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Rød solhatt ( Echinacea purpurea) og effekt på cytokrom P-450 3A4 metabolisme 
og P-glykoprotein-transport in vitro  
 
Solhatt har blitt et av de vanligste urtepreparatene på verdensmarkedet, og markedsføres for sin 
effekt mot luftveisinfeksjoner og forkjølelse. Sambruk av naturpreparater og legemidler forekommer 
ofte, og det er kjent at urtepreparater kan påvirke kroppens omsetning av legemidler. I verste fall kan 
konsekvensene være dødelige. Derfor er kunnskap rundt slike interaksjoner mellom urter og 
legemidler en viktig del av pasientsikkerheten.  
 
Cytokrom P-450 3A4 (CYP3A4) er et spesifikt protein (enzym) som bidrar i omdanningen og 
nedbrytingen av ca 50% av alle markedsførte legemidler. P-glykoprotein er et transportprotein som 
bidrar til å transportere legemidler ut av kroppen eller redusere opptaket fra tarm. Begge disse 
proteinene kan påvirkes av urter slik at legemiddel-omsetningen og den kliniske effekten av 
legemidler kan endres (interaksjoner). 
 
Hovedmålet med denne avhandlingen var å vurdere, gjennom ulike laboratorieteknikker, effekten av 
rød solhatt på CYP3A4 og P-glykoprotein, og å kartlegge eventuelle mekanismer til grunn for 
påvirkningen. 
 
Solhatt viste i hovedsak en svak hemming av aktiviteten til P-glykoprotein. Samtidig fant vi at 
solhatt i noe større grad reduserte legemiddelnedbrytingen til CYP3A4. Effekten på CYP3A4 var 
forskjellig for ulike solhatt-produkter, men hovedtendensen var en svak hemming.  
 
Det er generelt vanskelig å anslå den kliniske betydningen av laboratoriefunn alene. For hvert av de 
undersøkte proteinene er den hemmende effekten fra solhatt trolig liten, men vi vet at disse to 
proteinene virker samtidig, og en forsterket effekt i kroppen kan ikke utelukkes.  
 
Mekanismene til grunn for hemmingen ble også studert. Studiene viste at solhatt har minst to ulike 
mekanismer for hemming av CYP3A4. Mekanismene var annerledes når solhatt var en del av et 
multi-preparat med andre urter som for eksempel svarthyll. Både for CYP3A4 og P-glykoprotein 
tyder de kompliserte hemmingsmekanismene på at to eller flere ulike substanser i solhatt-preparatet 
påvirker proteinet samtidig.  
 
Det er verdt å merke seg at solhatt trolig er en ikke-reversibel hemmer av CYP3A4, som vil kunne gi 
en langvarig reduksjon i kroppens evne til å omsette legemidler, og dermed øke sjansen vesentlig for 
kliniske interaksjonseffekter med legemidler. 
 
Samlet har vi vist at solhatt i beskjeden grad påvirker CYP3A4 og P-glykoprotein i 
laboratorieforsøk. Vi har ikke grunn til å tro at den kliniske effekten er av vesentlig betydning. På 
bakgrunn av en ikke-reversibel hemming av CYP3A4 kan vi likevel ikke bedømme solhatt som 
ufarlig med tanke på klinisk interaksjonsrisiko. Selv om vi ikke kan gi klinisk konklusive svar, har 
studiene brakt frem mer kunnskap omkring solhatts påvirkning på legemiddelomsetningen og om 
legemiddel-urt-interaksjoner generelt. 
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Abbreviations 

 

A-B Apical to basolateral 

ATP Adenosine triphosphate 

B-A Basolateral to apical 

BFC 7-benzyloxy-trifluoromethylcoumarin  

BG Bergamottin 

BQ 7-benzyloxyquinoline 

cDNA Complementary deoxyribonucleic acid 

CPM  Counts per minute 

CYP   Cytochrome P-450 

CYP3A4 Cytochrome P-450, subtype 3A4 

Da  Dalton (molecular mass) 

DBG  6’7’-dihydroxybergamottin 

DPM  Disintegrations per minute 

HFC  7-hydroxytrifluoromethylcoumarin  

HQ  7-hydroxyquinoline 

IC50 Inhibitor concentration reducing the enzyme activity by 50% compared 

to control activity 

JNet Net digoxin flux 

K i Inhibition constant 

Km Michaelis Menten constant for a substrate (the substrate concentration at 

which ½ × Vmax occurs) 

MDR Multidrug resistance 

MgCl2 Magnesium chloride 

NADP+ Nicotinamide adenine dinucleotide phosphate 

NADPH Nicotinamide adenine dinucleotide phosphate (reduced form) 

OATP Organic anion transporting polypeptides 

Papp Apparent permeability coefficient 

P-gp P-glycoprotein 

SD Standard deviation 
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TEER Transepithelial electric resistance 

UV Ultraviolet 

Vmax The maximum enzyme activity rate 

QC Quality control 

 
 
 



