) and incubated for 30 min at 37°C.  The growth 

medium was removed from the apical chamber and replaced with 2.5 ml of each of the test 

solutions (i.e. each selected herbal product at three different concentrations in the presence 

of 200 μM indinavir).  As mentioned before, the negative control group consisted of indinavir 

alone in solution (200 µM), whereas indinavir combined with verapamil (100 µM) formed the 

positive control.  Samples (200 µl) were withdrawn from the basolateral side at pre-

determined time intervals of 20, 40, 60, 80, 100 and 120 min, which were each replaced 

with  200 µl of the pre-heated DMEM buffered with HEPES.  At the end of the transport 

study, the TEER was again measured to confirm the integrity of the cell monolayer was still 

intact after exposure of the cells to the test solutions.  Samples were analysed by means of 

HPLC to determine the indinavir concentration. 

3.6.4.2   Transport in the basolateral to apical direction 

For the transport studies in the basolateral to apical (BL-AP) direction, the growth medium 

was removed from the apical chamber and replaced with 2.5 ml pre-heated DMEM (37°C) 

and incubated for 30 min at 37°C.  The growth media was removed from the basolateral 

chamber and replaced with 2.5 ml of each of the test solutions (i.e. each selected herbal 

product at three different concentrations in the presence of 200 μM indinavir). Indinavir alone 

was employed as a negative control, with verapamil (100 µM), a known P-gp inhibitor, in 

combination with indinavir as a positive control.  Samples (200 µl) were withdrawn from the 

apical side at pre-determined time intervals of 20, 40, 60, 80, 100 and 120 min, which were 

each replaced with 200 µl pre-heated DMEM (37°C).  At the end of the transport study, the 

TEER was again measured to confirm the integrity of the cell monolayer over the time period 

of the transport study. Samples were analysed by means of the HPLC method. 
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3.7 IN VITRO METABOLISM STUDIES 

3.7.1 Culturing of the LS180 cells 

The LS180 cell line was used as the in vitro model for metabolism, which was obtained from 

the European Collection of Cell Cultures (ECACC) by Sigma Aldrich, (Johannesburg, South 

Africa).  The cells were subsequently cultured in high-glucose DMEM (Separations, 

Randburg, South Africa) supplemented with 10% foetal bovine serum (The Scientific Group, 

Randburg, South Africa), 1% non-essential amino acids (NEAA) (Whitehead Scientific, Cape 

Town, South Africa), 1% penicillin/streptomycin (Separations, Thermo Scientific), 1% 2 mM 

L-glutamine (Whitehead Scientific, Cape Town, South Africa) and 1% amphotericin B 

( 250 µg/ml) (The Scientific Group, Randburg, South Africa). 

The LS 180 cells were cultured at 37°C with 5% carbon dioxide and 95% humidified air in a 

Galaxy 170R incubator (Eppendorf Company, Stevenage, UK).  Growth medium was 

exchanged every second day.  Prior to the growth medium exchange, the cells were 

inspected by means of a light microscope (Nikon Eclipse TS100/TS100F, Nikon Instruments, 

Tokyo, Japan) to estimate the percentage confluence as well as ensuring the absence of 

any contamination.  The growth medium was decanted, removed and then replaced with 

10 ml pre-warmed growth medium using a serological pipette and pipettor under sterile 

conditions inside a laminar flow hood. 

3.7.2 Sub-culturing of the LS180 cells 

Upon reaching 50% confluency, the LS180 cells were sub-cultured by means of scraping.  

The growth media and PBS (Sigma Aldrich, Johannesburg, South Africa) solution were pre-

warmed to 37°C in a circulating water bath.  The growth medium was decanted and 

removed from the cell culturing flask; 6 ml pre-warmed growth medium was added and the 

cells were scraped using a cell scraper under sterile conditions in a laminar flow hood.  

Using a serological pipette and pipettor, the cell suspension was gently agitated by a pipette 

ensuring all the cells were rinsed from the sides of the flask.  The cell suspension was 

divided to a ratio of 1:4 and 10 ml pre-warmed growth medium was added to each flask.  

The flasks were returned to the CO2 incubator to grow the cells under normal culturing 

conditions. 

3.7.3 Seeding of LS180 cells onto 6-well plates 

The LS180 cells were seeded onto 6-well plates (Corning Costar Corporation, Tewksbury, 

USA).  A cell suspension was obtained by means of scraping the cells from the culturing 
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flask; the cell suspension was extensively agitated with a pipette to ensure a homogeneous 

suspension consisting of single cells.  The cell suspension was transferred to a 50 ml tube 

and a Pasteur pipette was used to agitate the cell suspension for homogenous distribution of 

the cells in the suspension.  Cells in the suspensions were counted using a haemocytometer 

after addition of Trypan blue.  A volume of 10 µl cell suspension, 15 µl PBS and 25 µl Trypan 

blue (Sigma Aldrich, Johannesburg, South-Africa) were mixed in a 2.5 ml Eppendorf tube 

using a pipette and left for 3 min.  Thereafter 10 µl of the mixture was placed on either side 

of the cover slip of the haemocytometer.  Using a light microscope (Nikon Eclipse 

TS100/TS100F, Nikon Instruments, Tokyo, Japan) cells were counted on 5 of the 9 squares 

on the grid of the haemocytometer on each side.  The average number of cells per square 

was calculated; this number was then multiplied with the dilution factor (5 x 104) which 

established the total number of cells per ml in the cell suspension.  The cell suspension was 

diluted to a concentration of 50 000 cells per ml using equation 1. 

Seeding of the cells onto the 6-well plates occurred under sterile conditions in a laminar flow 

hood by pipetting 2.5 ml of the final cell suspension into each chamber of the 6 well plates.  

The seeded LS180 cells were left to adhere to the culture treated bottom surfaces of the 

wells and cultured for 24 h prior to commencement of the metabolism inhibition studies. 

3.7.4 Metabolism inhibition studies 

The growth medium was removed from the LS180 cells and replaced with 2.5 ml test and 

control solutions (i.e. each selected herbal product at three different concentrations in the 

presence of  200 μM indinavir as well as 40 μM ketoconazole and indinavir solution as 

positive control), which were then incubated for 4 h at normal culturing conditions. The 

test/control solutions were removed and the cells were washed with 1 ml PBS (Sigma-

Aldrich, Johannesburg, South Africa).  The cells were harvested by gently scraping each well 

in order to detach all the cells and transferring them to labelled micro-centrifuge tubes.  The 

cell suspension was removed and placed in 2.5 ml centrifugal tubes on ice, which were 

centrifuged in a Sigma Refrigerated Centrifuge 3-16KL (Wirsam Scientific, Johannesburg, 

South Africa) for 5 min at  300 x g (1495 rpm) to ensure lysis of the cell membranes.  After 

centrifugation, the supernatant was removed and the cell pellets were re-suspended 

in 200 µl ice-cold methanol, vortexed for 40 s and kept at -80°C until dried.  Before drying, 

the cell suspension was thawed and centrifuged at 10 000 x g (9458 rpm) for 10 min to 

remove proteins and cell debris.  The supernatant was removed and placed in 2.5 ml micro-

centrifuge tubes, which were then dried under nitrogen.  Prior to LC/MS/MS analysis, the 

samples were reconstituted in 100 µl 0.1% formic acid in water and vortex mixed for 1 min. 
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3.8 DATA ANALYSIS 

3.8.1 Indinavir transport data 

The apparent permeability coefficient (Papp x 10-6 cm/s) values for indinavir transport in each 

direction across the Caco-2 cell monolayers were calculated using equation 2 (Tarirai et al., 

2012:257).  The Papp values represent the diffusion rate of the compound normalised for 

surface area of the cell monolayers and drug concentration on the donor side. 

Papp = 
dQ
dt

�
1

A.C0.60
�                                  Eq (2) 

Where dQ/dt (cm/s) represents the increase in the amount of drug present in the acceptor 

compartment over time, A is the effective surface area of the cell monolayer in cm2 that is 

exposed to the test solutions and C0 (µg/ml) is the initial drug concentration present in the 

donor chamber. 

 Efflux ratio (ER) indicates any asymmetry in the directional transport of indinavir in 

combination with the various herbal products.  The ER of indinavir transport was calculated 

by means of Equation 3 (Tarirai et al., 2012:257). 

ER = 
Papp(BL-AP)
Papp(AP-BL)                              Eq (3) 

Where AP-BL is the transport of indinavir in the apical to basolateral direction and  

BL-AP indicates the transport of indinavir in the basolateral to apical direction. 

3.8.2 Indinavir metabolism data 

The ratio of the concentration of indinavir metabolite (i.e. M6) to that of indinavir was 

calculated to indicate any modulation of indinavir metabolism in the LS180 cells by the 

herbal products.  Concentration ratios of metabolite to parent drug (i.e. indinavir) were used 

to determine if inhibition occurred.  CYP3A4 and CYP2B6 are responsible for the oxidative 

metabolism of indinavir during phase I of enzyme detoxification resulting in the production of 

six metabolites.  During inhibition of CYP3A4 and CYP2B6, as a cause of combined herb 

and indinavir usage, there should be a decline in the concentration of these metabolites in 

the presence of the parent drug. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

4.1 Introduction 

The possibility of herb-drug pharmacokinetic interactions occurring during co-administration 

of commercially available herbal products (i.e. Linctagon Forte®, Viral Choice® and Canova®) 

and indinavir was investigated.  In vitro cell culture models (i.e. Caco-2 and LS180) were 

employed to study the possible modulation of the herbal products on the transport and 

metabolism of indinavir, specifically with respect to inhibition of P-glycoprotein (P-gp) 

associated efflux and CYP3A4 metabolism. 

To ensure the effect of the experimental groups on the bi-directional transport and 

metabolism of indinavir was not due to chance interferences, control groups were included.  

An indinavir solution served as the negative control group for both the transport and 

metabolism studies, whereas verapamil (100 µM), a known inhibitor of P-gp, served as the 

positive control group for the bi-directional transport.  Ketoconazole, a known inhibitor of 

CYP3A4, served as the positive control group for the metabolism inhibition studies. 

The effect of commercially available herbal products (i.e. Linctagon Forte®, Viral Choice® 

and Canova®) on indinavir transport and metabolism was evaluated at extreme 

concentration ranges to cover all potential concentrations that may occur in vivo.  The 

amount of indinavir transported in both the apical to basolateral and the basolateral to apical 

directions across Caco-2 cell monolayers in the absence and presence of the selected 

herbal products was measured in 6-well Transwell® plates.  Production of the indinavir 

metabolite, M6, in LS180 cells in the absence and presence of the selected herbal products 

was measured during the metabolism inhibition study. 

A previously validated HPLC method was used to analyse the indinavir concentration in the 

transport samples.  Indinavir and M6 concentrations in the metabolism study samples were 

determined by means of a validated LCMS/MS method.  The apparent permeability 

coefficient (Papp) values and efflux ratios were calculated for the bi-directional transport and 

the M6/indinavir ratios were calculated for the metabolism experiments. 
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4.2 High performance liquid chromatography analytical method 

Although a previously validated HPLC analytical method was used, the linearity, repeatability 

and specificity were confirmed. 

4.2.1 Linearity 

Linearity is defined as the proportional relationship of response versus the concentration of 

the analyte over a working range (Shabir, 2004:30).  An R squared (R2) value higher than 

0.998 is indicative of an acceptable fit.  From the linear calibration graph (Figure 4.1) an R2 

value of 0.999 was obtained.  It can therefore be concluded that the HPLC method complies 

with the criteria for linearity. 

 

Figure 4.1: Calibration curve for indinavir where peak area is plotted as a function of 

concentration 
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4.2.2 Repeatability 

Repeatability is performed to determine the intra-day precision of the method under the 

same conditions over a relatively short time frame (Shabir, 2004:33).  A standard deviation 

(SD) and relative standard deviation (%RSD) of less than 1% is required for a method to be 

repeatable.  The HPLC method used for indinavir analysis satisfies this criterion with a 

relative standard deviation of 0.3%, as seen in Table 4.1. 

Table 4.1: Repeatability data for indinavir analysis 

Peak area Retention times 
(min) 

1512 5.786 

1515 5.777 

1513 5.791 

1521 5.794 

1522 5.799 

1523 5.811 

 

Mean 1518 5.793 

SD 4.56 0.011 

%RSD  0.30 0.182 
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4.2.3 Specificity 

The chromatograms in Figures 4.2 to 4.5 illustrate the specificity of the method to detect 

indinavir in the presence of other chemicals from Crixivan® and from each herbal product. 

 

 

Figure 4.2: Chromatographic profiles of indinavir sulphate in the presence of Crixivan® 

excipients at a wavelength of (a) 270 nm and (b) 210 nm 
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Figure 4.3: Chromatographic profiles of Crixivan® indinavir sulphate in the presence of 

Linctagon Forte® at wavelengths of (a) 270 nm and (b) 210 nm 
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Figure 4.4: Chromatographic profiles for Crixivan® indinavir sulphate in combination with 

Viral Choice® at wavelengths (a) 270 nm and (b) 210 nm 
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Figure 4.5: Chromatographic profiles for Crixivan® indinavir sulphate in combination with 

Canova® at wavelengths (a) 270 nm and (b) 210 nm 
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4.3 Chemical fingerprinting of herbal products 

Figures 4.6 to 4.8 illustrate the HPLC chromatographs of the selected herbal products at 

wavelengths 270 nm and 210 nm, respectively. 

 

 

Figure 4.6: Chromatographic profiles for Canova® solutions at wavelengths (a) 270 nm 

and (b) 210 nm 
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Figure 4.7: Chromatographic profiles for Viral Choice® solutions at wavelengths 

(a) 270 nm and (b) 210 nm 
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Figure 4.8: Chromatographic profiles for Linctagon Forte® solutions at wavelengths (a) 

270 nm and (b) 210 nm 
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4.4 Bi-directional transport and the effect on P-glycoprotein 

4.4.1 Bi-directional transport of indinavir in the presence of Linctagon Forte® 

The bi-directional transport of indinavir (200 µM) alone, indinavir (200 µM) in combination 

with verapamil ( 100 µM), as well as in combination with three concentrations of Linctagon 

Forte® was evaluated by means of Caco-2 cell monolayers on  

6-well Transwell® plates.  For the negative control group, there was only a 13% decrease in 

the TEER values over the duration of the transport study (Table 4.2).  This relatively low 

decrease in TEER of the Caco-2 cell monolayer suggested the Caco-2 cell model was 

suitable for the duration of the transport study.  Higher reductions in TEER values for the 

other groups could be explained by the modulation effects of phytochemicals in the herbal 

products on the tight junctions between adjacent epithelial cells.  A TEER value at the 

beginning, before commencement of the transport study, higher than 250 Ω (i.e. equal to 

1167.5 Ω/cm2) served as an indication of the confluency of the cell monolayer.  As can be 

seen in Table 4.2, the average TEER values were all above this prescribed value. 

Table 4.2: Average TEER values at the beginning (0 min) and end (120 min) of the bi-

directional transport study of indinavir in the presence of Linctagon Forte® 

across Caco-2 cell monolayers 

Experimental 
groups 

Average TEER value (Ω) (n=3) 

AP-BL direction BL-AP direction 

0 min 120 min 0 min 120 min 

Negative control 
(indinavir) 

347 ± 17.74 

 

298.8 ± 14.07 

 

319 ± 22.78 

 

250.3 ± 6.05 

 

Positive control 
(indinavir + 
verapamil) 

335.5 ±21.62 

 

313.6 ± 9.50 

 

385.1 ± 9.50 

 

335.6 ± 7.05 

 

Low concentration 
370 ± 19.00 

 

282.3 ± 8.51 

 

369.3 ± 7.23 

 

291.3 ± 7.23 

 

Medium 
concentration 

323.6 ± 14.57 

 

277.6 ± 8.08 

 

331.6 ± 9.07 

 

291.6 ± 2.08 

 

High concentration 
337.3 ± 16.77 

 

252 ± 8.89 

 

313.3 ± 12.10 

 

336.6 ±13.43 
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The percentage indinavir transport in both directions, apical to basolateral (AP-BL) as well as 

basolateral to apical (BL-AP), was calculated and presented as a function of time in Figures 

4.9 and 4.10, respectively.  The percentage transport indicates the percentage indinavir 

crossing the cell monolayer in relation to the concentration of indinavir administered during 

the transport study.  A higher percentage transport in the BL-AP direction compared to the 

AP-BL direction indicates active efflux of the compound occurred. 

 
Figure 4.9: Percentage transport of indinavir in the apical to basolateral (AP-BL) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 

 
Figure 4.10: Percentage transport of indinavir in the basolateral to apical (BL-AP) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 
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From Figures 4.9 and 4.10 it can be seen that verapamil, a known inhibitor of P-gp (i.e. 

positive control group), increased the uptake of indinavir in the AP-BL direction, whereas it 

decreased the efflux of indinavir in the BL-AP direction.  The overall uptake of indinavir (i.e. 

transport in the AP-BL direction) decreased for all the concentrations of Lingtagon Forte® 

when combined with indinavir, as indicated in Figure 4.9.  An overall increase in the efflux of 

indinavir is noted for all the concentrations of Lingtagon Forte® when combined with indinavir 

(Figure 4.10).  The medium concentration produced the most pronounced effect, followed by 

the low and high concentrations respectively, when compared to both the positive and 

negative control groups. 
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Figure 4.11 presents the Papp values for each of the experimental groups of Linctagon Forte® 

in combination with indinavir. 

 
Figure 4.11: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Linctagon Forte® as well as for the negative control group (indinavir alone) and positive 

control group (indinavir with verapamil) (n=3) (error bars represent SD) 

The Papp values represent the diffusion rate of the compound normalised for surface area of 

the cell monolayers and drug concentration on the donor side (Tarirai et al., 2012:257).  

From Figure 4.11, it is clear Linctagon Forte® pronouncedly increased the BL-AP diffusion 

rate (i.e. efflux) of indinavir and concurrently decreased the AP-BL diffusion rate (i.e. uptake) 

compared to that of the negative control group (indinavir alone).  The efflux activation effect 

was concentration dependent for the first two concentrations of Linctagon Forte®, but the 

effect was lower for the highest concentration.  The latter corresponds well with observations 

made for the percentage transport in both the AP-BL and BL-AP directions.  This “bell 

shape” dose dependent curve may implicate a saturation effect above a threshold 
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concentration.  An increase in efflux, as a pharmacokinetic interaction, may cause a 

reduction in the bioavailability of indinavir when simultaneously taken with Linctagon Forte® 

from the results obtained.  This acute effect of Linctagon Forte® on indinavir transport across 

intestinal epithelial cells may be explained by potential activation of the P-gp efflux 

transporter however, the precise mechanism of action should be investigated further in 

conjunction with the potential enhancement of gene expression over longer term exposure. 

Linctagon Forte® is composed of Pelargonium sidoides (Geraniaceae), quercetin and 

bromelain.  Currently, there are no known interactions between co-administered drugs and 

P. sidoides extract containing products with respect to P-gp (Ulbricht et al., 2010:723).  The 

quercetin component has in the past shown inhibitory action of P-gp activity.  It had been 

determined, by means of rhodamine-123 (Rh-123) transport studies, that P-gp activity is 

significantly inhibited by quercetin (Choi et al., 2011:609).  In another study by Borska et al. 

(2012), the cell line EPG85-257RDB (RDB-cells) exposed to 12 µM quercetin showed a 

significant reduction in the expression of P-gp.  The bromelain component, however, is 

absorbed by means of a self-enhanced paracellular route without degradation and maintains 

biological activity (Bock et al., 1998:1399; Pavan et al., 2012:1) and  therefore, may not have 

an effect on the P-gp transporter.  This suggests the overall increase in efflux observed for 

Linctagon Forte® may potentially be attributed to the high concentration of P. sidoides extract 

present within the product. 

4.4.2 Bi-directional transport of indinavir in the presence of Viral Choice®  

The bi-directional transport of indinavir (200 µM) alone (negative control group), indinavir 

(200 µM) in combination with verapamil (100 µM, positive control group), as well in 

combination with three extreme concentrations of Viral choice® was evaluated by means of 

Caco-2 cell monolayers on 6-well Transwell® plates.  The TEER was measured at the 

beginning as well as at the end of the transport study.  For the negative control group, 

(Table 4.3) there was only a 13% decrease in the TEER value over the duration of the 

transport study.  This suggested the Caco-2 cells used in this study provided a suitable 

model that stayed intact over the duration of the transport study.  It is clear from Table 4.4, 

that the minimum initial TEER value of 250 Ω (i.e. equal to 1167.5 Ω/cm2) was achieved for 

each experimental group. 
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Table 4.3: Average TEER value at the beginning (0 min) and end (120 min) of the bi-

directional transport study of indinavir in the presence of Viral Choice® across 

Caco-2 cell monolayers 

Experimental 
groups 

Average TEER value (Ω) (n=3) 

AP-BL direction BL-AP direction 

0 min 120 min 0 min 120 min 

Negative control 
(indinavir) 

347 ± 17.74 

 

298.8 ± 14.07 

 

319 ± 22.78 

 

250.3 ± 6.05 

 

Positive control 
(indinavir + 
verapamil) 

335.5 ± 21.62 

 

313.6 ± 9.50 

 

385.1 ± 9.50 

 

335.6 ± 7.05 

 

Low 
concentration 

422.3 ± 6.35 

 

352 ± 10.58 

 

483 ± 10.58 

 

420.6 ± 8.08 

 

Medium 
concentration 

506.6 ± 20.55 

 

409.6 ± 28.10 

 

499.6 ± 9.07 

 

345.6 ± 57.55 

 

High 
concentration 

479 ± 8.19 

 

407.6 ± 33.26 

 

495 ± 2.00 

 

378 ± 19.97 

 

 

The percentage transport in both directions (i.e. AP-BL and BL-AP) are presented in 

Figures 4.12 and 4.13, respectively. 
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Figure 4.12: Percentage transport of indinavir in the apical to basolateral (AP-BL) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 

 
Figure 4.13: Percentage transport of indinavir in the basolateral to apical (BL-AP) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 
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From Figures 4.12 and 4.13, it is clear verapamil increased the uptake of indinavir (i.e. 

transport in the AP-BL direction), whereas it decreased the efflux (i.e. transport in the BL-AP 

direction) of indinavir.  There was an overall decrease in the percentage uptake of indinavir 

in the presence of Viral Choice® for the entire concentration range compared to the negative 

control group as can be seen in Figure 4.12.  The low and medium concentrations showed 

percentage efflux similar to that of the negative control group (i.e. indinavir alone); the 

highest concentration showed a decrease in the efflux compared to the negative control 

group, almost comparable to the positive control group (i.e. indinavir and verapamil 

combination). 
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Figure 4.14 is a visual representation of the average Papp values calculated from the 

transport of indinavir when combined with Viral Choice®. 

 

Figure 4.14: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Viral Choice® as well as for the negative control group (i.e. indinavir alone) and positive 

control group (i.e. indinavir with verapamil) (n=3) (error bars represent SD) 

Figure 4.14 confirms the decrease in the uptake of indinavir from the AP-BL direction during 

the combined application of Viral Choice® for the entire concentration range (i.e. low, 

medium and high concentrations) when compared to the negative control group.  Efflux of 

indinavir in the BL-AP direction for the low and medium concentration of Viral Choice® 

increased to a certain extent.  However, at the highest Viral Choice® concentration, there is a 

slight decrease in the indinavir efflux from the BL-AP direction when compared to the 

negative control group, but not to the same extent as the positive control group.  Also the 

decrase in uptake corresponds with the increase in efflux.  This trend corresponds to that 



70 
 

observed in a study by Hansen and Nilsen (2009:86-91), in which the effect of 

Echinacea purpurea was evaluated on P-gp transport in Caco-2 monolayers.  Viral Choice® 

is composed of a variety of minerals, vitamins, amino acids, trace elements, phytosterols as 

well as Echinacea purpurea and Allium sativum extracts; of these Echinacea purpurea is 

present in the highest concentration at 80 mg per capsule (See Package insert Appendix E). 

4.4.3 Bi-directional transport of indinavir in the presence of Canova® 

The bi-directional transport of indinavir (200 µM) alone, indinavir (200 µM) in combination 

with verapamil (100 µM) as well as in combination with three extreme concentrations of 

Canova® was evaluated by means of Caco-2 cell monolayers on 6-well Transwell® plates. 

The TEER was measured at the beginning as well as at the end of the transport study.  

Focusing on the negative control group in Table 4.4, there was only a 13% drop in the TEER 

measurements over the duration of the transport study.  This suggested the measurement of 

the TEER values, as criteria for monolayer integrity over the duration of the transport study, 

was a suitable model.  A TEER measurement higher than 250 Ω serves as an indication of 

the integrity of the cell monolayer.  As can be seen from Table 4.4, showing the average 

TEER measurement, this criterion was met for each experimental group, thus, the results 

obtained can be viewed as a true reflection of the inherent actions of the experimental 

groups on the bi-directional transport. 
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Table 4.4: Average TEER values at the beginning (0 min) and end (120 min) of the bi-

directional transport of indinavir in the presence of Canova® across Caco-2 

cell monolayers 

Experimental 
groups 

Average TEER values (Ω) (n=3) 

AP-BL direction BL-AP direction 

0 min 120 min 0 min 120 min 

Negative control 
(indinavir) 347 ± 17.74 298.8 ± 14.07 319 ± 22.78 250.3 ±6.05 

Positive control 
(indinavir + 
verapamil) 

335.5 ± 21.62 

 

313.6 ± 9.50 

 

385.1 ± 9.50 

 

335.6 ± 7.05 

 

Low concentration 
437.6 ± 23.86 

 

323.6 ± 24.09 

 

415.3 ± 5.03 

 

355.3 ± 10.50 

 

Medium 
concentration 

501.33 ± 8.08 

 

446.3 ± 13.58 

 

400.3 ± 9.07 

 

350.6 ±4.51 

 

High concentration 
533.3 ± 10.50 

 

397.6 ± 3.21 

 

404.6 ± 11.15 

 

414.6 ± 10.79 

 

 

The percentage transport of indinavir in both directions in the presence of Canova® was 

calculated and is presented in Figures 4.15 and 4.16, respectively. 

Figure 4.15 shows there was a concentration dependent (i.e. from lowest to highest 

concentration) increase in the percentage uptake of indinavir in the presence of Canova®. 

The percentage uptake of indinavir in the presence of the lowest concentration Canova® was 

lower than that of both the positive and negative control groups, whereas it was slightly 

elevated in the presence of the medium and high Canova® concentrations in comparison to 

the negative control group (i.e. indinavir).  The same trend, to some extent, was observed for 

the percentage efflux of indinavir (Figure 4.16).  There was a slight concentration dependent 

increase in the efflux of indinavir for the entire concentration range; nevertheless, when 

compared to the negative control group, this increase for the medium and high 

concentrations of Canova® was almost negligible.  The lowest concentration of Canova®, 

however, decreased the percentage efflux of indinavir to values lower than those of the 

positive control group (i.e. verapamil and indinavir). 
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Figure 4.15: Percentage transport of indinavir in the apical to basolateral (AP-BL) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 

 
Figure 4.16: Percentage transport of indinavir in the basolateral to apical (BL-AP) direction 

as a function of time across Caco-2 cell monolayers (n=3) (error bars represent SD) 
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Figure 4.17 shows the average Papp values calculated for indinavir when combined with 

Canova®. 

 

Figure 4.17: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Canova® as well as for the negative control group (indinavir alone) and positive control 

group (indinavir with verapamil) (n=3) (error bars represent SD) 

The combination of Canova® with indinavir increased the uptake of indinavir in a 

concentration dependent manner (i.e. from low to high concentration) when compared to 

each other, but it was generally lower than that of the negative control group.  Efflux of 

indinavir also increased in a concentration dependent manner when compared to each 

other.  In general, it appeared as though Canova® had a negligible effect on the bi-directional 

transport of indinavir. 

Canova® is a highly diluted homeopathic remedy, which is composed of extracts from 

different plants (see package insert of Canova® in Appendix C), and of these 
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phytoconstituents, only Aconitum napellus has been identified as a potential substrate for  

P-gp (Yang et al., 2013b:197). 

4.5 Transport efflux ratio (ER) values 

The ER values indicate asymmetry in the directional transport of indinavir in combination 

with the various herbal products.  When efflux of a drug from the epithelium is increased, 

lower uptake transport of the drug is expected across the epithelium, because the molecules 

are actively pumped from within the cells back to the apical side.  An increase in efflux, as a 

pharmacokinetic interaction, may therefore cause a reduction in the bioavailability of the 

drug when simultaneously taken with the inducer.  Conversely, a decrease in the efflux, as 

caused by an inhibitor, may result in increased bioavailability of the drug as more drug will 

now reach the systemic circulation. 

Figure 4.18 offers a graphic representation of the various ER values observed for each 

selected herbal product at an extreme range of concentrations (i.e. low, medium and high) in 

combination with indinavir. 
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Figure 4.18: Efflux ratio (ER) values for indinavir in the presence of Linctagon Forte®, 

Viral Choice® and Canova®, including the negative control group (indinavir alone) and 

positive control group (indinavir with verapamil) (n=3) (error bars represent SD) 

From Figure 4.18, it is noticeable that a pronounced increase in efflux occurred for the entire 

concentration range (i.e. low, medium and high concentrations) of Linctagon Forte® in 

combination with indinavir, when compared to both the negative and positive control group.  

One again, we notice a concentration dependent activation of efflux for the lower two 

concentrations of Linctagon Forte®, with a lower effect noticed for the highest concentration 

tested, which is indicative of a possible saturation effect. 

During the co-application of Viral Choice®, there was a definite increase in efflux for the 

entire concentration range (i.e. low, medium and high concentrations) when compared to 

both the negative and positive control.  The increase in the extent of efflux appears to be 
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concentration dependent.  The data shows that Viral Choice® interacts with the P-gp 

mediated transport of indinavir, especially during efflux from the BL-AP direction, suggesting 

a biphasic effect with low allosteric activation at low concentrations and low inhibition at 

higher concentrations.  This is similar to the trends observed for Echinacea pururea during 

an in vitro study by Hansen and Nilsen (2009:87-90). 

The combination of Canova® with indinavir slightly increased the ER values of indinavir in a 

concentration dependent manner (i.e. from low to high concentration) when compared to the 

negative control group.  However, when the highest concentration was compared to that of 

the negative control group, an increase in the efflux of indinavir was hardly detected.  

Generally, it appears as though Canova® had a negligible effect on the ER value of indinavir. 

4.6 Metabolism inhibition studies 

The concentration ratio of indinavir metabolite (i.e. M6) to that of indinavir was calculated in 

order to indicate any modulation of indinavir metabolism in the LS180 cells by the herbal 

products.  The concentration ratio of metabolite to parent drug (i.e. indinavir) provides an 

indication of the extent of inhibition which occurred.  Inhibition of CYP3A4 by drug and herbal 

substrates may potentiate the occurrence of adverse effects of orally administered drugs that 

are substrates of this enzyme due to the subsequent increase in bioavailability thereof. 

Figure 4.19 provides a graphic representation of the results obtained during the metabolism 

inhibition experiment conducted during the combination of three commercially available 

herbal products (i.e. Linctagon Forte®, Viral Choice® and Canova®), at an extreme range of 

concentrations (i.e. low, medium and high), with indinavir.  Indinavir alone (200 µM) served 

as the negative control group and ketoconazole (40 µM), in combination with indinavir, 

(200 µM) served as the positive control group.  Ketoconazole is a known substrate and 

inhibitor of CYP3A4, thus, decreasing the concentration of the most prominent indinavir 

metabolite (M6). 

It is apparent from Figure 4.19, that there was a marked decrease in the concentration ratio 

of M6 to indinavir in the positive control group (indinavir with ketoconazole) compared to that 

of the negative control group (indinavir alone).  The latter validates the model and the results 

obtained can now be viewed as a true reflection of the inherent actions of the experimental 

groups on the metabolism inhibition of indinavir. 
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Figure 4.19: M6/indinavir concentration ratios for indinavir in the presence of 

Linctagon Forte®, Viral Choice® and Canova®, including the negative control group (indinavir 

alone) and positive control group (indinavir with ketoconazole) (n=3) (error bars represent 

SD) 

Linctagon Forte® resulted in a concentration dependent inhibition of indinavir metabolism, 

most probably CYP3A4.  A ±9 fold increase in metabolism inhibition was observed with the 

highest concentration Linctagon Forte® when compared to the positive control group.  This 

was consistent with the previous finding of at least one active constituent of 

Linctagon Forte®, namely quercetin.  During an in vivo study on male Sprague-Dawley rats, 

by Choi et al. (2011), quercetin was capable of producing an inhibitory action on CYP3A4 in 

a concentration-dependent manner.  The metabolism results therefore suggest a possible 

increase in the bioavailability of indinavir when given in combination with Linctagon Forte®. 
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Viral Choice® exhibited an inverse concentration dependent inhibition of indinavir 

metabolism in LS180 cells possibly due to a saturation effect.  A ±8 fold increase in inhibition 

was observed with the lowest concentration of Viral Choice® when compared to the positive 

control.  It has previously been found that Echinacea purpurea, one of the major active 

constituents of Viral Choice®, inhibited CYP3A4.  In an in vitro study by Budzinski et al. 