 8 
 

Table of Contents 
 

Acknowledgements .......................................................................................................... 5 

Abbreviations ................................................................................................................... 6 

Table of Contents ............................................................................................................. 8 

List of Papers.................................................................................................................. 10 

Summary of Papers......................................................................................................... 11 

Paper I......................................................................................................................... 11 

Paper II ....................................................................................................................... 12 

Paper III ...................................................................................................................... 13 

1. Introduction ................................................................................................................ 15 

1.1 Herbal Medicine ................................................................................................... 15 

1.2 Use of Herbal Preparations in the Population ......................................................16 

1.3 The Risk of Herb-Drug Interactions..................................................................... 17 

1.4 Echinacea purpurea............................................................................................. 18 

1.5 Cytochrome P-450 System and CYP3A4............................................................. 20 

1.5.1 Variance in CYP Metabolic Activity Rates................................................... 21 

1.5.2 CYP3A4 ........................................................................................................ 23 

1.6 P-glycoprotein ...................................................................................................... 24 

2. Aims of the Thesis...................................................................................................... 27 

3. Methods ...................................................................................................................... 29 

3.1 Herbal Preparation................................................................................................ 29 

3.2 CYP Incubations................................................................................................... 30 

3.3 Cell Membrane Transport Studies........................................................................ 31 

3.3.1 Cell Cultivation ............................................................................................. 31 

3.3.2 Cell Membrane Integrity ............................................................................... 32 

3.3.3 P-gp Transport Experiments.......................................................................... 32 

3.4 Quantification Methods ........................................................................................ 33 

3.4.1 Fluorometric Quantification .......................................................................... 33 

3.4.2 High-Performance Liquid Chromatography (HPLC).................................... 34 

3.4.3 Liquid Scintillation Counting ........................................................................ 35 



 9 

3.5 Enzyme Activity and Pharmacokinetic Parameters.............................................. 36 

3.6 Statistics................................................................................................................ 37 

4. Results and Discussion ............................................................................................... 39 

4.1 Herbal Products .................................................................................................... 39 

4.2 Effects of E. purpurea on CYP3A4 ..................................................................... 40 

4.3 P-glycoprotein Inhibition...................................................................................... 42 

4.4 Sambucus Force and CYP3A4 ............................................................................. 44 

4.5 Methodological Considerations............................................................................ 45 

4.5.1 Herbal Preparations ....................................................................................... 45 

4.5.2 Effects of Ethanol .......................................................................................... 46 

4.5.3 Caco-2 Cell System ....................................................................................... 46 

4.5.4 CYP3A4 Metabolism .................................................................................... 47 

4.5.5 Quantification of Metabolites........................................................................ 48 

4.5.6 Choice of CYP3A4 Substrate........................................................................ 49 

4.6 Clinical Relevance................................................................................................ 50 

5. Conclusions ................................................................................................................ 53 

6. Reference List............................................................................................................. 55 



 10 
 

List of Papers 

 
This thesis is based on the following publications: 
 
 
 

Paper I 

Torstein Schrøder Hansen and Odd Georg Nilsen. 

Echinacea purpurea and P-Glycoprotein Drug Transport in Caco-2 Cells. Phytotherapy 

Research 2009; 23: 86-91 

 

 

Paper II 

Torstein Schrøder Hansen and Odd Georg Nilsen. 

In vitro CYP3A4 Metabolism: Inhibition by Echinacea purpurea and Choice of 

Substrate for the Evaluation of Herbal Inhibition. Basic and Clinical Pharmacology and 

Toxicology 2008; 103: 445-449 

 
 
 
Paper III 

Torstein Schrøder-Aasen, Guri Molden and Odd Georg Nilsen. 

In vitro Inhibition of CYP3A4 by the Multiherbal Commercial Product Sambucus Force 

and its Main Constituents Echinacea purpurea and Sambucus nigra. Phytotherapy 

Research 2012; Published online 8.feb 2012; DOI 10.1002/ptr.4619 

 

 



 11 

Summary of Papers 

Paper I 
 
Echinacea purpurea and P-glycoprotein Drug Transport in Caco-2 cells. 

 

The main objective of this study was to evaluate the in vitro inhibitory potential of 

Echinacea purpurea on the P-glycoprotein (P-gp) mediated transport of digoxin in 

human intestinal Caco-2 cells. The bi-directional transport of radiolabeled 3H-digoxin 

through Caco-2 cell membranes was measured in the presence or absence of E. 

purpurea extract or the positive control inhibitor verapamil. Liquid scintillation 

counting was used for quantification of radiolabeled digoxin. 

A statistically significant linear dose-related decrease in net digoxin flux was observed 

in presence of E. purpurea concentrations from 0.4 to 6.36 mg/mL, indicating a dose-

dependent E. purpurea inhibition of P-gp. Up to 22.3% decreased transport was 

measured at the highest E purpurea concentration possible to reach. At lower E. 

purpurea concentrations, a minor increase in net digoxin flux was observed. This effect 

is suggested to be caused by allosteric site activation, and the observed dual effect by E. 

purpurea could be a result of the complex composition of the herbal extract.  