(2000), extracts of the root and aerial portions of E. purpurea had an inhibitory effect on 

complimentary deoxyribonucleic acid (cDNA) expressing CYP3A4.  This was confirmed by 

an in vivo study conducted by Gorski et al. (2004), during which  400 mg of E. purpurea root 

was administered 4 times daily for 8 days.  They found the clearance of caffeine and 

tolbutamide, serving as in vivo probes for CYP1A2 and CYP2C9 metabolism, was 

significantly reduced.  Clearance of midazolam, the in vivo probe for hepatic CYP3A, was 

also significantly increased, which was consistent with preceding in vitro findings (Gorski et 

al., 2004: 96).  Allium sativum (Liliaceae), another active constituent of Viral Choice® 

includes high concentrates of thiosulfinates, which are sulphur containing compounds (e.g. 

allicin) (Tattelman, 2005:103).  However, active constituents within A. sativum vary with 

different garlic preparations resulting in varying effects on the CYP enzyme system (i.e. 

some found inhibitory and some inducing effects on this enzyme system) (Banerjee et al., 

2003:98; Colalto et al., 2010:210).  The metabolism results presented in Figure 4.19 suggest 

the co-administration of Viral Choice® will result in an increase in bioavailability of indinavir 

due to a reduction in the metabolism of indinavir. 

The combination of Canova® across the whole concentration range markedly inhibited 

CYP3A4 related metabolism of indinavir.  A ±7 fold increase in inhibition was observed for 

the entire concentration range of Canova® when compared to the positive control.  The 

homeopathic remedy Canova® is composed of various phytoconstituents, of which several 

had previously shown interactions with CYP3A4, including Aconitum napellus, Lycopodium 

clavatum, Ferula asafoetida, Ricinus communis, Carapichea ipecacuanha and Thuya 

occidentalis. 

Tang et al. (2011) investigated the involvement of various CYP isoenzymes in the 

metabolism of Aconitum napellus by means of human liver microsomes as well as 

recombinant CYP enzymes.  It was determined that CYP3A4 and CYP3A5 were responsible 

for the metabolism of aconite, whereas CYP2C8, 2C9, 2D6 and 2C19 played a slight role in 

the metabolism (Tang et al., 2011:53).  Both studies suggest co-administration of acontinite 

with other P-gp and CYP3A4/5 substrates may result in possible pharmacokinetic herb-drug 

interactions. 
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During a study using a cell free model by Tam et al. (2011), the effect of L. clavatum on the 

NADPH-dependant inhibition of CYP3A4 was examined.  They found L. clavatum 

significantly influenced both the NADPH and time dependent inhibition of CYP3A4 when 

combined with testosterone.  This suggests L. clavatum, similar to grapefruit juice, may 

possibly result in mechanism-based inactivation of CYP3A4 (Tam et al., 2011:14,19, 20). 

Asafoetida, is the gum resin obtained from Ferula asafoetida (Apiacea) (Mahendra & Bisht, 

2012:141).  In a recent study by Al-Jenoobi et al. (2014), the effect of asafoetida resin on the 

modulation of CYP2D6 and CYP3A4 was evaluated in vitro, in human liver microsomes and 

in a clinical in vivo study.  The in vitro study suggested that asafoetida was responsible for 

the inhibition of CYP2D6, but a concentration dependent activation of CYP3A4 was further 

observed.  However, the in vivo study suggested asafoetida significantly inhibits CYP3A4 

activity with little to no inhibitory effect on CYP2D6 (Al-Jenoobi et al., 2014:4, 5). 

In a study regarding Ricinus communis, it was reported during an in silico study, involving 

HerboChip® followed by fluorometric enzyme inhibition studies, that R. communis may have 

a significant effect on the inhibition of CYP3A4 (Calitz et al., 2014:5). 

The active constituents in Carapichea ipecacuanha are cephaeline and emetine amongst 

others.  Both these active constituents were found to be substrates for CYP2D6 and 

CYP3A4.  In an in vitro study involving human liver microsomes, both cephaeline and 

emetine, resulted in low inhibitory action against CYP2D6 and CYP3A4 (Asano et al., 

2001:682). 

The essential oil form Thuya occidentalis contains the active ingredient α-thujone, which is a 

known substrate for CYP2A6 and CYP3A4.  The latter suggests co-administration with other 

CYP2A6 and CYP3A4 substrates may result in pharmacokinetic interactions (Pelkonen et 

al., 2013:102,104). 

From these published studies, together with the results obtained from the current 

metabolism inhibition study on Canova®, it is possible these active constituents may have 

had a combined effect producing the pronounced overall inhibition of CYP3A4 during the co-

administration with indinavir.  The latter may potentially result in a possible increase of 

indinavir bioavailability, during the co-administration. 
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4.7 Conclusion 

An increase in efflux as the mechanism of pharmacokinetic interaction may cause a 

reduction in the bioavailability of indinavir when simultaneously taken with Linctagon Forte®, 

which was shown to a lesser extent in Viral Choice® with very little effect on Canova®.  All 

three commercial products depicted in vitro inhibition of CYP.  However, these 

pharmacokinetic interactions need to be confirmed with in vivo tests to be conclusive in 

terms of clinical significance. 
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CHAPTER 5 
FINAL CONCLUSIONS AND FUTURE RECOMMENDATIONS 

5.1 Final conclusions 

The phytochemical complexity of herbal remedies potentiates the possible pharmacological 

effects, resulting in pharmacokinetic or pharmacodynamic interactions with other drugs.  

These pharmacokinetic interactions caused by herbal products may be due to the induction 

and/or inhibition of intestinal efflux proteins (e.g. P-gp), as well as intestinal and hepatic 

metabolising enzymes (e.g. CYP3A4).  When the efflux of a drug from the intestinal 

epithelium is increased, lower uptake of the drug is expected across the epithelium due to 

more molecules being actively pumped from within the epithelial cells back to the lumen.  

During the inhibition of CYP3A4, there is a decline in the amount of drug substrate being 

metabolised, resulting in an increased bioavailability with potential adverse effects or even 

toxicity. 

The results from this study indicated Linctagon Forte® and to a lesser extent Viral Choice®, 

are capable of increasing efflux of P-gp substrates such as indinavir.  This pharmacokinetic 

interaction may cause a reduction in the bioavailability of indinavir when simultaneously 

taken with these herbal products.  This acute effect of Linctagon Forte® on indinavir transport 

across intestinal epithelial cells may be explained by potential activation of active 

transporters such as P-gp.  However, the precise mechanism of action should be 

investigated further, as well as the potential enhancement of gene expression over longer 

term exposure.  The data showed that Viral Choice® interacts with the P-gp mediated efflux 

transport of indinavir, suggesting a biphasic effect with low allosteric activation at low 

concentrations and low inhibition at higher concentrations.  Canova®, conversely, did not 

appear to affect the efflux of indinavir, this may possibly be attributed to the highly diluted 

nature of Canova®. 

There is no in vivo data currently available on the effects of Linctagon Forte®, Viral Choice® 

or Canova® on systemic delivery of drugs, but this in vitro study suggests that a clinical 

significant effect on the bioavailability of indinavir cannot be excluded. 

The complete range of selected commercial products (Linctagon Forte®, Viral Choice® and 

Canova®) investigated in this study showed a definite effect on the extent of indinavir 

metabolism by using an in vitro model.  The results suggested possible prolonged exposure 

to indinavir as well as increased bioavailability when co-administered with any one of the 

commercial products. 
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However, it is important for this in vitro study to be followed up with an in vivo 

pharmacokinetic study to be conclusive in terms of any clinically relevant bioavailability 

changes of indinavir by Linctagon Forte®, Viral Choice® and Canova®, as observed during 

this in vitro study. 

5.2 Future recommendations 

In addition to the recommended in vivo pharmacokinetic study, it is suggested that each of 

the active constituents in the selected commercial herbal products be extracted to evaluate 

each constituent individually.  The study was based on dosages as directed during a 

preventative period, as in the case of Viral Choice®, however, during a short-term boost the 

dosage of Viral Choice® is increased for a period of ten days.  This suggests the possibility 

of the potentiating effects observed during this study and further investigations should be 

considered during prolonged exposure times for both in vitro and in vivo studies.  This study 

only focused on the inhibition of indinavir metabolism in LS180 cells, but the effects on both 

the induction and inhibition of other models such as microsomes containing different CYP 

isoenzymes should also be considered for investigation. 

Not only should these effects be evaluated on the protease inhibitor indinavir, but also on 

other ARV drugs that are substrates for P-gp, CYP3A4 and CYP2B6.  This will allow 

identification of other possible herb-drug interactions, as these may have detrimental effects 

on the combined treatment regimens of HIV/AIDS infected patients.  Inter-individual 

variability with regard to single nucleotide polymorphisms (SNPs) and polymorphisms of P-

gp, CYP3A4 and CYP2B6, respectively, in various ethnic groups, could also be investigated 

to determine how these factors influence the bi-directional transport and metabolism of 

indinavir and other ARVs during the co-administration of these commercially available herbal 

products. 

There are a myriad of commercially available herbal products which need to be screened for 

possible pharmacokinetic interactions to broaden our knowledge with regard to this subject 

as it will improve the overall treatment and wellbeing of HIV/AIDS infected patients. 
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Impact of selected herbal products on the in vitro transport and 
metabolism of indinavir 

Carlemi Calitz1, Josias Hamman2, Jan Steenekamp1, Joe Viljoen1 

1Dept of Pharmaceutics. School of Pharmacy. 2Centre of Excellence for Pharmaceutical Sciences. 

Faculty of Health Sciences. North-west University. Private Bag X6001, Potchefstroom, 2520, South-

Africa. 

Purpose:  Patients infected with the human immunodeficiency virus (HIV) whom receive 

anti-retroviral (ARV) drug treatment are sometimes also taking herbal remedies.  

Pharmacokinetic herb-drug interactions are a realistic outcome in these patients.  The aim of 

this study was to investigate the effect of selected herbal products, namely Linctagon C®, 

Viral Choice® and Canova® on the in vitro transport and metabolism of indinavir in cell 

culture models. 

Methods:  Bi-directional transport of indinavir was conducted across Caco-2 cell monolayers 

in the absence (control group) and presence of three selected herbal products namely 

Linctagon C®, Viral Choice®  and Canova®.  The apparent permeability coefficient (Papp) and 

efflux ratio (ER) values were calculated from the transport results.  The metabolism of 

indinavir was determined in LS180 cells in the absence (control group) and presence of the 

four selected herbal products (experimental groups). 

Results:  The efflux of indinavir across Caco-2 cells increased in the presence of some of 

the herbal products in a concentration dependent way.  However, one of the herbal products 

caused a reduction in the efflux of indinavir.  All the selected herbal products promoted 

indinavir metabolism in LS180 cells. 

5. Conclusions 

Some of the herbal products investigated promoted indinavir efflux across Caco-2 intestinal 

epithelial cells and increased metabolism of indinavir in LS180 cells.  This may negatively 

affect indinavir’s bioavailability, but this needs to be confirmed with in vivo studies before 

conclusions regarding the clinical significance of this effect can be made.  The product that 

reduced indinavir efflux may enhance its metabolism. 
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Interactions of herbal products with indinavir transport and metabolism 

Calitz, C., Gouws, C., Viljoen, J., Steenekamp, J.H., Wiesner, L. and Hamman, J.H. 

Centre of Excellence for Pharmaceutical Sciences, North-West University, Private Bag 

X6001, Potchefstroom, 2520, South Africa 

Abstract 

Patients on anti-retroviral (ARV) drug treatment are sometimes simultaneously taking other 

prescribed drugs and/or over-the-counter drugs and/or herbal remedies.  Pharmacokinetic 

drug-drug or herb-drug interactions can occur in these patients, which might be synergistic 

or antagonistic in nature leading to increased or decreased bioavailability of the ARV.  

Consequences of bioavailability changes may either be adverse effects due to increased 

plasma levels, or lack of pharmacological responses due to decreased plasma levels.  The 

aim of this study is to determine if pharmacokinetic interactions exist between selected 

commercially available herbal products, namely Linctagon Forte®, Viral Choice® and 

Canova® and the ARV, indinavir, in terms of transport and metabolism in cell culture models. 

Bi-directional transport of indinavir was evaluated across Caco-2 cell monolayers in four 

experimental groups, namely indinavir alone (200 µM, negative control group), indinavir in 

combination with Linctagon Forte®, indinavir in combination with Viral Choice® and indinavir 

in combination with Canova® at three different concentrations.  Verapamil (100 µM), a known 

P-gp inhibitor, was combined with indinavir in the positive control group.  Samples obtained 

from the transport studies were analysed by means of a validated high performance liquid 

chromatography (HPLC) method.  The apparent permeability coefficient (Papp) values were 

calculated from the transport results in both directions and the efflux ratio (ER) values were 

calculated from these Papp values.  The metabolism of indinavir was determined in LS180 

cells in the same groups as mentioned for the transport study but with ketoconazole (40 µM), 

a known CYP3A4 inhibitor, as the positive control group.  Indinavir and its predominant 

metabolite (M6) were analysed in the metabolism samples by means of liquid 

chromatography linked to mass spectroscopy (LC/MS/MS) to determine the effect of the 

herbal products on the biotransformation of indinavir. 

The BL-AP transport of indinavir increased in a concentration dependent way in the 

presence of Linctagon Forte® and Viral Choice® when compared to that of indinavir alone 

(control group).  Canova® only slightly affected the efflux of indinavir compared to that of the 

control group.  Noticeable increases in the efflux ratio values of indinavir were found for 
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Linctagon Forte® and Viral Choice®, whilst the effect of Canova® on the efflux ratio value was 

negligible. 

There was a pronounced inhibition of the metabolism of indinavir in LS180 cells over the 

entire concentration range for all the herbal products investigated in this study.  These in 

vitro pharmacokinetic interactions indicate the selected herbal products may affect indinavir’s 

bioavailability, but the clinical significance needs to be confirmed with in vivo studies before 

final conclusions can be made. 

Key words:  Herb-drug interactions, efflux, P-glycoprotein, CYP3A4, Caco-2, 

LS180, metabolism 

1. INTRODUCTION 

Human immunodeficiency virus (HIV) infection and acquired immune deficiency syndrome 

(AIDS) remains one of the biggest health problems that the world and more specifically, sub-

Saharan Africa, is facing.  Many HIV positive patients are also taking other drugs as well as 

herbal medicines concurrently with their anti-retroviral (ARV) drugs (Cohen et al., 

2002:42,45, Littlewood & Vanable, 2008:1).  Herbal remedies usually comprise a complex 

mixture of phytochemicals, each with the potential of exerting pharmacological effects but 

may potentially also cause pharmacokinetic or pharmacodynamic interactions with other 

drugs (Pal & Mitra., 2006:2132: Tarirai et al., 2010:1517). 

Pharmacokinetic interactions caused by herbal products involve induction and/or inhibition of 

intestinal efflux proteins as well as intestinal and hepatic metabolising enzymes (Pal & Mitra., 

2006:2132).  Of the active efflux transporters involved in herb-drug interactions, P-

glycoprotein (P-gp) is of special importance.  P-gp is an ATP-binding cassette family 

transporter, which is highly expressed on the apical membrane of intestinal epithelial cells.  

Its main physiological function is believed to provide protection against the onslaught of 

endogenous and exogenous compounds due to its ability to transport various structural 

dissimilar compounds out of the epithelial cells.  This action of P-gp to extrude drug 

molecules from the epithelium back into the gastro-intestinal lumen may cause reduction in 

the absorption of a drug and consequently results in decreased oral bioavailability thereof 

(Sharom, 2008:106, 108).  The cytochrome P450 (CYP) enzyme family counts for 

approximately 30% of the hepatic metabolism activity and 70% of the intestinal wall 

metabolism activity (Hellum & Nilsen 2007:466; Pal & Mitra., 2006:2136, Liska, 1998:188).  

Various isoforms of the CYP P450 enzyme family exist, however, the most abundant form 

namely CYP3A4 is responsible for the metabolism of up to 70% of all drugs.  Inhibition of 

CYP3A4 may result in increased bioavailability of orally administered drugs with potentiation 
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of adverse effects and possible toxicity, while induction thereof will increase metabolism of 

administered drugs resulting in reduced oral bioavailability and efficacy of drugs (Pal & 

Mitra., 2006:2136). 

Canova® is a homeopathic product composed of diluted extracts from Aconitum napellus 

(Ranunculaceae), Arsenicum album (arsenic trioxide), Bryonia alba (Curcubitaceae), Apis 

mellifica (Apidae), Lycopodium clavatum (Lycopodiaceae), Pulsatilla nigricans 

(Ranunculaceae), Asa foetida, Rhus toxicodendrum, Barita carbônica, Ricinus communis 

(Euphorbiaceae), Silicea, Calcarea carbônica, Conium maculatum (Apiaceae), Veratrum 

album (Liliaceae), Carapichea ipecacuanha (Rubiacea), Lachesis muta (Viperidae) and 

Thuya occidentalis (Cupresaceae).  Canova® is known as an immune response modifier 

directed at macrophages that results in a increase in their production together with the 

release of cytokine TNFα in cancer and AIDS patients (De Oliveira et al., 2008:3; Takahachi 

et al., 2007:350).  Linctagon Forte® is a herbal product used to prevent and treat colds, flu 

and respiratory tract infections.  It contains extracts of Pelargonium sidoides (Geraniaceae) 

as well as the natural occurring compounds quercetin and bromelain.  Pelargonium sidoides 

is a traditional South African medicinal herb, which is commonly used as treatment for 

diarrhea, dysentery, colds as well as improvement of upper respiratory tract infections and 

tuberculosis (also available in the commercial herbal product Umckaloabo®) (Brendler & van 

Wyk, 2008:421,423, 428, 429; Schnitzler et al., 2008:1114; Tahan & Yaman, 2012:2-3).  

Viral Choice® is a natural product containing a variety of minerals, vitamins, amino acids, 

trace elements, phytosterols as well as extracts of Echinacea purpurea (Asteraceae) and 

Allium sativum (Alliaceae).  (Barrett, 2003:66-67; Hansen & Nilsen 2009:86; Gorski et al., 

2003:90).  Common uses of E. purpurea includes treatment of the common cold, mainly due 

to its proposed immune modulation, treatment of influenza, bronchitis, inflammation and it 

also has anti-fungal effects (Barrett, 2003:67; Gorski et al., 2003:89).  Allium sativum, better 

known as garlic, contains high concentrates of thiosulfinates that are sulfur containing 

compounds specifically allicin, the active substance present in garlic (Tattelman, 2005:103).  

The bulbous root of the garlic plant is medicinally used either fresh, dehydrated or in a steam 

distilled oil form as an immune system modulator, anti-microbial and anti-cancer agent, as 

well as anti-atherosclerotic and lipid lowering agent (Tattelman, 2005:103; Banerjee et al., 

2003:97). 

Indinavir (Crixivan®) is an ARV drug (protease inhibitor) that is a substrate for both P-gp as 

well as CYP3A4.  Pharmacokinetic interactions between indinavir and herbs (e.g. St Johns’ 

Wort, Milk thistle, Gingko, Ginseng, Echinacea and garlic) have been shown to decrease it’s 

bioavailability (Staines, 2011:41).  The current study investigated if in vitro pharmacokinetic 

interactions in terms of efflux and metabolism modulation exist between indinavir and three 
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selected commercially available herbal products (i.e. Canova®, Linctagon Forte® and Viral 

choice®) that are often used by patients for immune boosting effects. 

2. METHODS 

2.1 Materials 

Canova® drops, Linctagon Forte® tablets Viral choice® capsules and Crixivan® capsules 

containing 400 mg indinavir each were purchased from a community pharmacy in 

Potchefstroom, South Africa.  All other chemicals were of analytical grade and growth media 

were obtained from suppliers as indicated in the text of the methods below. 

2.2 In vitro transport studies 

2.2.1 Caco-2 cell culturing and seeding on Transwell filter plates 

The Caco-2 cell line was used as the in vitro transport model, which was obtained from the 

European Collection of Cell Cultures (ECACC), by Sigma Aldrich, Johannesburg, South 

Africa.  The cells were subsequently cultured in high-glucose DMEM (Separations, 

Randburg, South Africa) supplemented with 10% foetal bovine serum (The Scientific Group, 

Johannesburg, South Africa), 1% non-essential amino acids (NEAA) (Whitehead Scientific, 

Cape Town, South Africa), 1% penicillin/streptomycin (Separations, Johannesburg, South 

Africa ), 1% 2 mM L-glutamine (Whitehead Scientific, Cape Town, South Africa) and 1% 

amphotericin B ( 250 µg/ml) (The Scientific Group, Randburg, South Africa).  The Caco-2 

cells were cultured at 37°C with 5% carbon dioxide and 95% humidified air in a Galaxy 170R 

incubator (Eppendorf Company, Stevenage, UK).  The growth medium was exchanged 

every second day. 

Prior to the transport studies the caco-2 cells were seeded onto Transwell® 6-well membrane 

filters (Corning Costar® Corporation, Tewksbury, USA) with a pore diameter of 0.4 µm and 

surface area of 4.67 cm2.  A cell suspension was obtained by means of trypsinisation.with 

Typsin-Versene (EDTA) mixture (Whitehead scientific, Cape Town, South Africa).  Cells in 

the cell suspension were counted by means of a haemocytometer after addition of Trypan 

blue (Sigma Aldrich, Johannesburg, South-Africa).  Using a light microscope (Nikon Eclipse 

TS100/TS100F, Nikon Instruments, Tokyo, Japan).  The cell suspension was then diluted to 

a concentration of 20 000 cells per ml, which were seeded onto the membrane filters.  

Seeding of the cells onto Transwell® filter membranes occurred under sterile conditions in a 

laminar flow hood by pipetting 2.5 ml of the final cell suspension into each apical chamber of 

the membrane filter plate wells.  The Caco-2 cells were grown for 21 to 24 days on the 
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membrane filters to produce intact epithelial cell monolayers, whilst the growth medium was 

replaced every second day under sterile conditions. 

2.2.2 Herbal product test concentrations 

For the transport studies, a concentration range for each of the herbal products were 

selected based on a series of different potential distribution volumes to cover an extreme 

range of possible in vivo concentrations at different sites as described before (Hellum et al., 

2007:26).  The highest concentration represented a dose of the herbal productdiluted in 500 

ml, the medium concentration represented a dose of the herbal product diluted in 5 l and the 

lowest concentration represented the herbal product diluted in 50 l. 

2.2.3 In vitro bi-directional transport studies 

Prior to commencement of the transport experiments, the transepithelial electrical resistance 

(TEER) of each cell monolayer was measured with a Millcell ERS II meter (Millipore, 

Billerica, Massachusetts, USA) as an indication of the integrity thereof.  A TEER reading 

higher than 250 Ω (which is equivalent to 1167.5 Ω/cm2) was required before the transport 

studies could be conducted. 

2.2.3.1 Transport in the apical to basolateral direction 

For the transport studies in the apical to basolateral (AP-BL) direction, the growth medium 

was removed from the basolateral chamber and replaced with 2.5 ml pre-heated DMEM 

buffered with HEPES (2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid) (The Scientific 

group, Biochrom, Randburg, South Africa) and incubated for 30 min at 37°C.  The growth 

medium was removed from the apical chamber and replaced with 2.5 ml of each of the test 

solutions (i.e. each selected herbal product at three different concentrations in the presence 

of 200 μM indinavir).  The negative control group consisted of indinavir alone in solution 

(200 µM), whereas indinavir combined with verapamil (100 µM) formed the positive control.  

Samples (200 µl) were withdrawn from the basolateral side at pre-determined time intervals 

of 20, 40, 60, 80, 100 and 120 min, which were each replaced with  200 µl of the pre-heated 

DMEM buffered with HEPES.  At the end of the transport study, the TEER was again 

measured to confirm the integrity of the cell monolayer was still intact after exposure of the 

cells to the test solutions.  Samples were analysed by means of HPLC to determine the 

indinavir concentration. 
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2.2.3.2 Transport in the basolateral to apical direction 

For the transport studies in the basolateral to apical (BL-AP) direction, the growth medium 

was removed from the apical chamber and replaced with 2.5 ml pre-heated DMEM (37°C) 

and incubated for 30 min at 37°C.  The growth media was removed from the basolateral 

chamber and replaced with 2.5 ml of each of the test solutions (i.e. each selected herbal 

product at three different concentrations in the presence of 200 μM indinavir). Indinavir alone 

was employed as a negative control, with verapamil (100 µM), a known P-gp inhibitor, in 

combination with indinavir as a positive control.  Samples (200 µl) were withdrawn from the 

apical side at pre-determined time intervals of 20, 40, 60, 80, 100 and 120 min, which were 

each replaced with 200 µl pre-heated DMEM (37°C).  At the end of the transport study, the 

TEER was again measured to confirm the integrity of the cell monolayer over the time period 

of the transport study. Samples were analysed by means of the HPLC method. 

2.3 LS180 cell culturing and seeding out for metabolism inhibition studies 

The LS180 cell line was used as the in vitro model for metabolism, which was obtained from 

the European Collection of Cell Cultures (ECACC) by Sigma Aldrich, (Johannesburg, South 

Africa).  The cells were subsequently cultured in high-glucose DMEM (Separations, 

Randburg, South Africa) supplemented with 10% foetal bovine serum (The Scientific Group, 

Randburg, South Africa), 1% non-essential amino acids (NEAA) (Whitehead Scientific, Cape 

Town, South Africa), 1% penicillin/streptomycin (Separations, Thermo Scientific), 1% 2 mM 

L-glutamine (Whitehead Scientific, Cape Town, South Africa) and 1% amphotericin B 

( 250 µg/ml) (The Scientific Group, Randburg, South Africa).  The LS 180 cells were cultured 

at 37°C with 5% carbon dioxide and 95% humidified air in a Galaxy 170R incubator 

(Eppendorf Company, Stevenage, UK). 

2.3.1 Seeding of LS180 cells onto 6-well plates 

The LS180 cells were seeded onto 6-well plates (Corning Costar Corporation, Tewksbury, 

USA).  A cell suspension was obtained by means of scraping the cells from the culturing 

flask; the cell suspension was extensively agitated with a pipette to ensure a homogeneous 

suspension consisting of single cells.  Cells in the suspensions were counted using a 

haemocytometer after addition of Trypan blue (Sigma Aldrich, Johannesburg, South-Africa) 

using a light microscope (Nikon Eclipse TS100/TS100F, Nikon Instruments, Tokyo, Japan).  

The cell suspension was diluted to a concentration of 50 000 cells per ml. 

Seeding of the cells onto the 6-well plates occurred under sterile conditions in a laminar flow 

hood by pipetting 2.5 ml of the final cell suspension into each chamber of the 6 well plates.  



119 
 

The seeded LS180 cells were left to adhere to the culture treated bottom surfaces of the 

wells and cultured for 24 h prior to commencement of the metabolism inhibition studies. 

2.3.2 Metabolism inhibition studies 

The growth medium was removed from the LS180 cells and replaced with 2.5 ml test and 

control solutions (i.e. each selected herbal product at three different concentrations in the 

presence of  200 μM indinavir as well as 40 μM ketoconazole and indinavir solution as 

positive control), which were then incubated for 4 h at normal culturing conditions. The 

test/control solutions were removed and the cells were washed with 1 ml PBS (Sigma-

Aldrich, Johannesburg, South Africa).  The cells were harvested by gently scraping each well 

in order to detach all the cells and transferring them to labelled micro-centrifuge tubes.  The 

cell suspension was removed and placed in 2.5 ml centrifugal tubes on ice, which were 

centrifuged in a Sigma Refrigerated Centrifuge 3-16KL (Wirsam Scientific, Johannesburg, 

South Africa) for 5 min at  300 x g (1495 rpm) to ensure lyses of the cell membranes.  After 

centrifugation, the supernatant was removed and the cell pellets were re-suspended 

in 200 µl ice-cold methanol, vortexed for 40 s and kept at -80°C until dried.  Before drying, 

the cell suspension was thawed and centrifuged at 10 000 x g (9458 rpm) for 10 min to 

remove proteins and cell debris.  The supernatant was removed and placed in 2.5 ml micro-

centrifuge tubes, which were then dried under nitrogen.  Prior to LC-MS/MS analysis, the 

samples were reconstituted in 100 µl 0.1% formic acid in water and vortex mixed for 1 min. 

2.4 Chromatographic analysis 

2.4.1 Indinavir content in transport samples and fingerprinting of herbal products 

A validated high performance liquid chromatography (HPLC) method was employed on an 

HP1100n chromatograph equipped with a UV detector and Chemstation Rev.A.10.01 

Agilent® Technologies data acquisition and analysis software (Hewllet-Packard Paulo Alto, 

California, USA). 

The analysis of the transport samples for indinavir content and fingerprinting of the herbal 

products was performed on a Venusil XBP C18(2) column, 4.6 x 150 mm, 5 µm, 100 Å 

(Agela technologies, Wilmington, Delaware, USA using an acetonitrile solvent adjusted to pH 

7 with 0.1% ammonium formate (NH4HCO2) as the mobile phase in isocratic elution mode 

with a flow rate of 1 mL/min and an injection volume of 100 µL.  The UV detector was set at 

210 nm with a retention time at 4.6 min for indinavir. The detection of indinavir was linear 

over the concentration range of 0.0-24.93 µg/ml and R2=0.999.  The system performance 

proved well with relative standard deviation (RSD) values of 0.30% for peak area and 
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0.182% for retention time. Indinavir was stable over a period of 24 h. The method was able 

to tolerate small changes in the chromatographic conditions and performed well under 

normal use. It was concluded that the method was suitable to analyse indinavir in the 

transport samples. 

2.4.2 Indinavir and metabolite concentration in metabolism inhibition samples by liquid 

chromatography linked to mass spectroscopy (LC-MS/MS) 

The liquid chromatography was performed on an SB-Phenyl (2.1 x 100 mm, 1.8 µm) column 

using an Agilent 1100 series HPLC instrument.  The mobile phase consisted of a mixture of 

phase A and B at 40:60 v/v, where phase A was 0.1 % w/v formic acid in water and phase B 

was 0.1 % w/v formic acid in acetonitrile.  The mobile phase was delivered at a constant flow 

rate of a 180 µl/min and injection volume was 5 µl, while the column was kept in a 

compartment at 40 °C. 

Detection of indinavir, M6 (indinavir metabolite) and the internal standard (indinavir-d6) was 

performed on an AB Sciex API 3200 mass spectrometer (ESI in the positive ion mode) and 

the settings on the apparatus are summarised in tables 1 and 2.  The mass spectrometer 

was operated at unit resolution in the multiple reaction monitoring (MRM) mode, monitoring 

the transition of the protonated molecular ions at m/z 614.4, m/z 523.4 and m/z 620.5 to the 

product ions at m/z 421.3, m/z 273.1 and m/z 421.2 for indinavir, M6 and the internal 

standard, respectively. 

Table 1: Ionization source setting 

Electro Spray Ionisation Settings Value 

Nebulizer gas (Gas 1) (arbitrary unit) 30 

Turbo gas (Gas 2) (arbitrary unit) 40 

CUR (curtain gas) (arbitrary unit) 15 

CAD (collision gas) (arbitrary unit) 3 

TEM (source temperature) (°C) 500 

IS ( Ion Spray Voltage) (V) 3500 
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Table 2: MS/MS detector setting 

MS/MS Settings Indinavir M6 ISTD 

Protonated molecular mass (m/z) 614 523 620 

Product ion molecular mass (m/z) 421 273 421 

Dwell time (ms) 150 150 150 

DP (declustering potential) (V) 45 40 40 

EP (entrance potential) (V) 12 9 12 

CEP(collision cell entrance potential) 
(V) 

35 40 25 

CE (collision energy) (eV) 50 45 45 

CXP (collision cell exit potential) (V) 11 11 8 

Scan Type MRM MRM MRM 

Polarity Positive Positive Positive 

Pause time 5ms 5ms 5ms 

 

2.5 DATA ANALYSIS 

2.5.1 Indinavir transport data 

The apparent permeability coefficient (Papp x 10-6 cm/s) values for indinavir transport in each 

direction across the Caco-2 cell monolayers were calculated using equation 2 (Tarirai et al., 

2012:257).  The Papp values represent the diffusion rate of the compound normalised for 

surface area of the cell monolayers and drug concentration on the donor side. 

Papp = 
dQ
dt

�
1

A.C0.60
�                                  Eq (1) 

Where dQ/dt represents the increase in the amount of drug present in the acceptor 

compartment over time, A is the effective surface area of the cell monolayer in cm2 that is 

exposed to the test solutions and C0 (µg/ml) is the initial drug concentration present in the 

donor chamber. 

 Efflux ratio (ER) indicates any asymmetry in the directional transport of indinavir in 

combination with the various herbal products.  The ER of indinavir transport was calculated 

by means of Equation 3 (Tarirai et al., 2012:257). 
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ER = 
Papp(BL-AP)
Papp(AP-BL)                              Eq (2) 

Where AP-BL is the transport of indinavir in the apical to basolateral direction and  

BL-AP indicates the transport of indinavir in the basolateral to apical direction. 