The calculated Vmax and Km values for P-gp digoxin transport were in the same range as 

reported by others, and the influence from E. purpurea was in concordance with an 

uncompetitive inhibition.  

The net digoxin flux was decreased by 18% in presence of 0.8% ethanol, needed for 

herbal extraction and compatibility with the commercial product studied. This indicates 

a significant P-gp inhibition potential by lower ethanol concentrations. Verapamil, the 

positive inhibition control, decreased the net digoxin flux by 75%. 

It is concluded that the influence of E. purpurea on P-gp activities in vivo probably are 

limited, although the possibility of effects on drug bioavailability can not be excluded. 
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Paper II 
 
In vitro CYP3A4 metabolism: Inhibition by Echinacea purpurea and choice of substrate 

for the evaluation of herbal inhibition. 

 
The main objective of this study was to compare the CYP3A4 inhibition profiles of 

Echinacea purpurea, St. John’s wort and ketoconazole when measured with different 

substrates and methodologies. A secondary objective was to further evaluate the 

inhibitory potential of E. purpurea towards CYP3A4 in vitro.  

The CYP3A4 metabolism of 7-benzyloxy-trifluoromethylcoumarin (BFC), 7-

benzyloxyquinoline (BQ) and testosterone was measured with fluorescence- or HPLC-

based assays in presence and absence of herbal extract or the known CYP3A4 inhibitor 

ketoconazole. 

The study confirms an inhibitory potential of E. purpurea, St. John’s wort and 

ketoconazole on CYP3A4 as reported in other studies. For both St. John’s wort and 

ketoconazole, the assays showed inhibitory profiles with a reasonably high concordance 

for all three substrates. In the presence of E. purpurea, the CYP3A4 metabolism of 

testosterone was less inhibited (IC50: 5394 µg/mL) compared to BFC and BQ 

metabolism (IC50: 354 and 452 µg/mL, respectively). However, the same rank order of 

CYP3A4 inhibition potential was observed for all substrates, ketoconazole being the 

most potent and E. purpurea the least potent of the inhibitors. 

It is discussed whether the complex composition of E. purpurea with its different 

constituents may, at least partly, explain the divergence in its inhibitory profiles 

compared to St. John’s wort and ketoconazole. As the three substrates bind to different 

binding sites on the CYP3A4 enzyme, the E. purpurea constituents might exert 

distinctive effects on the different binding sites. It is, however, not possible to exclude 

that the different quantification techniques may also be responsible for the variation 

observed for E. purpurea inhibition. Consequently, the choice of substrate and 

quantification methodology might be essential for the evaluation of herbal inhibition of 

CYP3A4 metabolism.  

The inhibitory potency of E. purpurea was found to agree with other previous studies, 

reporting E. purpurea as a relatively weak inhibitor of CYP3A4 in vitro. 
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Paper III 
 
In vitro inhibition of CYP3A4 by the multiherbal commercial product Sambucus Force 

and its main constituents Echinacea purpurea and Sambucus nigra.  

 
The aims of the study in paper III were to evaluate Sambucus Force’s inhibition 

potential and inhibition mechanisms towards CYP3A4, and to evaluate the inhibitory 

co-contribution of the two main constituents Echinacea purpurea and Sambucus nigra. 

Metabolic studies were performed with human recombinant CYP3A4, using 

testosterone as substrate, in presence or absence of Sambucus Force, E. purpurea or 

ketoconazole (positive inhibition control). A validated HPLC method was used for 

quantification of metabolite. The study included metabolic assays for the measurement 

of half maximal inhibitory concentration (IC50), estimation of pharmacokinetic 

parameters (Vmax, Km and Ki) and identification of possible mechanism-based 

inhibition. 

Sambucus Force inhibited CYP3A4 activity with a mean (95% confidence interval) IC50 

value of 1192 (1091-1302) µg/mL. As a single herb, E. purpurea showed an IC50 value 

of 121.5 (114-119). When the IC50 values were converted to express the corresponding 

amount of dried E. purpurea raw-plant material used in production of each product, no 

significant difference was found between the IC50 equivalent values for the two 

products. Thus, the inhibitory potency of Sambucus Force seems exclusively to be 

exerted by E. purpurea, implicating an insignificant inhibition by S. nigra.  

The inhibition by E. purpurea as single herb was in agreement with a mechanism-based 

inhibition with heterotropic positive cooperative effects. Echinacea purpurea acted 

differently as part of Sambucus Force, which showed a dual inhibition profile with both 

a time-dependent (substrate-independent) inhibitory mechanism and an uncompetitive 

(substrate-dependent) inhibition. The observed mechanistic differences are suggested to 

be caused by herb-herb-interactions in the multiherbal product.  