2.6 Indinavir metabolism data 

The ratio of the concentration of indinavir metabolite (i.e. M6) to that of indinavir was 

calculated to indicate any modulation of indinavir metabolism in the LS180 cells by the 

herbal products.  Concentration ratios of metabolite to parent drug (i.e. indinavir) were used 

to determine if inhibition occurred.  CYP3A4 and CYP2B6 are responsible for the oxidative 

metabolism of indinavir during phase I of enzyme detoxification resulting in the production of 

six metabolites.  During inhibition of CYP3A4 and CYP2B6, as a cause of combined herb 

and indinavir usage, there should be a decline in the concentration of these metabolites in 

the presence of the parent drug. 
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3 RESULTS  

3.1.1 Bi-directional transport of indinavir in the presence of Linctagon Forte®  

 

Figure 1: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Linctagon Forte® as well as for the negative control group (indinavir alone) and positive 

control group (indinavir with verapamil) 

The Papp values for each of the experimental groups of Linctagon Forte® in combination with 

indinavir are presented in Figure 1.  The Papp values represent the diffusion rate of the 

compound normalised for surface area of the cell monolayers and drug concentration on the 

donor side (Tarirai et al., 2012:257).  From Figure 1 it can be seen that verapamil, a known 

inhibitor of P-gp (i.e. positive control group), increased the uptake of P-gp in the AP-BL 

direction, whereas it decreased the efflux of indinavir in the BL-AP direction.  The overall 

uptake of indinavir (i.e. transport in the AP-BL direction) decreased for all the concentrations 

of Lingtagon Forte® when combined with indinavir as indicated in.  As expected, an overall 
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increase in the efflux of indinavir is noted for all the concentrations of Lingtagon Forte® when 

combined with indinavir.  The medium concentration produced the most pronounced effect 

followed by the low and high concentrations, respectively, when compared to both the 

positive and negative control groups.  The efflux activation effect was concentration 

dependent for the first two concentrations of Linctagon Forte®, but the effect was lower for 

the highest concentration.  This “bell shape” dose dependent curve may implicate a 

saturation effect above a threshold concentration.   

3.1.2 Transport Viral Choice & Indinavir Papp values AP-BL and BL-AP 

 

Figure 2: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Viral Choice® as well as for the negative control group (indinavir alone) and positive 

control group (indinavir with verapamil) 
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From Figure 2 we notice a decrease in the uptake of indinavir from the AP-BL direction 

during the combined application of Viral Choice® for the entire concentration range (i.e. low, 

medium and high concentrations) when compared to the negative control group.  Efflux of 

indinavir in the BL-AP direction for the low and medium concentration of Viral Choice® 

increased to a certain extent.  However, at the highest Viral Choice® concentration, there is a 

slight decrease in the indinavir efflux from the BL-AP direction when compared to the 

negative control group; but not to the same extent as the positive control group. 

3.2.3 Transport Canova® & Indinavir Papp values AP-BL and BL-AP 

 

Figure 3: Bi-directional Papp values for indinavir in the presence of three concentrations 

of Canova® as well as for the negative control group (indinavir alone) and positive control 

group (indinavir with verapamil) 

There was a concentration dependent (i.e. from lowest to highest concentration) increase in 

the percentage uptake of indinavir in the presence of Canova® as seen in Figure 3.  The 
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percentage uptake of indinavir in the presence of the lowest concentration Canova® was 

lower than that of both the positive and negative control groups, whereas it was slightly 

elevated in the presence of the medium and high Canova® concentrations in comparison to 

the negative control group (i.e. indinavir).  The same trend, to some extent, was observed for 

the percentage efflux of indinavir.  There was a slight concentration dependent increase in 

the efflux of indinavir for the entire concentration range; nonetheless, when compared to the 

negative control group, this increase for the medium and high concentrations of Canova® 

was almost negligible.  The lowest concentration of Canova®, however, decreased the 

percentage efflux of indinavir to values lower than that of the positive control group (i.e. 

verapamil and indinavir).  Overall however, it appeared as if Canova® had a negligible effect 

on the bi-directional transport of indinavir. 

3.2 Transport efflux ratios (ER) values 

Figure 4 offers a graphic representation of the various ER values observed for each selected 

herbal product at an extreme range of concentrations (i.e. low, medium and high) in 

combination with indinavir.  From Figure 4, it can be noticed that a pronounced increase in 

efflux occurred for the entire concentration range (i.e. low, medium and high concentrations) 

of Linctagon Forte® in combination with indinavir, when compared to both the negative and 

positive control group.  Again, we notice a concentration dependent activation of efflux for 

the lower two concentrations of Linctagon Forte®; with a lower effect noticed for the highest 

concentration tested, which is indicative of a possible saturation effect. 

During the co-application of Viral Choice®, there was a definite increase in efflux for the 

entire concentration range (i.e. low, medium and high concentrations) when compared to 

both the negative and positive control.  The increase in the extent of efflux appears to be 

concentration dependent. 

The combination of Canova® with indinavir slightly increased the ER values of indinavir in a 

concentration dependent manner (i.e. from low to high concentration) when compared to the 

negative control group.  However, when the highest concentration is compared to that of the 

negative control group, an increase in the efflux of indinavir was hardly detected.  Overall, it 

appears as if Canova® had a negligible effect on the ER value of indinavir. 

 

 



127 
 

 

Figure 4: Efflux ratios for indinavir in the presence of Linctagon Forte®, Viral Choice® 

and Canova® with the negative control group (indinavir alone) and positive control group 

(indinavir with verapamil) 
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3.3 Metabolism inhibition 

 

Figure 5: M6/indinavir ratios for indinavir in the presence of Linctagon Forte®, Viral 

Choice® and Canova® with the negative control group (indinavir alone) and positive control 

group (indinavir with ketoconazole) 

Figure 5 provides a graphic representation of the results obtained during the metabolism 

inhibition experiment conducted during the combination of three commercially available 

herbal products (i.e. Linctagon Forte®, Viral Choice® and Canova®) at an extreme range of 

concentrations (i.e. low, medium and high) with indinavir.  Indinavir alone ( 200 µM) served 

as the negative control group and ketoconazole (40 µM) in combination with indinavir 

( 200 µM) served as the positive control group.  Ketoconazole is a known substrate and 

inhibitor of CYP3A4, thus, decreasing the concentration of the most prominent indinavir 

metabolite (M6). 
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It is apparent from Figure 5 that there was a marked decrease in the concentration ratio of 

M6 to indinavir in the positive control group (indinavir with ketoconazole) compared to that of 

the negative control group (indinavir alone).  The latter validates the model; and the results 

obtained can now be viewed as a true reflection of the inherent actions of the experimental 

groups on the metabolism inhibition of indinavir. 

Linctagon Forte® resulted in a concentration dependent inhibition of indinavir metabolism, 

most probably CYP3A4.  A ±9 fold increase in metabolism inhibition was observed with the 

highest concentration Linctagon Forte® when compared to the positive control group. 

Viral Choice® exhibited an inverse concentration dependent inhibition of indinavir 

metabolism in LS180 cells.  A ±8 fold increase in inhibition was observed with the lowest 

concentration of Viral Choice® when compared to the positive control. 

The combination of Canova® across the whole concentration range markedly inhibited 

CYP3A4 related metabolism of indinavir.  An overall ±7 fold increase in inhibition was 

observed for the entire concentration range of Canova® when compared to the positive 

control. 

4. DISCUSSION AND CONCLUSION 

The phytochemical complexity of herbal remedies potentiates the possible pharmacological 

effects thereof resulting in pharmacokinetic or pharmacodynamic interactions with other 

drugs. These pharmacokinetic interactions caused by herbal products result in the induction 

and/or inhibition of intestinal efflux proteins (P-gp) as well as intestinal and hepatic 

metabolising enzymes (CYP3A4). When efflux of a drug from the epithelium is increased, 

lower uptake transport of the drug is expected across the epithelium because the molecules 

are actively pumped from within the cells back to the apical side. During the inhibition of 

CYP3A4 there is a decline in the amount of drug substrate being metabolised, resulting 

prolonged exposure of the drug, possible increased bioavailability while potentiating adverse 

effects or even toxicity.  The Papp values in both the AP-BL and BL-Ap directions were 

determined for all the experimental groups.  An increase in efflux as pharmacokinetic 

interaction may cause a reduction in the bioavailability of indinavir when simultaneously 

taken with Linctagon Forte® form the results obtained.  This acute effect of Linctagon Forte® 

on indinavir transport across intestinal epithelial cells may be explained by potential 

activation of the P-gp efflux transporter.  However, the precise mechanism of action should 

be investigated further as well as the potential enhancement of gene expression over longer 

term exposure. 
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Linctagon Forte® is composed of Pelargonium sidoides (Geraniaceae), quercetin and 

bromelain.  Currently, there are no known interactions between co-administered drugs and 

P. sidoides extract containing products with respect to P-gp (Ulbricht et al., 2010:723).  The 

quercetin component has in the past shown inhibitory action of P-gp activity.  It had been 

determined by means of rhodamine-123 (Rh-123) transport studies that P-gp activity is 

significantly inhibited by quercetin (Choi et al., 2011:609).  In another study by Borska et al. 

(2012), the cell line EPG85-257RDB (RDB-cells) exposed to 12 µM quercetin showed a 

significant reduction in the expression of P-gp.  The bromelain component, however, is 

absorbed by means of a self-enhanced paracellular route without degradation and 

maintaining biological activity (Bock et al., 1998:1399; Pavan et al., 2012:1).  The latter thus, 

may not have an effect on the P-gp transporter.  This suggested that the overall increase in 

efflux observed for Linctagon Forte® may potentially be attributed to the high concentration 

of P. sidoides extract present within the product. 

The trends observed during the calculation of the Papp values of Viral Choice® corresponds to 

that observed in a study by Hansen and Nilsen (2009:86-91) in which the effect of 

Echinacea purpurea was evaluated on P-gp transport in Caco-2 monolayers.  Viral Choice® 

is composed of a variety of minerals, vitamins, amino acids, trace elements, phytosterols as 

well as Echinacea purpurea and Allium sativum extracts; of these Echinacea purpurea is 

present in the highest concentration at 80 mg per capsule. 

The ER values indicate asymmetry in the directional transport of indinavir in combination 

with the various herbal products.  When efflux of a drug from the epithelium is increased, 

lower uptake transport of the drug is expected across the epithelium, because the molecules 

are actively pumped from within the cells back to the apical side.  An increase in efflux as 

pharmacokinetic interaction may therefore cause a reduction in the bioavailability of the drug 

when simultaneously taken with the inducer.  On the other hand, a decrease in the efflux as 

caused by an inhibitor may result in increased bioavailability of the drug as more drug will 

now reach the systemic circulation.  We notice a concentration dependent activation of efflux 

for the lower two concentrations of Linctagon Forte®; with a lower effect noticed for the 

highest concentration tested, which is indicative of a possible saturation effect.  The data 

shows that Viral Choice® interacts with the P-gp mediated transport of indinavir, especially 

during efflux from the BL-AP direction; suggesting a biphasic effect with low allosteric 

activation at low concentrations and low inhibition at higher concentrations.  This is similar to 

the trends observed for Echinacea pururea during an in vitro study by Hansen and Nilsen 

(2009:87-90). 



131 
 

The concentration ratio of indinavir metabolite (i.e. M6) to that of indinavir was calculated in 

order to indicate any modulation of indinavir metabolism in the LS180 cells by the herbal 

products.  The concentration ratio of metabolite to parent drug (i.e. indinavir) provides an 

indication of the extent of inhibition that occurred.  Inhibition of CYP3A4 by drug and herbal 

substrates may potentiate the occurrence of adverse effects of orally administered drugs that 

are substrates of this enzyme due to the subsequent increase in bioavailability thereof. 

Linctagon Forte® resulted in a concentration dependent inhibition of indinavir metabolism.  

This was consistent with a previous finding of at least one active constituent of 

Linctagon Forte®, namely quercetin.  During an in vivo study on male Sprague-Dawley rats 

by Choi et al. (2011) quercetin was capable of producing an inhibitory action on CYP3A4 in a 

concentration-dependent manner.  The results therefore suggest a possible increase in the 

bioavailability of indinavir when given in combination with Linctagon Forte®. 

Viral Choice® exhibited an inverse concentration dependent inhibition of indinavir.  It has 

previously been found that Echinacea purpurea, one of the major active constituents of Viral 

Choice®, inhibited CYP3A4.  In an in vitro study by Budzinski et al. (2000), extracts of the 

root and aerial portions of E. purpurea had an inhibitory effect on cDNA expressing CYP3A4.  

This was confirmed by an in vivo study conducted by Gorski et al. (2004) during 

which  400 mg of E. purpurea root was administered 4 times daily for 8 days.  They found 

that the clearance of caffeine and tolbutamide serving as in vivo probes for CYP1A2 and 

CYP2C9 metabolism was significantly reduced.  Clearance of midazolam, the in vivo probe 

for hepatic CYP3A, was also significantly increased, which was consistent with preceding 

in vitro findings (Gorski et al., 2004: 96).  Allium sativum (Liliaceae), another active 

constituent of Viral Choice® include high concentrates of thiosulfinates that are sulphur 

containing compounds (e.g. allicin) (Tattelman, 2005:103).  However, active constituents 

within A. sativum vary with different garlic preparations resulting in varying effects on the 

CYP enzyme system (i.e. some found inhibitory and some inducing effects on this enzyme 

system) (Banerjee et al., 2003:98; Colalto et al., 2010:210).  The results suggest that the co-

administration of Viral Choice® will result in an increase in bioavailability of indinavir due to a 

reduction in the metabolism of indinavir. 

The combination of Canova® across the whole concentration range markedly inhibited the 

metabolism of indinavir.  The homeopathic remedy Canova® is composed of various 

phytoconstituents of which several had previously shown interactions with CYP3A4, 

including Aconitum napellus, Lycopodium clavatum, Ferula asafoetida, Ricinus communis, 

Carapichea ipecacuanha and Thuya occidentalis.  Tang et al. (2011) investigated the 

involvement of various CYP isoenzymes in the metabolism of Aconitum napellus by means 
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of human liver microsomes as well as recombinant CYP enzymes.  It was determined that 

CYP3A4 and CYP3A5 were responsible for the metabolism of aconite whereas CYP2C8, 

2C9, 2D6 and 2C19 played a slight role in the metabolism (Tang et al., 2011:53).  Both 

studies suggest that co-administration of acontinite together with other P-gp and CYP3A4/5 

substrates may result in possible pharmacokinetic herb-drug interactions.  During a study 

using a cell free model by Tam et al. (2011), the effect of L. clavatum on the NADPH-

dependant inhibition of CYP3A4 was examined.  They found that L. clavatum significantly 

influenced both the NADPH and time dependent inhibition of CYP3A4 when combined with 

testosterone.  This suggests that L. clavatum, similar to grapefruit juice, may possibly result 

in mechanism-based inactivation of CYP3A4 (Tam et al., 2011:14,19,20).  Asafoetida is the 

gum resin obtained from Ferula asafoetida (Apiacea) (Mahendra & Bisht, 2012:141).  In a 

recent study by Al-Jenoobi et al. (2014), the effect of asafoetida resin on the modulation of 

CYP2D6 and CYP3A4 was evaluated in vitro, in human liver microsomes as well as in a 

clinical in vivo study.  The in vitro study suggested that asafoetida was responsible for the 

inhibition of CYP2D6, but a concentration dependent activation of CYP3A4 was furthermore 

observed.  However, the in vivo study suggested that asafoetida significantly inhibits 

CYP3A4 activity with little to no inhibitory effect on CYP2D6 (Al-Jenoobi et al., 2014:4,5).  In 

another study regarding Ricinus communis, it was reported during an in sillico study 

involving HerboChip® followed by fluorometric enzyme inhibition studies that R. communis 

may have a significant effect on the inhibition of CYP3A4 (Calitz et al., 2014:5).  The active 

constituents in Carapichea ipecacuanha are cephaeline and emetine amongst others.  It was 

found that both these active constituents are substrates for CYP2D6 and CYP3A4.  In an in 

vitro study involving human liver microsomes, both cephaeline and emetine, resulted in low 

inhibitory action against CYP2D6 as well as CYP3A4 (Asano et al., 2001:682).  The 

essential oil form Thuya occidentalis contains the active ingredient α-thujone which is a 

known substrate for CYP2A6 and CYP3A4.  The latter suggests that co-administration with 

other CYP2A6 and CYP3A4 substrates may result in pharmacokinetic interactions (Pelkonen 

et al., 2013:102,104).  From these published studies, together with the results obtained from 

the current metabolism inhibition study on Canova®, it is possible that these active 

constituents may have had a combined effect producing the pronounced overall inhibition 

indinavir metabolism during co-administration.  The latter may potentially result in a possible 

increase of indinavir bioavailability, during the co-administration. 