The CYP3A4 inhibition of Sambucus Force in vitro is considered relatively weak, but 

the manufacturer’s high recommended herbal dosages might enhance the potential for 

clinical interactions.  
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1. Introduction 
 

1.1 Herbal Medicine 
 
Herbs and plant material have been used by man for thousands of years for treatment of 

disease and alleviation of symptoms. Archeological evidence indicates the use of 

medicinal plants from prehistoric times, and healing with medicinal substances is 

subject in some of our earliest written records1.  

 

The ancient Egyptians of 3000 to 6000 years ago administered a variety of drugs 

obtained from natural resources, and they are credited with the early medicinal use of 

opium, castor oil and mints1. The ancient Greeks of 1500 to 3000 years ago continued 

the development of plant-based therapeutic health care. According to written records, 

the Greek philosopher Hippocrates, later to be known as the father of modern medicine, 

recommended pain alleviation through chewing willow leaves, which later have shown 

to contain salicylic acid2. In the historic cultures in China, Tibet and India from 1000 to 

2000 years ago, the herbal specialists were powerful and influential professionals. 

Further into the continuing centuries and through the middle age, herbal medicine 

served as a basis for the medical practice.  

 

The last two centuries have brought substantial change to medical practice. The 

evidence-based practice has been established as a fundament for the medical profession, 

and the majority of medical preparations are today produced synthetically by 

pharmaceutical companies. However, many of our extensively used drugs in today’s 

evidence-based medicine were first identified from plants. Morphine, used against 

severe pain, was discovered from the opium poppy (Papaver somniferum). Digoxin and 

digitoxin, used in patients with congestive heart failure and arrhytmia, were first 

extracted from the plant Common foxglove (Digitalis purpurea). The anti-malarial drug 

quinine was derived from the bark of the Cinchona tree (Cinchona officinalis)1. Thus, 

the herbal medicine has in many ways served as a basis for the development of the 

modern pharmaceutical practice.  
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Even today, herbal medicine has an important place in modern cultures. Especially in 

Asia and in the developing world, with higher poverty rates and fewer medicinal 

doctors, the herbal and traditional medicine is still popular and an important part of the 

primary health care. In the western world, a division has developed between a modern 

evidence-based medicine on one side and a complementary and alternative medicine on 

the other side. The alternative direction has gained a high popularity, partly because 

alternative medicines, including herbal preparations, are regarded as more “natural” 

with fewer side effects than synthetically produced preparations.  

 

1.2 Use of Herbal Preparations in the Population 
 
The use of herbal products as alternative and complementary therapy has increased 

considerably in the Western world during the last decades. Studies from the United 

States have reported that the prevalence in use of herbal medicines among adults 

increased from 2.5% in 1990 to 12.1% in 19973. A study of more than 30,000 adults in 

the United States reported a further increase to 18.6% in 20024, and a similar study 

found a prevalence of 17.7% in 20075. The latter study further reported the prevalence 

of herbal use among children to be 3.9%. However, the prevalence varies across the 

world, exemplified by a Malaysian study reporting a prevalence of 33.9% among 

adults6.  

 

In terms of sales, the area of herbal medicines has become a billion dollar industry. 

Eisenberg et al. (1998) estimated the sales of herbal therapies in the United States in 

1997 to be $5.1 billion3. More recently, a study from 2007 based on a survey of more 

than 23,000 participants, estimated the sales of natural products in the United States to 

be $14.8 billion7, whereas a different study mainly based on manufacturer and retailer 

information estimates the 2010 herbal sales in the United States to be $5.2 billion8. 

There is reason to believe that the sales figures are similar in the comparable 

industrialized countries. 
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1.3 The Risk of Herb-Drug Interactions 
 
It is a major problem of the extensive herbal use that many of the herb consumers are 

medicated with conventional drugs as well. Drug-drug interactions have been 

acknowledged as a safety challenge in the medical practice for a relatively long time, 

but the risk of herb-drug-interactions has for several reasons been approached to a lesser 

extent. This is probably due to several reasons: 

1. Herbal products are usually marketed as dietary supplements and are therefore not 

subject to the standardized safety evaluation to the same extent as registered drugs9. 

2. The herbal products often include a wide range of constituents, and each of these may 

influence differently on the metabolism enzymes and transport proteins, making results 

harder to interpret and clinical effects more difficult to predict.  

3. There are reports of significant lot-to-lot variation of active ingredient amounts, and 

herbal products from retail stores often do not contain the labeled species10.  

4. The public has regarded herbal products as more safe than synthetic drugs due to their 

natural origin, and the medical community has probably not recognized the risk of 

interactions due to the lack of scientific evidence of effects in treatment.  

 

As a consequence, the use of some herbs has shown unforeseen effects when used in 

combination with other drugs. For example, the use of St. John’s wort in treatment of 

depressive symptoms has shown to induce life-threatening rejection of transplanted 

organs when consumed under medication with cyclosporine11. Furthermore, the 

concomitant use of St. John’s wort and oral contraceptives has been shown to 

significantly increase break-through bleedings and the possibility of unwanted 

pregnancies. In detail, St. John’s wort has been found to modulate the effects of the 

metabolism enzyme Cythocrome P-450 3A4 (CYP3A4), both in vitro12 and in vivo13. In 

a clinical situation, St. John’s wort has been found to cause an induction of CYP3A4, 

resulting in increased clearance of drugs which are CYP3A4 substrates. Subsequently, 

when the lowered drug concentration drops below its therapeutic level, the drug does 

not longer work according to the intentions. The consequences can be fatal if the drug is 

a vital necessity, and the risk of significant clinical interactions is considerably 
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enhanced when the drug has a narrow therapeutic range, of which the 

immunosuppressant drug cyclosporine is a good example of both. 

 

Pharmacokinetic interactions involve a remedy changing the absorption, distribution, 

metabolism and/or excretion of a substance, causing a change in the drug’s 

concentration in the body or in a defined distribution volume. The three main systems of 

importance are 1) metabolism by the Cytochrome P-450 system, 2) trans-membrane 

drug transport by P-glycoprotein and 3) the binding of drugs to plasma proteins. The 

former two systems are addressed in the in vitro studies of this thesis, and are further 

discussed in the following chapters.  

 

In the years since the case reports about St. John’s wort11, there has been a growing 

attention on herbal interactions, and many papers considering herb-drug-interactions 

have been published during the last decade. Grapefruit juice is now well known for its 

interactions with both cytochrome P-450 drug metabolizing enzymes and P-

glycoprotein14, and several popular herbs such as garlic, ginkgo, saw palmetto, milk 

thistle and ginseng have been studied and reviewed with varying results15;16.  

 

However, herbs are mainly investigated after they have been marketed and gained 

popularity, and there is still a long way to go before the pharmacokinetic interactions of 

herbal products are systematically evaluated. This is certainly of importance as 16 to 

20% of all patients on regular medication have been reported to take herbal 

preparations, usually without the knowledge of their physician17;18. 

 

1.4 Echinacea purpurea 
 
Echinacea is a genus of hardy, perennial wildflower plants, native to parts of the North 

American prairie, and more commonly known as purple coneflower. Of nine Echinacea 

species, Echinacea purpurea, Echinacea angustifolia and Echinacea pallida are the 

three usually used as herbal medication, although it has been debated whether E. 

angustifolia and E. pallida are variances of one species19. The Native Americans were 
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the first to use Echinacea for medical purpose, ranging from sore throats to snake 

bites20. The European settlers learned about its use, and Echinacea gained great 

popularity in the late 19th and early 20th century, alleged to cure syphilis, malaria, 

gangrene, diphtheria and mad dog disease, and concurrently being perfectly harmless21. 

In 1909, the American Council of Pharmacy and Chemistry declared in the reputable 

JAMA journal that Echinacea was to be “considered valueless”, lacking “any scientific 

scrutiny” of the medicinal claims, and was “deemed unworthy of further consideration” 

until reliable favourable evidence was presented21. The popularity fell along with the 

great medical improvement and progress of antibiotics. Nevertheless, the use of 

Echinacea continued to some extent, and during the 20th century, E. purpurea was 

brought to Europe where it is now widely cultivated22. 

 

Along with the advancement of herbal medicine during the last decades, Echinacea has 

established a position as a top-selling herb on the Western herbal market. During the 

1990s, more than 2 million physicians’ prescriptions for Echinacea were filled each 

year23. Echinacea became the top-selling herb in the United States in 1995 and 199624, 

representing about 10% of the total herbal sales. A major health survey from 2007 

reported Echinacea as the most used herb among both adults and children, estimated to 

more than 4.8 million consumers in the United States5. In recent years, the market has 

somewhat declined, but Echinacea was in 2010 still placed sixth on the United States 

mainstream market8.  

 

Today’s use is mainly based on Echinacea’s alleged effects for preventing and treating 

upper respiratory infections and the common cold, and immunostimulatory mechanisms 

have been proposed22. Groups of Echinacea chemical constituents such as alkylamides 

and caffeic acid derivatives have been considered important for Echinacea’s activity19. 

The clinical evidence is widely discussed, and the latest Cochrane review on 

Echinacea’s effects against the common cold concludes that clinically beneficial effects 

might exist, but the evidence is inconsistent25.  

 

Hundreds of commercial products are available in preparations such as liquid extracts, 

juices, capsules, tablets, dried plant material, creams, gels and tea. Furthermore, 
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different parts of the plants are used, including root, seeds, leaves and flower. The liquid 

extract of E. purpurea is the most commonly used preparation in the United States20.  

A study from 2003 reported that the labeling of marketed E. purpurea products was 

frequently inaccurate, and 10% of the preparations studied contained no trace of 

Echinacea10. This significant phytochemical diversity represents a major challenge in 

the comparison of pharmacological and clinical effects by Echinacea products19;25.  