An increase in efflux as pharmacokinetic interaction may cause a reduction in the 

bioavailability of indinavir when simultaneously taken with Linctagon Forte® and to a lesser 

extent Viral Choice® as observed form the results obtained.  This acute effect of Linctagon 

Forte® on indinavir transport across intestinal epithelial cells may be explained by potential 
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activation of efflux transport.  However, the precise mechanism of action should be 

investigated further as well as the potential enhancement of gene expression over longer 

term exposure.  The data shows that Viral Choice® interacts with the efflux mediated 

transport of indinavir especially during efflux from the BL-AP direction; suggesting a biphasic 

effect with low allosteric activation at low concentrations and low inhibition at higher 

concentrations. Canova® did not appear to affect the efflux of indinavir, this may possibly 

attributed to the highly diluted nature of Canova®. No in vivo data is currently available on 

the effects of Linctagon Forte®, Viral Choice® or Canova® on systemic P-gp but a possible 

effect on the bioavailability of indinavir cannot be excluded. 

The complete range of commercial products (Linctagon Forte®, Viral Choice® and Canova®) 

selected for this study showed a definite effect on the extent of indinavir metabolism 

inhibition in vitro. The results suggest possible prolonged exposure to indinavir as well as 

increased bioavailability when co-administered with any one of the commercial products 

taken over a wide concentration range. 

However, it remains that this in vitro study needs to be followed up with an in vivo 

pharmacokinetic study to be conclusive in terms of any bioavailability changes of indinavir by 

Linctagon Forte®, Viral Choice® and Canova® as observed during this study. 
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APPENDIX C 

PACKAGE INSERT CANOVA® 
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APPENDIX D 

PACKAGE INSERT LINCTAGON FORTE® 
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APPENDIX E 

PACKAGE INSERT VIRAL CHOICE® 
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CONCENTRATION CALCULATIONS OF 
EXPERIMENTAL GROUPS 

The prescribed dose of each herbal product as directed by the package insert was grinded 

(where applicable) by mortar and pestle and dissolved in 100 ml ddH2O.  The herbal product 

solutions were then stirred with a magnetic stirrer for 1 h, after which they were diluted to 

500 ml, 5 l and 50 l.  The ingredient with the highest concentration in each selected herbal 

product was used to calculate the concentration of the dilutions, for example in Linctagon 

Forte® the following calculations were done: 

Linctagon Forte® 

A single Linctagon Forte® tablet is composed of (See package insert Appendix D): 

Pelargonium sidoides              250 mg 

Quercetin         60 mg 

Bromelain      40 mg 

Pelargonium sidoides extract is the ingredient with the highest concentration in Linctagon 

Forte®.  The directed dosage of Linctagon Forte® is one tablet 4 times daily.  One tablet 

dissolved in 100 ml ddH2O, would result in a Pelargonium sidoides extract concentration of 

250 mg/100 ml, which is equal to 2.5 mg/ml extract (C1).  

For the highest concentration: 

If one tablet is dissolved in 500 ml (to produce the highest concentration tested in this study), 

then 250 mg Pelargonium sidoides extract will be present in 500 ml, which is equal to 0.5 

mg/ml (C2).  To obtain 0.5 mg/ml in 50 ml (V2), the following equation is used to calculate the 

volume needed from the original solution to be diluted to 50 ml: 

C1 x V1 = C2 x V2                                   Eq (1) 

Where C1 and C 2 represent the initial and final concentrations, respectively and V1 and V2 

represent the initial and final volumes, respectively. 
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Thus: 

C1x V1 = C2 x V2 

2.5 mg/ml x V1 = 0.5 mg/ml x 50 ml 

V1 = 
0.5 mg/ml x 50 ml

2.5 mg/ml
 

V1 = 10 ml of the initial concentration 

A volume of 10 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 0.5mg/ml of Pelargonium sidoides extract. 

For the medium concentration: 

If one tablet is dissolved in 5000 ml (to produce the medium concentration tested in this 

study), then 250 mg Pelargonium sidoides extract will be present in 5000 ml, which is equal 

to 0.05 mg/ml (C2).  Thus, we needed 0.05 mg/ml in 50 ml (V2).  

Thus using Eq 1: 

C1x V1 = C2 x V2 

2.5 mg/ml x V1 = 0.05 mg/ml x 50 ml 

V1 = 
0.05 mg/ml x 50 ml

2.5 mg/ml
 

V1 = 1 ml of the initial concentration 

A volume of 1 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach the 

final concentration of 0.05mg/ml of Pelargonium sidoides extract. 

For the low concentration: 

If one tablet is dissolved in 50000 ml (to produce the lowest concentration tested in this 

study), then 250 mg Pelargonium sidoides extract will be present in 50000 ml, which is equal 

to 0.005 mg/ml (C2).  Thus, we needed 0.005 mg/ml in 50 ml (V2). 

Thus using Eq 1: 

C1x V1 = C2 x V2 

2.5 mg/ml x V1 = 0.005 mg/ml x 50 ml 

V1 = 
0.005 mg/ml x 50 ml

2.5 mg/ml
 

V1 = 100 µl of the initial concentration 
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A volume of 100 µl of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 0.005mg/ml of Pelargonium sidoides extract. 

Viral Choice® 

A single Viral Choice® capsule is composed of (See package insert Appendix E): 

Echinacea extract                    80 mg 

Sterols & sterolins        25 mg 

Garlic       50 mg 

Echinacea extract is the ingredient with the highest concentration in Viral Choice®.  The 

directed dosage of Viral Choice® is one capsule 3 times daily.  One capsule dissolved in 100 

ml ddH2O, would result in an Echinacea extract concentration of 80 mg/100 ml, which is 

equal to 0.8 mg/ml extract (C1). 

For the highest concentration: 

If one tablet is dissolved in 500 ml (to produce the highest concentration tested in this study), 

then 80 mg Echinacea extract will be present in 500 ml, which is equal to 0.16 mg/ml (C2).  

To obtain 0.16 mg/ml in 50 ml (V2), equation 1 is used to calculate the volume needed from 

the original solution to be diluted to 50 ml: 

Thus: 

C1x V1 = C2 x V2 

0.8 mg/ml x V1 = 0.16 mg/ml x 50 ml 

V1 = 
0.16 mg/ml x 50 ml

0.8 mg/ml
 

V1 = 10 ml of the initial concentration 

A volume of 10 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 0.8 mg/ml of Echinacea extract. 

For the medium concentration: 

If one capsule is dissolved in 5000 ml (to produce the medium concentration tested in this 

study), then 80 mg Echinacea extract will be present in 5000 ml, which is equal to  

0.016 mg/ml (C2).  Thus, we needed 0.016 mg/ml in 50 ml (V2). 
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Thus using Eq 1: 

C1x V1 = C2 x V2 

0.8 mg/ml x V1 = 0.016 mg/ml x 50 ml 

V1 = 
0.016 mg/ml x 50 ml

0.8 mg/ml
 

V1 = 1 ml of the initial concentration 

A volume of 1 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach the 

final concentration of 0.016 mg/ml of Echinacea extract. 

For the low concentration: 

If one capsule is dissolved in 50000 ml (to produce the lowest concentration tested in this 

study), then 80 mg Echinacea extract will be present in 50000 ml, which is equal to  

0.0016 mg/ml (C2).  Thus, we needed 0.0016 mg/ml in 50 ml (V2). 

Thus using Eq 1: 

C1x V1 = C2 x V2 

0.8 mg/ml x V1 = 0.0016 mg/ml x 50 ml 

V1 = 
0.0016 mg/ml x 50 ml

0.8 mg/ml
 

V1 = 100 µl of the initial concentration 

A volume of 100 µl of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 0.0016mg/ml of Echinacea extract. 

Canova® 

Canova® drops contain various phytochemical constituents (See package insert  

Appendix C).  The directed dosage for Canova® 15 drops sub-lingually.  As the precise 

concentration of the active constituents could not be determined 10 drops of Canova® was 

weighed six times and the average weight and standard deviation were calculated. 
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Table F.1: Canova® drops weighed, average and standard deviation 

 
Weighed amount (mg) 

 
947.3 

 
924.2 

 
876.2 

 
857.7 

 
902.2 

 
907.8 

 
Average 902.56 

Standard 
deviation 

32.263 

 

If 10 drops are dissolved in 100 ml ddH2O, it would result in a concentration of 902.56 

mg/100 ml, which is equal to 9.03 mg/ml extract (C1). 

For the highest concentration: 

If 10 drops are dissolved in 500 ml (to produce the highest concentration tested in this 

study), then 902.56 mg of Canova® will be present in 500 ml, which is equal to 1.81 mg/ml 

(C2).  To obtain 1.81 mg/ml in 50 ml (V2), equation 1 was used to calculate the volume 

needed from the original solution to be diluted to 50 ml: 

Thus: 

C1x V1 = C2 x V2 

9.03 mg/ml x V1 = 1.81 mg/ml x 50 ml 

V1 = 
1.81 mg/ml x 50 ml

9.03 mg/ml
 

V1 = 10.02 ml of the initial concentration 
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A volume of 10 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 1.81 mg/ml Canova®. 

For the medium concentration: 

If 10 drops were dissolved in 5000 ml (to produce the medium concentration tested in this 

study), then 902.56 mg Canova® will be present in 5000 ml, which is equal to 0.181 mg/ml 

(C2).  To obtain 0.181 mg/ml in 50 ml (V2), equation 1 was used to calculate the volume 

needed from the original solution to be diluted to 50 ml: 

Thus: 

C1x V1 = C2 x V2 

9.03 mg/ml x V1 = 0.181 mg/ml x 50 ml 

V1 = 
0.181 mg/ml x 50 ml

9.03 mg/ml
 

V1 = 1 ml of the initial concentration 

A volume of 1 ml of the initial solution was therefore diluted to 50 ml with DMEM to reach the 

final concentration of 0.181 mg/ml Canova®. 

For the low concentration: 

If 10 drops were dissolved in 50000 ml (to produce the lowest concentration tested in this 

study), then 902.56 mg of Canova® will be present in 50000 ml, which is equal to 0.0181 

mg/ml (C2).  To obtain 0.0181 mg/ml in 50 ml (V2), equation 1 was used to calculate the 

volume needed from the original solution to be diluted to 50 ml: 

Thus: 

C1x V1 = C2 x V2 

9.03 mg/ml x V1 = 0.0181 mg/ml x 50 ml 

V1 = 
0.0181 mg/ml x 50 ml

9.03 mg/ml
 

V1 = 100 µl of the initial concentration 

A volume of 100 µl of the initial solution was therefore diluted to 50 ml with DMEM to reach 

the final concentration of 0.181 mg/ml Canova®. 
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EXPERIMENTAL DATA 

1. Transepithelial electrical resistance (TEER) values 

Table G.1.1: TEER Negative control Indinavir AP-BL 

TEER value (Ω) 
0 min 120 min 

335 240 

329 259 

348 275 

380 268 

343 276 

347 275 
 

Table G.1.2: TEER Negative control Indinavir BL-AP 

TEER value (Ω) 
0 min 120 min 

292 248 

331 252 

296 239 

318 255 

325 255 

353 252 
 

Table G.1.3: TEER Positive Control Indinavir & Verapamil AP-BL 

TEER value (Ω) 
0 min 120 min 
299 308 

352 309 

341 301 

321 325 

344 315 

356 324 
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Table G.1.4: TEER Positive Control Indinavir & Verapamil BL-AP 

TEER value (Ω) 
0 min 120 min 

387 338 

394 338 

397 340 

375 324 

374 329 

384 342 
 

Table G.1.5: TEER Linctagon Forte® AP-BL (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 
391 291 

365 282 

354 274 
 

Table G.1.6: TEER Linctagon Forte® BL-AP (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 
374 296 

373 295 

361 283 
 

Table G.1.7: TEER Linctagon Forte® AP-BL (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 
330 279 

334 285 

307 269 
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Tabel G.1.8: TEER Linctagon Forte® BL-AP (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 

340 294 

333 291 

322 290 
 

Table G.1.9: TEER Linctagon Forte® AP-BL (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 

346 255 

318 242 

348 259 
 

Table G.1.10: TEER Linctagon Forte® BL-AP (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 

327 352 

309 327 

304 331 
 

Table G.1.11: TEER Viral Choice® AP-BL (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 

426 340 

426 360 

415 356 
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Table G.1.12: TEER Viral Choice® BL-AP (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 

496 412 

480 428 

500 422 
 

Table G.1.13: TEER Viral Choice® AP-BL (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 

487 383 

505 407 

528 439 
 

Table G.1.14: TEER Viral Choice® BL-AP (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 

490 282 

508 361 

501 394 
 

Table G.1.15: TEER Viral Choice® AP-BL (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 

477 370 

488 433 

472 420 
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Table G.1.16: TEER Viral Choice® BL-AP (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 

493 391 

497 388 

495 355 
 

Table G.1.17: TEER Canova® AP-BL (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 

427 335 

421 340 

465 296 
 

Table G.1.18: TEER Canova® BL-AP (Lowest Concentration) 

TEER value (Ω) 
0 min 120 min 

420 345 

416 355 

410 366 
 

Table G.1.19: TEER Canova® AP-BL (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 

506 459 

492 432 

506 448 
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Table G.1.20: TEER Canova® BL-AP (Medium Concentration) 

TEER value (Ω) 
0 min 120 min 

392 346 

399 351 

410 355 
 
Table G.1.21: TEER Canova® AP-BL (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 
523 394 

533 400 

544 399 
 

Table G.1.22: TEER Canova® BL-AP (Highest Concentration) 

TEER value (Ω) 
0 min 120 min 
392 407 

409 410 

413 427 
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2. Apparent permeability coefficient calculations for experimental and 
control groups 

2.1 Papp Calculations Negative Control AP-BL (Indinavir) 

Table G.2.1.1 Papp Calculations Negative Control AP-BL (Indinavir) 

  Time  Reading Correction 
Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.126143674 4.5E-06 

  20 0 0 0 0     

  40 15.83824 15.83824 0.005297 3.720516     

  60 29.76361 31.03067 0.010378 7.289326     

  80 36.35112 38.73221 0.006806 4.780322     

  100 48.38115 51.28924 0.017154 12.04821     

  120 60.67165 64.54214 0.021586 15.16141     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
 

Table G.2.1.2 Papp Calculations Negative Control AP-BL (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.139077032 4.96E-06 

  20 0 0 0 0     

  40 15.58445 15.58445 0.005212 3.660899     

  60 28.83761 30.08437 0.010062 7.067033     

  80 42.78687 45.09388 0.015082 10.59287     

  100 50.65781 54.08076 0.018087 12.70396     

  120 60.57326 64.62588 0.021614 15.18108     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
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Table G.2.1.3: Papp Calculations Negative Control AP-BL (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.148795497 5.31E-06 

  20 0 0 0 0     

  40 21.53376 21.53376 0.007202 5.058434     

  60 34.14647 35.86917 0.011996 8.425925     

  80 48.49445 51.22617 0.017133 12.03339     

  100 56.7903 60.66986 0.020291 14.25178     

  120 63.35162 67.89484 0.022708 15.94898     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
 

Table G.2.1.4: Papp Calculations Negative Control AP-BL (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.129613629 4.63E-06 

  20 0 0 0 0     

  40 15.27575 15.27575 0.005109 3.588383     

  60 23.58566 24.80772 0.008297 5.827511     

  80 37.33029 39.21714 0.013116 9.212387     

  100 48.35563 51.34205 0.017171 12.06062     

  120 56.91925 60.7877 0.020331 14.27947     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
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Table G.2.1.5: Papp Calculations Negative Control AP-BL (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.150214236 5.36E-06 

  20 0 0 0 0     

  40 20.97156 20.97156 0.007014 4.926369     

  60 31.35256 33.03028 0.011047 7.75905     

  80 45.72876 48.23696 0.016133 11.33121     

  100 57.73782 61.39612 0.020534 14.42239     

  120 64.72803 69.34706 0.023193 16.29012     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
 

Table G.2.1.6: Papp Calculations Negative Control AP-BL (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.125453308 4.48E-06 

  20 0 0 0 0     

  40 19.83765 19.83765 0.006635 4.660006     

  60 29.01663 30.60364 0.010235 7.189014     

  80 40.69667 43.018 0.014387 10.10524     

  100 48.1682 51.42393 0.017199 12.07985     

  120 53.82738 57.68084 0.019291 13.54964     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.56888E-05   