 

1.5 Cytochrome P-450 System and CYP3A4 
 
The cytochrome P-450 (CYP) superfamily is a large and functionally diverse group of 

heme-containing proteins, named for their cellular (“cyto”) location and 

spectrophotometric characteristics (“chrome”) with a spectral absorbance peak at 

450nm wavelength when bound to carbon monoxide. CYP proteins have been found in 

every major domain of living organism, including bacteria, fungi, plants, insects and 

mammals26. Among several thousand identified CYP proteins in different species, 57 

genes coding for CYP-enzymes have been identified in the human genome27.   

 

In humans, CYP proteins are predominately known for their role as phase I enzymes in 

the xenobiotic and drug metabolism. Their main function is to introduce hydroxyl 

groups at relatively inert structures such as hydrocarbons and aromatic rings26. The 

hydroxyl group makes the molecules more hydrophilic, and makes the substances more 

susceptible for conjugation, further degradation and excretion. In this reaction, 

molecular oxygen is split, giving one oxygen atom to the hydroxyl group while the 

other is released as part of a water molecule. This reaction further requires two reducing 

equivalents from an electron donor, usually from NADPH. The reactions are 

summarized by the equation 

SH + O2 + NADPH + H+ → SOH + NADP+ + H2O    (equation I) 

where SH is the substrate and SOH is the oxidized product26. It should be mentioned, 

however, that this transformation is generally complex, involving a series of sequential 

steps, and reactive intermediates can be bound and released at different steps along the 
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catalytic cycle. In addition to the hydroxylation, CYP enzymes also catalyze reactions 

such as epoxidations, dealkylations and deaminations.  

 

Human CYP enzymes are not only involved in xenobiotic degradation. The catalyzed 

oxidation can convert substances to physiologically active products, a process called 

bioactivation. Examples of such include the conversion of pro-drugs to 

pharmacologically active molecules, and the conversion of pro-carcinogens to 

carcinogenic substances. Furthermore, CYP enzymes in human have key roles in the 

steroidogenesis, fatty acid metabolism and vitamin D metabolism26.  

 

In the CYP mediated metabolism of drugs, about 95% of the drugs are metabolized via 

only five of these enzymes, namely CYP1A2, CYP2C9, CYP2C19, CYP2D6 and 

CYP3A427. Although accounting for a fewer number of drugs, CYP1A1, CYP2B6 and 

CYP2E1 should be mentioned. The CYP enzymes are predominately localized in the 

liver, where the majority of drug metabolizing activities are concentrated, but CYP 

enzymes are found in substantial amounts in other tissues as well, such as the brain, 

gastrointestinal tract, lungs and kidneys26.  

 

1.5.1 Variance in CYP Metabolic Activity Rates 
 
1.5.1.1 Genetic Polymorphisms 

The human CYP genes show a high degree of genetic polymorphism. While some 

individuals are lacking functional genes for certain CYP alleles, others have several 

active genes for the same allele, resulting in a significant variation in levels of expressed 

CYP enzyme and, thus, metabolic activity28. Although nearly all xenobiotic-

metabolizing CYPs are polymorphic, this phenomenon is best known for CYP2D628. 

About 6% of Caucasians have been found to be CYP2D6 poor metabolizers, with 

subsequent significant impact on the in vivo metabolism of common pharmaceuticals, 

e.g. metoprolol and codeine26. On the other hand, ultra-rapid CYP2D6 metabolizers are 

found mainly in ethnic groups from North-Africa and Oceania28.    
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1.5.1.2 Induction and Activation 

While genetic polymorphisms principally are congenital attributes, environmental 

factors, among them xenobiotics, may play important roles by influencing the activity 

of CYPs. The induction of CYP synthesis is a protective cellular mechanism where the 

xenobiotic presence triggers a cellular response involving activation of nuclear 

receptors, which in turn increase the gene expression and production of CYP enzymes, 

again resulting in increased clearance of xenobiotics29. This process is relatively slow, 

generally requiring xenobiotic presence over time, which occurs with multiple or 

regular drug use. The clinical consequence is decreased plasma concentrations of 

substrate drugs, which may reach sub-therapeutic levels and thus therapeutic failure. In 

the case of pro-drugs and pro-carcinogens, induction will result in increased levels of 

active metabolites and carcinogens, respectively. Increased metabolism may also arise 

from activation of existing CYP enzymes, as in the case of allosteric cooperative 

regulation of CYP-activity30. 

 

1.5.1.3 Inhibition 

Inhibition of enzymes can occur in a number of ways, and the main differentiation is 

between reversible and irreversible inhibitors. The reversible inhibition is the most 

common, and is further categorized as competitive, non-competitive, uncompetitive and 

mixed-type inhibition. When the inhibitor molecule and enzyme’s substrate competes 

for the same binding spot in the enzyme’s active site, the inhibition is characterized as 

competitive inhibition. Non-competitive inhibition occurs when the inhibitor binds to 

sites distinctly different from the substrate, but still blocks the enzyme’s turnover. 

Uncompetitive inhibition is a more special case where the inhibitor does not bind to the 

free enzyme, but only to the enzyme-substrate complex31. When both competitive and 

non-competitive elements of inhibition are seen, the inhibition is categorized as mixed-

type.  

 

The irreversible mechanism-based inhibition is characterized by the CYP-mediated 

metabolism of a xenobiotic compound, producing a reactive metabolic intermediate 

which is able to bind irreversibly to the CYP enzyme causing irreversible inhibition32. 
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The irreversibly inactivated enzymes need to be re-synthesized through protein 

synthesis before normal activity is restored, causing a prolonged reduction of metabolic 

clearance even after elimination of the inactivator33. Because the catalytic step is 

necessary, such inhibition will show both NADPH-dependency and time-dependency in 

in vitro assays32.  

 

1.5.2 CYP3A4 
 
In the cytochrome P-450 superfamily, the CYP3A4 is probably the most important 

drug-metabolizing CYP enzyme, and has been estimated to be involved in the 

metabolism of about 50% of marketed drugs26;34. CYP3A4 is by far the most abundant 

CYP enzyme in the human liver, but is also significantly expressed in the human small 

intestines, where it plays an important role in the drug metabolism26;35.  

 

The pharmacokinetics of CYP3A4 has shown to be complex. Firstly, CYP3A4 has 

probably the broadest substrate specificity of any CYP, with its substrates ranging in 

molecular mass from 151 g/mol (paracetamol/acetaminophen) to 1202 g/mol 

(cyclosporine). Secondly, CYP3A4 has shown homotropic and heterotropic 

cooperativity, where the enzyme activity is directly modulated by the presence of 

substrate itself or another compound, respectively. Furthermore, the existence of 

multiple binding domains within the active site of the CYP3A4, together with the 

possibility of multiple substrate molecules bound simultaneously, has been strongly 

suggested36;37.  

 

A wide range of xenobiotics have shown to interact with CYP3A4, to a greater or lesser 

extent. This includes also several of the CYP3A4 substrates. Examples of CYP3A4 

interactive drugs are the strong inhibitors ketoconazole (antimycotic) and 

clarithromycin (antibiotic)38;39, and the inducers carbamazepine (antiepileptic) and 

rifampicin (antituberculosis)39;40. In the area of natural products, the strong CYP3A4 

inhibition by grapefruit juice and induction by St. John’s wort are relatively well 

known14;16. The interaction potential with CYP enzymes is now subject to evaluation in 
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the development of new drugs. However, herbal medicines are not subject to the 

thorough evaluation procedures as with medical drugs, and the possibility of herbal 

interactions has, until recently, been relatively unknown. 

 

1.6 P-glycoprotein 
 
P-glycoprotein (P-gp) is a 170 kDa energy-dependent transmembrane efflux transporter 

driven by ATP hydrolysis. The main function of the MDR1-gene encoded P-gp is to 

actively transport its substrates out of the cell. P-gp is mainly localized in the intestinal 

epithelium, kidney tubules, placenta, blood-brain-barrier and liver hepatocytes, among 

other tissues41;42.  

 

P-gp has proven to have an important role in pharmacological distribution of drugs in 

the human body43. Due to its location in the apical cell membrane of enterocytes, it 

exports its substrates to the intestinal lumen (figure 1)43. As many of the P-gp substrates 

are toxic to the human body, the P-gp helps in detoxification by reducing the peroral 

absorption and thus the intracellular concentration of drugs. Likewise, the P-gp in apical 

placenta and blood-brain barrier protects the foetus and brain, respectively, from the 

uptake of possible toxins. In the liver and kidneys, however, P-gp is mainly located to 

the biliary cell membrane of hepatocytes and the apical side of proximal tubular 

epithelium, respectively42. Thus, P-gp also actively enhances the elimination of its 

substrates from the human body.  
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As CYP3A4, the P-gp has broad substrate specificity, and a significant overlap between 

P-gp and CYP3A4 substrates has been reported44. P-gp and CYP3A4 are closely co-

located in the small intestines, which has led to the hypothesis that they act 

synergistically. Due to the active efflux by P-gp, the xenobiotic substrate molecules 

may cross the apical cell membrane several times before they may access the blood 

stream. As a result, the xenobiotic’s presence in the intestinal tissue is prolonged, where 

it can be metabolized by the intestinal CYP3A4. This theory has been supported by in 

vitro and in vivo experimental studies45;46.  

 

P-gp has shown to be a subject for pharmacokinetic interactions. Inhibition of P-

glycoprotein reduces the efflux of drugs, and thereby leads to increased systemic drug 

concentrations, with possible adverse or toxic reactions. In opposite, induction will 

decrease the systemic drug levels, risking a loss of therapeutic effects. In human, the 

cardiac drug verapamil has shown to increase serum digoxin concentrations, causing 

symptoms of digoxin toxicity, as a result of P-gp inhibition47;48. Similarly, the 

Figure 1. Schematic illustration of an intestinal epithelial cell, expressing P-gp. 
The efflux transport activity of the P-gp lower the intracellular drug 
concentration, thus resulting in a lower drug concentration in the blood stream.  
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antituberculosis drug rifampicin has shown to be an inducer of P-gp49. The important 

role of P-gp in drug pharmacokinetics has made bi-directional transport studies to a 

routine screening in the drug development process50.  
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2. Aims of the Thesis 
 
 
Echinacea purpurea has been among the top-selling herbs in an increasing herbal 

market, but knowledge about its possible pharmacokinetic interaction potential is 

limited. 