0.08               
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2.2 Papp Calculations Negative Control BL-AP (Indinavir) 

Table G.2.2.1: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.24098 8.60028E-06 

  20 25.34218 25.34218 0.006354 4.462715     

  40 51.61629 53.64366 0.01345 9.446559     

  60 80.22866 84.35796 0.02115 14.8553     

  80 109.2536 115.6719 0.029001 20.36963     

  100 123.6223 132.3626 0.033186 23.30883     

  120 153.5292 163.419 0.040973 28.77781     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.2.2: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.22714 
8.10634E-
06 

  20 24.20396 24.20396 0.006068 4.262277     

  40 46.99126 48.92758 0.012267 8.616064     

  60 72.29725 76.05655 0.019069 13.39343     

  80 96.56702 102.3508 0.025662 18.0238     

  100 122.2149 129.9403 0.032579 22.88227     

  120 142.6954 152.4726 0.038228 26.85016     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.2.3: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.246498 8.7972E-06 

  20 33.60902 33.60902 0.008427 5.918492     

  40 54.6963 57.38502 0.014388 10.10541     

  60 80.32896 84.70466 0.021237 14.91635     

  80 106.5272 112.9535 0.02832 19.89093     

  100 137.3093 145.8314 0.036563 25.68067     

  120 156.969 167.9538 0.04211 29.57637     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.2.4: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.235162 
8.39264E-
06 

  20 29.34289 29.34289 0.007357 5.167234     

  40 47.20461 49.55204 0.012424 8.726031     

  60 75.55985 79.33622 0.019891 13.97098     

  80 101.8347 107.8794 0.027048 18.99739     

  100 125.8223 133.9691 0.033589 23.59173     

  120 149.364 160.0815 0.040136 28.19008     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.2.5: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.233402 8.32983E-06 

  20 32.02072 32.02072 0.008028 5.638795     

  40 50.88618 53.44784 0.013401 9.412075     

  60 73.71586 77.78675 0.019503 13.69812     

  80 100.2322 106.1294 0.026609 18.68921     

  100 126.2996 134.3182 0.033676 23.65321     

  120 151.5464 161.6504 0.040529 28.46636     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.2.6: Papp Calculations Negative Control BL-AP (Indinavir) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.206123 7.35629E-06 

  20 38.26573 38.26573 0.009594 6.738531     

  40 51.33164 54.3929 0.013637 9.578498     

  60 67.92234 72.02887 0.018059 12.68416     

  80 93.64745 99.08124 0.024842 17.44804     

  100 114.9919 122.4837 0.030709 21.56918     

  120 138.2528 147.4521 0.036969 25.96607     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.3 Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

Table G.2.3.1: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.168154 6E-06 

  20 23.35472 23.35472 0.005449 3.827241     

  40 46.99944 48.86782 0.011402 8.008186     

  60 64.09777 67.85773 0.015832 11.12015     

  80 89.10955 94.23737 0.021987 15.4431     

  100 101.7282 108.857 0.025398 17.83887     

  120 111.2783 119.4166 0.027862 19.56932     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.3.2: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.161226 5.75E-06 

  20 21.9682 21.9682 0.005126 3.600026     

  40 41.07978 42.83724 0.009995 7.019928     

  60 60.8234 64.10978 0.014958 10.50595     

  80 77.76534 82.63121 0.019279 13.54114     

  100 97.39772 103.6189 0.024176 16.9805     

  120 108.1595 115.9513 0.027054 19.00146     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.3.3: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.171981 6.14E-06 

  20 24.92701 24.92701 0.005816 4.0849     

  40 46.19153 48.18569 0.011243 7.896403     

  60 61.20034 64.89566 0.015141 10.63474     

  80 87.55485 92.45088 0.02157 15.15033     

  100 106.2418 113.2462 0.026422 18.55815     

  120 113.7669 122.2662 0.028527 20.03631     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.3.4: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.180499 6.44E-06 

  20 20.93378 20.93378 0.004884 3.430511     

  40 46.53196 48.20666 0.011247 7.899839     

  60 75.25797 78.98053 0.018428 12.94289     

  80 93.76137 99.78201 0.023281 16.35172     

  100 105.3149 112.8158 0.026322 18.48763     

  120 118.7319 127.1571 0.029668 20.8378     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.3.5: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.181678 6.48E-06 

  20 23.89345 23.89345 0.005575 3.915526     

  40 46.21334 48.12482 0.011228 7.886427     

  60 76.90903 80.6061 0.018807 13.20928     

  80 94.69801 100.8507 0.02353 16.52686     

  100 107.3073 114.8831 0.026804 18.82641     

  120 120.1267 128.7113 0.030031 21.09249     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.3.6: Papp Calculations Positive Control AP-BL (Indinavir Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.171814 6.13E-06 

  20 22.80486 22.80486 0.005321 3.737133     

  40 51.04104 52.86543 0.012334 8.663292     

  60 74.06254 78.14582 0.018233 12.8061     

  80 87.21053 93.13553 0.02173 15.26253     

  100 104.7688 111.7457 0.026072 18.31226     

  120 114.6112 122.9927 0.028696 20.15536     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.4 Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

Table G.2.4.1: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.188704 6.73E-06 

  20 23.35472 23.35472 0.006115 4.29497     

  40 46.99944 48.86782 0.012795 8.986869     

  60 64.09777 67.85773 0.017767 12.47914     

  80 89.10955 94.23737 0.024674 17.3304     

  100 101.7282 108.857 0.028502 20.01897     

  120 111.2783 119.4166 0.031267 21.96089     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.4.2: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.180929 6.46E-06 

  20 21.9682 21.9682 0.005752 4.039987     

  40 41.07978 42.83724 0.011216 7.877836     

  60 60.8234 64.10978 0.016786 11.78989     

  80 77.76534 82.63121 0.021635 15.19601     

  100 97.39772 103.6189 0.027131 19.05569     

  120 108.1595 115.9513 0.03036 21.32363     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.4.3: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.192999 6.89E-06 

  20 24.92701 24.92701 0.006527 4.584117     

  40 46.19153 48.18569 0.012617 8.861425     

  60 61.20034 64.89566 0.016992 11.93442     

  80 87.55485 92.45088 0.024207 17.00186     

  100 106.2418 113.2462 0.029651 20.82615     

  120 113.7669 122.2662 0.032013 22.48496     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.4.4: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.202558 7.23E-06 

  20 20.93378 20.93378 0.005481 3.849755     

  40 46.53196 48.20666 0.012622 8.865282     

  60 75.25797 78.98053 0.02068 14.52464     

  80 93.76137 99.78201 0.026126 18.35007     

  100 105.3149 112.8158 0.029539 20.74701     

  120 118.7319 127.1571 0.033294 23.38439     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.4.5: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.203881 7.28E-06 

  20 23.89345 23.89345 0.006256 4.394043     

  40 46.21334 48.12482 0.012601 8.85023     

  60 76.90903 80.6061 0.021105 14.82359     

  80 94.69801 100.8507 0.026406 18.54661     

  100 107.3073 114.8831 0.03008 21.12719     

  120 120.1267 128.7113 0.033701 23.67021     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.4.6: Papp Calculations Negative Control BL-AP (Indinavir + Verapamil) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.192811 6.88E-06 

  20 22.80486 22.80486 0.005971 4.19385     

  40 51.04104 52.86543 0.013842 9.722036     

  60 74.06254 78.14582 0.020461 14.37114     

  80 87.21053 93.13553 0.024386 17.12777     

  100 104.7688 111.7457 0.029259 20.55021     

  120 114.6112 122.9927 0.032203 22.61856     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.5 Papp Calculations Linctagon Forte® lowest conc AP-BL (Indinavir + 
Linctagon Forte®) 

Table G.2.5.1: Papp Calculations Linctagon Forte® lowest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.089727 3.2E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 0 0 0 0     

  80 28.31642 28.31642 0.008056 5.658317     

  100 38.97005 41.23536 0.011732 8.23984     

  120 43.77214 46.88974 0.01334 9.369724     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.5.2: Papp Calculations Linctagon Forte® lowest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.096332 3.44E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 0 0 0 0     

  80 32.16438 32.16438 0.009151 6.427234     

  100 44.42713 47.00028 0.013372 9.391812     

  120 44.37989 47.93406 0.013637 9.578404     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.5.3: Papp Calculations Linctagon Forte® lowest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.086603 3.09E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 0 0 0 0     

  80 30.83522 30.83522 0.008773 6.161635     

  100 38.15279 40.61961 0.011556 8.116797     

  120 40.4897 43.54192 0.012388 8.700747     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.6 Papp Calculations Linctagon Forte® lowest conc BL-AP (Indinavir + 
Linctagon Forte®) 

Table G.2.6.1: Papp Calculations Linctagon Forte® lowest conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.413604 1.48E-05 

  20 23.82476 23.82476 0.010661 7.48799     

  40 48.20105 50.10703 0.022422 15.74836     

  60 71.63054 75.48662 0.033779 23.72503     

  80 102.4727 108.2031 0.048419 34.00765     

  100 120.4489 128.6467 0.057567 40.43294     

  120 146.7661 156.402 0.069987 49.15627     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.6.2: Papp Calculations Linctagon Forte® lowest conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.414873 1.48E-05 

  20 32.72426 32.72426 0.014643 10.28505     

  40 46.98914 49.60708 0.022198 15.59123     

  60 73.9332 77.69233 0.034766 24.41827     

  80 105.4632 111.3779 0.049839 35.00544     

  100 127.4958 135.9328 0.060827 42.72294     

  120 146.8068 157.0065 0.070257 49.34627     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.6.3: Papp Calculations Linctagon Forte® lowest conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.430677 1.54E-05 

  20 25.89587 25.89587 0.011588 8.138929     

  40 64.87762 66.94929 0.029958 21.04179     

  60 80.03666 85.22687 0.038137 26.78633     

  80 107.9084 114.3113 0.051152 35.92741     

  100 131.1907 139.8234 0.062568 43.94572     

  120 153.5549 164.0501 0.073409 51.56004     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.7 Papp Calculations Linctagon Forte® medium conc AP-BL (Indinavir + 
Linctagon Forte®) 

Table G.2.7.1: Papp Calculations Linctagon Forte® medium conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.099304 3.54E-06 

  20 0 0 0 0     

  40 23.23974 23.23974 0.00601 4.220993     

  60 28.53213 30.39131 0.007859 5.51992     

  80 42.02222 44.30479 0.011457 8.047002     

  100 49.84908 53.21086 0.01376 9.664595     

  120 55.575 59.56293 0.015403 10.81831     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.7.2: Papp Calculations Linctagon Forte® medium conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.109193 3.9E-06 

  20 0 0 0 0     

  40 21.8158 21.8158 0.005641 3.962366     

  60 45.00618 46.75144 0.01209 8.491383     

  80 46.92564 50.52613 0.013066 9.176974     

  100 52.82779 56.58184 0.014632 10.27686     

  120 60.70414 64.93036 0.016791 11.79319     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.7.3: Papp Calculations Linctagon Forte® medium conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.091825 3.28E-06 

  20 0 0 0 0     

  40 20.56826 20.56826 0.005319 3.735777     

  60 25.3826 27.02806 0.006989 4.909059     

  80 35.81628 37.84689 0.009787 6.874064     

  100 46.83107 49.69637 0.012851 9.026265     

  120 51.73569 55.48218 0.014347 10.07713     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.8 Papp Calculations Linctagon Forte® medium conc BL-AP (Indinavir + 
Linctagon Forte®) 

Table G.2.8.1: Papp Calculations Linctagon Forte® medium conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.595446 2.13E-05 

  20 22.5209 22.5209 0.012719 8.93369     

  40 53.77684 55.57851 0.03139 22.04713     

  60 86.68507 90.98722 0.051388 36.09321     

  80 109.7295 116.6643 0.06589 46.27891     

  100 141.7235 150.5019 0.085001 59.70175     

  120 163.1769 174.5148 0.098563 69.22731     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.8.2: Papp Calculations Linctagon Forte® medium conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.575796 2.05E-05 

  20 29.46589 29.46589 0.016642 11.68866     

  40 53.02101 55.37828 0.031277 21.9677     

  60 78.73466 82.97634 0.046864 32.91542     

  80 111.7775 118.0763 0.066688 46.83903     

  100 139.7146 148.6568 0.083959 58.96982     

  120 159.4137 170.5908 0.096347 67.67073     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.8.3: Papp Calculations Linctagon Forte® medium conc BL-AP (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.53559 1.91E-05 

  20 26.80096 26.80096 0.015137 10.63152     

  40 51.26836 53.41244 0.030166 21.18788     

  60 73.74646 77.84793 0.043967 30.88106     

  80 107.6814 113.5811 0.064149 45.05585     

  100 130.903 139.5175 0.078797 55.34443     

  120 146.3582 156.8305 0.088575 62.2122     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.9 Papp Calculations Linctagon Forte® highest conc AP-BL (Indinavir + 
Linctagon Forte®) 

Table G.2.9.1: Papp Calculations Linctagon Forte® highest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.095764 3.42E-06 

  20 0 0 0 0     

  40 22.14948 22.14948 0.0047 3.30091     

  60 28.13445 29.90641 0.006346 4.456915     

  80 46.45749 48.70825 0.010335 7.25893     

  100 58.05892 61.77552 0.013108 9.206329     

  120 65.26804 69.91275 0.014834 10.41901     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.9.2: Papp Calculations Linctagon Forte® highest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.058589 2.09E-06 

  20 0 0 0 0     

  40 20.66137 20.66137 0.004384 3.079138     

  60 30.52895 32.18186 0.006828 4.796023     

  80 44.91498 47.3573 0.010048 7.057599     

  100 56.75654 60.54512 0.012847 9.022965     

  120 19.58279 24.12331 0.005119 3.595068     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.9.3: Papp Calculations Linctagon Forte® highest conc AP-BL (Indinavir + Linctagon 

Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.091007 3.25E-06 

  20 0 0 0 0     

  40 21.94112 21.94112 0.004655 3.269858     

  60 32.92344 34.67873 0.007358 5.168128     

  80 46.52217 49.15605 0.01043 7.325665     

  100 55.81302 59.53479 0.012632 8.872397     

  120 60.76477 65.22981 0.013841 9.721118     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.10 Papp Calculations Linctagon Forte® high conc BL-AP (Indinavir + 
Linctagon Forte®) 

Table G.2.10.1: Papp Calculations Linctagon Forte® high conc BL-AP (Indinavir + 

Linctagon Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.275106 9.82E-06 

  20 25.47846 25.47846 0.006082 4.271803     

  40 60.95113 62.98941 0.015036 10.56101     

  60 96.09933 100.9754 0.024104 16.92987     

  80 131.019 138.707 0.033111 23.25607     

  100 157.2107 167.6922 0.04003 28.11583     

  120 173.6625 186.2393 0.044458 31.2255     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.10.2: Papp Calculations Linctagon Forte® high conc BL-AP (Indinavir + 

Linctagon Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.269371 9.61E-06 

  20 27.82566 27.82566 0.006642 4.665342     

  40 58.7638 60.98985 0.014559 10.22576     

  60 92.94179 97.64289 0.023309 16.37113     

  80 129.7448 137.1801 0.032747 23.00007     

  100 153.8084 164.1879 0.039194 27.52829     

  120 171.2925 183.5972 0.043827 30.78251     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.10.3: Papp Calculations Linctagon Forte® high conc BL-AP (Indinavir + 

Linctagon Forte®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.265991 9.49E-06 

  20 25.08987 25.08987 0.005989 4.206651     

  40 55.28008 57.28727 0.013675 9.604974     

  60 90.85912 95.28153 0.022745 15.97522     

  80 121.1289 128.3976 0.03065 21.52757     

  100 152.0003 161.6906 0.038598 27.10958     

  120 169.2087 181.3688 0.043295 30.40889     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.11 Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 
Choice®) 

Table G.2.11.1: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.071916 2.57E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 17.5 17.5 0.004486 3.150693     

  80 29.3 30.7 0.007869 5.527216     

  100 32.5 34.844 0.008932 6.2733     

  120 38.5 41.1 0.010535 7.399628     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.11.2: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.065008 2.32E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 15.7 15.7 0.004024 2.826622     

  80 28.6 29.856 0.007653 5.375263     

  100 30.3 32.588 0.008353 5.867131     

  120 33.3 35.724 0.009157 6.431735     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.11.3: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.056886 2.03E-06 

  20 0 0 0 0     

  40 0 0 0 0     

  60 21.6 21.6 0.005537 3.888856     

  80 27.2 28.928 0.007415 5.208186     

  100 26.5 28.676 0.007351 5.162816     

  120 28.1 30.22 0.007746 5.440797     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.12 Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 
Choice®) 

Table G.2.12.1: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.254667 9.09E-06 

  20 22.709 22.709 0.008147 5.722375     

  40 53.01558 54.8323 0.019672 13.81703     

  60 62.00115 66.2424 0.023766 16.69223     

  80 82.09888 87.05897 0.031234 21.93774     

  100 100.2725 106.8404 0.038331 26.92239     

  120 113.8002 121.822 0.043706 30.69757     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.12.2: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.258168 9.21E-06 

  20 27.19607 27.19607 0.009757 6.853058     

  40 42.1507 44.32639 0.015903 11.16968     

  60 55.59193 58.96399 0.021154 14.85816     

  80 81.61584 86.06319 0.030877 21.68681     

  100 98.86421 105.3935 0.037812 26.5578     

  120 117.2925 125.2016 0.044918 31.54919     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.12.3: Papp Calculations Viral Choice® lowest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.245814 8.77E-06 

  20 25.20526 25.20526 0.009043 6.3514     

  40 39.28833 41.30475 0.014819 10.40826     

  60 55.2449 58.38797 0.020948 14.71301     

  80 78.84196 83.26155 0.029872 20.98084     

  100 92.03548 98.34284 0.035282 24.78112     

  120 111.9868 119.3497 0.042819 30.07457     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.13 Papp Calculations Viral Choice® medium conc AP-BL (Indinavir + Viral 
Choice®) 

Table G.2.12.1: Papp Calculations Viral Choice® medium conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.075918 2.71E-06 

  20 0 0 0 0     

  40 21.22211 21.22211 0.004653 3.267882     

  60 30.43909 32.13686 0.007046 4.948587     

  80 39.32645 41.76158 0.009156 6.430647     

  100 43.30416 46.45028 0.010184 7.152635     

  120 50.75301 54.21734 0.011886 8.348645     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.12.2: Papp Calculations Viral Choice® medium conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.077267 2.76E-06 

  20 0 0 0 0     

  40 19.95407 19.95407 0.004375 3.072623     

  60 33.42591 35.02224 0.007678 5.392891     

  80 40.43137 43.10544 0.00945 6.637581     

  100 45.55533 48.78984 0.010697 7.512892     

  120 49.77849 53.42292 0.011712 8.226315     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.12.3: Papp Calculations Viral Choice® medium conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.063772 2.28E-06 

  20 0 0 0 0     

  40 20.34576 20.34576 0.004461 3.132937     

  60 29.85969 31.48735 0.006903 4.848572     

  80 36.37554 38.76432 0.008499 5.969114     

  100 37.17836 40.0884 0.008789 6.173003     

  120 41.46708 44.44135 0.009743 6.843291     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.14 Papp Calculations Viral choice® medium conc BL-AP (Indinavir + Viral 
Choice®) 

Table G.2.14.1: Papp Calculations Viral choice® medium conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.253613 9.05E-06 

  20 26.71871 26.71871 0.007503 5.269823     

  40 61.2279 63.3654 0.017794 12.49777     

  60 87.82613 92.72436 0.026038 18.28834     

  80 109.1475 116.1736 0.032623 22.91331     

  100 126.2106 134.9424 0.037894 26.61515     

  120 140.1769 150.2738 0.042199 29.63901     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.14.2: Papp Calculations Viral choice® medium conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.244238 8.72E-06 

  20 27.19011 27.19011 0.007635 5.362798     

  40 55.95016 58.12537 0.016322 11.46427     

  60 81.36806 85.84407 0.024106 16.93132     

  80 107.3596 113.869 0.031976 22.45878     

  100 121.485 130.0737 0.036526 25.65488     

  120 134.2642 143.983 0.040432 28.39826     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.14.3: Papp Calculations Viral choice® medium conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.237268 8.47E-06 

  20 23.62041 23.62041 0.006633 4.658734     

  40 48.16952 50.05915 0.014057 9.873338     

  60 63.7701 67.62366 0.01899 13.33765     

  80 85.88372 91.96372 0.025825 18.13832     

  100 100.9769 107.8476 0.030285 21.27115     

  120 146.3582 154.4364 0.043368 30.46001     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.15 Papp Calculations Viral Choice® highest conc AP-BL (Indinavir + Viral 
Choice®) 

Table G.2.15.1: Papp Calculations Viral Choice® highest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.07683 2.74E-06 

  20 0 0 0 0     

  40 19.22077 19.22077 0.004154 2.917538     

  60 30.42227 31.95993 0.006907 4.851226     

  80 30.05371 32.48749 0.007021 4.931305     

  100 46.22829 48.63259 0.01051 7.381983     

  120 53.94081 57.63907 0.012457 8.749085     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.15.2: Papp Calculations Viral Choice® highest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.083459 2.98E-06 

  20 0 0 0 0     

  40 18.21947 18.21947 0.003937 2.765549     

  60 35.26654 36.7241 0.007937 5.574383     

  80 37.77695 40.59827 0.008774 6.162447     

  100 48.39949 51.42165 0.011113 7.805337     

  120 57.022 60.89396 0.01316 9.243147     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.15.1: Papp Calculations Viral Choice® highest conc AP-BL (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.078548 2.8E-06 

  20 0 0 0 0     

  40 19.84367 19.84367 0.004288 3.012088     

  60 32.55978 34.14727 0.00738 5.183245     

  80 43.48339 46.08817 0.00996 6.995764     

  100 46.43131 49.90998 0.010786 7.57588     

  120 50.85961 54.57411 0.011794 8.283853     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.16 Papp Calculations Viral Choice® highest conc BL-AP (Indinavir + Viral 
Choice®) 

Table G.2.216.1: Papp Calculations Viral Choice® highest conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.22646 8.08E-06 

  20 32.42379 32.42379 0.007973 5.600119     

  40 71.20107 73.79497 0.018147 12.7456     

  60 93.09063 98.78672 0.024292 17.06208     

  80 116.9054 124.3526 0.030579 21.47774     

  100 131.7691 141.1215 0.034703 24.37399     

  120 144.8915 155.4331 0.038222 26.84583     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.216.2: Papp Calculations Viral Choice® highest conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.206218 7.36E-06 

  20 30.85575 30.85575 0.007588 5.329293     

  40 59.42275 61.89121 0.015219 10.68962     

  60 87.64986 92.40368 0.022723 15.95963     

  80 78.72337 85.73536 0.021083 14.8079     

  100 125.3637 131.6616 0.032376 22.74011     

  120 137.6929 147.722 0.036326 25.51401     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.216.3: Papp Calculations Viral Choice® highest conc BL-AP (Indinavir + Viral 

Choice®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.182147 6.5E-06 

  20 22.645 22.645 0.005569 3.911162     

  40 42.51518 44.32678 0.0109 7.65596     

  60 66.24806 69.64927 0.017127 12.02957     

  80 90.5164 95.81624 0.023562 16.54903     

  100 102.9127 110.1541 0.027088 19.02541     

  120 113.1234 121.3564 0.029842 20.96024     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.17 Papp Calculations Canova® lowest conc AP-BL (Indinavir + Canova®) 

Table G.2.17.1: Papp Calculations Canova® lowest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.073676 2.63E-06 

  20 0 0 0 0     

  40 16.2 16.2 0.004067 2.856471     

  60 17.6 18.896 0.004744 3.331844     

  80 32.4 33.808 0.008487 5.961208     

  100 37.5 40.092 0.010065 7.069237     

  120 42.4 45.4 0.011397 8.005172     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.17.2: Papp Calculations Canova® lowest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.071974 2.57E-06 

  20 0 0 0 0     

  40 18 18 0.004519 3.173857     

  60 18.5 19.94 0.005006 3.515928     

  80 30.5 31.98 0.008028 5.638886     

  100 35.1 37.54 0.009424 6.619255     

  120 43.7 46.508 0.011676 8.200541     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.17.3: Papp Calculations Canova® lowest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.072431 2.58E-06 

  20 0 0 0 0     

  40 16.5 16.5 0.004142 2.909369     

  60 17.4 18.72 0.0047 3.300811     

  80 29.9 31.292 0.007856 5.517574     

  100 36.3 38.692 0.009713 6.822382     

  120 43.05 45.954 0.011537 8.102856     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.18 Papp Calculations Canova® lowest conc BL-AP (Indinavir + Canova®) 

Table G.2.18.1: Papp Calculations Canova® lowest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.156233 5.58E-06 

  20 16.26783 16.26783 0.004062 2.852975     

  40 34.79714 36.09857 0.009014 6.330795     

  60 58.5866 61.37037 0.015324 10.76284     

  80 77.26443 81.95136 0.020463 14.37224     

  100 78.0003 84.18145 0.021019 14.76334     

  120 99.49158 105.7316 0.0264 18.54271     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.18.2: Papp Calculations Canova® lowest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.14978 5.35E-06 

  20 29.5594 29.5594 0.007381 5.183987     

  40 35.45055 37.8153 0.009442 6.631868     

  60 46.2527 49.08874 0.012257 8.608951     

  80 71.32678 75.027 0.018734 13.15788     

  100 81.8064 87.51254 0.021851 15.34753     

  120 101.8396 108.3841 0.027063 19.00788     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.18.3: Papp Calculations Canova® lowest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.153583 5.48E-06 

  20 23.69262 23.69262 0.005916 4.155099     

  40 31.67142 33.56683 0.008381 5.886792     

  60 52.53985 55.07356 0.013751 9.658541     

  80 74.29561 78.4988 0.019601 13.76675     

  100 79.90335 85.847 0.021435 15.05544     

  120 100.6656 107.0579 0.026732 18.7753     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.19 Papp Calculations Canova® medium conc AP-BL (Indinavir + Canova®) 

Table G.2.19.1: Papp Calculations Canova® medium conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.118164 4.22E-06 

  20 49.78371 49.78371 0.008567 6.017138     

  40 79.6013 83.584 0.014383 10.10243     

  60 88.20818 94.57628 0.016275 11.43102     

  80 89.56463 96.62128 0.016627 11.67819     

  100 116.2841 123.4493 0.021244 14.92077     

  120 119.736 129.0387 0.022205 15.59635     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.19.2: Papp Calculations Canova® medium conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.107295 3.83E-06 

  20 68.70562 68.70562 0.011823 8.304146     

  40 77.25321 82.74966 0.01424 10.00159     

  60 84.11371 90.29397 0.015538 10.91343     

  80 96.70477 103.4339 0.017799 12.5016     

  100 105.9496 113.686 0.019563 13.74073     

  120 120.3511 128.8271 0.022169 15.57076     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.19.3: Papp Calculations Canova® medium conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.102552 3.66E-06 

  20 67.06209 67.06209 0.01154 8.1055     

  40 64.50522 69.87019 0.012024 8.444902     

  60 79.59742 84.75784 0.014585 10.24431     

  80 87.27142 94.05205 0.016185 11.36766     

  100 94.19501 101.1767 0.017411 12.22879     

  120 120.0436 127.5792 0.021954 15.41994     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.20 Papp Calculations Canova® medium conc BL-AP (Indinavir + Canova®) 

Table G.2.20.1: Papp Calculations Canova® medium conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.200959 7.17E-06 

  20 71.8595 71.8595 0.013369 9.389789     

  40 94.78262 100.5314 0.018703 13.13631     

  60 116.7524 124.335 0.023131 16.2467     

  80 147.3051 156.6453 0.029142 20.46864     

  100 169.5388 181.3232 0.033734 23.69327     

  120 181.8357 195.3988 0.036352 25.53251     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.20.2: Papp Calculations Canova® medium conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.218569 7.8E-06 

  20 62.84116 62.84116 0.011691 8.211374     

  40 115.1286 120.1559 0.022354 15.70062     

  60 118.2322 127.8447 0.023784 16.7053     

  80 148.4351 157.8936 0.029375 20.63176     

  100 189.5112 201.386 0.037466 26.31485     

  120 192.1335 207.2944 0.038565 27.0869     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.20.3: Papp Calculations Canova® medium conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.180372 6.44E-06 

  20 69.95936 69.95936 0.013015 9.1415     

  40 89.36466 94.96141 0.017667 12.40849     

  60 119.8312 126.9803 0.023624 16.59236     

  80 133.2576 142.8441 0.026575 18.66525     

  100 144.4555 155.1161 0.028858 20.26882     

  120 173.3817 184.9381 0.034406 24.16563     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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2.21 Papp Calculations Canova® highest conc AP-BL (Indinavir + Canova®) 

Table G.2.21.1: Papp Calculations Canova® highest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.121925 4.35E-06 

  20 62.79243 62.79243 0.012255 8.607578     

  40 77.95115 82.97454 0.016194 11.37414     

  60 116.3977 122.6338 0.023934 16.81062     

  80 101.6035 110.9153 0.021647 15.20426     

  100 103.8667 111.995 0.021858 15.35226     

  120 115.6055 123.9148 0.024184 16.98623     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.21.2: Papp Calculations Canova® highest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.140006 5E-06 

  20 22.66899 22.66899 0.004424 3.107462     

  40 68.24313 70.05665 0.013673 9.603357     

  60 74.71603 80.17548 0.015648 10.99044     

  80 93.33761 99.31489 0.019383 13.61407     

  100 108.8728 116.3398 0.022706 15.94785     

  120 109.7417 118.4515 0.023118 16.23732     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.21.3: Papp Calculations Canova® highest conc AP-BL (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.121793 4.35E-06 

  20 69.03348 69.03348 0.013473 9.463101     

  40 72.50394 78.02662 0.015228 10.69588     

  60 83.3131 89.11342 0.017392 12.21566     

  80 105.4492 112.1142 0.021881 15.36861     

  100 110.5724 119.0083 0.023227 16.31364     

  120 112.3252 121.171 0.023649 16.61011     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

2.22 Papp Calculations Canova® highest conc BL-AP (Indinavir + Canova®) 

Table G.2.22.1: Papp Calculations Canova® highest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.21318 7.61E-06 

  20 75.93089 75.93089 0.014467 10.16123     

  40 108.5492 114.6237 0.021839 15.33918     

  60 125.8596 134.5435 0.025635 18.0049     

  80 143.0802 153.149 0.02918 20.49472     

  100 187.6995 199.146 0.037943 26.65013     

  120 187.3606 202.3765 0.038559 27.08245     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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Table G.2.22.2: Papp Calculations Canova® highest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.214474 7.65E-06 

  20 58.93957 58.93957 0.01123 7.887416     

  40 92.09094 96.80611 0.018445 12.9548     

  60 120.5644 127.9316 0.024375 17.12008     

  80 145.7767 155.4218 0.029613 20.79888     

  100 174.1258 185.7879 0.035398 24.86253     

  120 181.1325 195.0625 0.037165 26.10367     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
 

Table G.2.22.3: Papp Calculations Canova® highest conc BL-AP (Indinavir + Canova®) 

 
Time Reading Correction 

Conc 
(mg/ml) % Slope Papp 

  0 0 0 0 0 0.210792 7.52E-06 

  20 66.40228 66.40228 0.012652 8.886092     

  40 85.72062 91.0328 0.017345 12.1822     

  60 119.2543 126.1119 0.024028 16.87656     

  80 145.9002 155.4405 0.029616 20.80137     

  100 180.4602 192.1322 0.036607 25.71154     

  120 174.3043 188.7411 0.035961 25.25773     

                

      C0     1/A.C0.60   

Factor for 
correction     0.142376     3.57E-05   

0.08               
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3. Metabolism Results 
Table G.3.1: M6/Indinavir Ratios 

 M6/Indinavir ratio Average Standard Deviation 
Indinavir 0.006278 0.010103 0.003413243 

 0.011193   

 0.012839   

Indinavir + Ketoconazole 0.006523 0.005658 0.000837596 

 0.005601   

 0.00485   

Linctagon Forte® Lowest conc 0.000912 0.003042 0.003706107 

 0.000893   

 0.007322   

Linctagon Forte® Medium conc 0.001341 0.000992 0.000315027 

 0.000729   

 0.000906   

Linctagon Forte® Highest conc 0.000496 0.000623 0.00017208 

 0.000819   

 0.000555   

Viral Choice® Lowest conc 0.000948 0.00071 0.000214846 

 0.000529   

 0.000654   

Viral Choice® Medium conc 0.001622 0.001674 4.82067E-05 

 0.001683   

 0.001718   

Viral Choice® Highest conc  0.0033 0.003187 0.000258812 

 0.003371   

 0.002891   

Canova® Lowest conc  0.000932 0.0008 0.000121558 

 0.000776   

 0.000692   

Canova® Medium conc  0.000881 0.000786 8.83718E-05 

 0.000773   

 0.000705   

Canova® Highest conc  0.000949 0.000852 0.000116394 

 0.000884   

 0.000723   
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APPENDIX H 
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