 

The main purpose of this thesis was to gain further knowledge about the in vitro 

pharmacokinetic inhibition potential and mechanisms of E. purpurea towards CYP3A4 

and P-glycoprotein. 

 

The following questions were addressed: 

• Does E. purpurea inhibit P-glycoprotein mediated efflux transport in vitro? 

• Does E. purpurea inhibit CYP3A4 mediated metabolism in vitro? 

• Does the choice of substrate and experimental methodology influence on the 

inhibition patterns of E. purpurea on CYP3A4? 

• What type of inhibition is exerted on CYP3A4 by E. purpurea? 

• Is E. purpurea a mechanism-based inhibitor of CYP3A4? 

• What is the inhibitory contribution of E. purpurea towards CYP3A4 when being 

part of a multiherbal preparation? 

• Do our in vitro data indicate that E. purpurea represents a significant risk for 

pharmacokinetic drug interactions in vivo? 
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3. Methods 
 

Several different methods were used in the work behind the present thesis. General 

considerations on these procedures are given below. Further details are described in 

detail in each paper.  

3.1 Herbal Preparation 
 
The commercial herbal products used in the experiments were obtained from the public 

market in local pharmacies and healthcare shops. Two different liquid ethanol extracts 

of E. purpurea were assessed; Echinagard® (Madaus AG, Germany) and Echinaforce® 

(A. Vogel, Bioforce AG, Switzerland). For preparation, liquid aliquots were transferred 

to pre-weighed vials, evaporated to dryness, and reweighed. The weight of dried extract 

was used as basis for the denomination of E. purpurea concentration in further 

solutions. Dried extract was re-dissolved in the smallest possible volume of water or 

20% ethanol to give stock solutions of high concentrations.  

 

St. John’s wort (Hypericum Stada®, Stada Arzneimittel AG, Germany) and the 

multiherbal Sambucus Force (Nature's Sunshine Products Inc., USA) were bought as 

dried, capsular preparations. One capsule was dissolved for extraction in water or 20% 

ethanol as previously described for our laboratory51. Extract was then transferred to pre-

weighed vials, evaporated, reweighed and further re-dissolved as described for E. 

purpurea. 

 

The final herbal concentrations were anticipated to cover the in vivo concentrations of 

the herb, based on the recommended daily dose dissolved in 1 liter of gastrointestinal 

fluid or 56 liters of total body fluid. When ethanol was present in the herbal solutions, 

the final ethanol concentration caused by herbal addition was kept constant through all 

experiments. 
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3.2 CYP Incubations 
 
The CYP3A4 enzymes were obtained as a commercial product (BD Supersomes™, BD 

Biosciences, USA). In production, the enzymes were prepared from insect cells which 

were infected with a baculovirus expressing the recombinant human cDNA for the 

specific enzyme. The commercial product further contained supportive reductase 

enzyme and cytochrome b5, aiding in the redox-activities of the CYP3A4.  

 

In this work, the inhibition of CYP3A4 was evaluated with different CYP3A4 

substrates. Incubations with the two substrates 7-benzyloxy-trifluoromethylcoumarin 

(BFC) and 7-benzyloxyquinoline (BQ) were performed on microtiter plates with a 

commercial CYP3A4 test kit. All test reagents were supplied with the commercial kit, 

and the manufacturer’s procedure instructions were followed. The CYP3A4 

concentration was 5.0nM with BFC (50µM) as substrate, and 7.5nM with BQ (40µM) 

as substrate. All incubations included a NADPH regenerating system consisting of 

1.25mM NADP+, 3.3mM glucose-6-phosphate, 3.3mM MgCl2, 0.4U/mL glucose-6-

phosphate dehydrogenase and 0.05mM sodium citrate. Serial dilutions of E. purpurea 

and St. John’s wort extracts were added, and ketoconazole was supplied in the 

commercial kit as positive inhibition control. With BFC and BQ as substrates, ethanol 

extracts of herbs were used, and all incubations therefore included 0.8% final ethanol 

concentration. The total incubation time was 30 minutes, and the microtiter plates were 

inserted in a fluorometer for quantification of metabolite. 

 

The assays with testosterone as substrate were performed in glass tubes in total volumes 

of 400µL, containing 20nM CYP3A4 and 0.1mM testosterone. The NADPH-

regenerating system was present in identical concentrations as for the BFC and BQ 

assays. Various concentrations of E. purpurea, St. John’s wort or Sambucus Force 

extracts were added, and ketoconazole was used as positive inhibition control. When 

ethanol extracts of herbs were used, all incubations in the assays included 0.8% final 

ethanol concentration. All incubation mixtures were equilibrated for 5 minutes in a 

gently shaking 37°C water bath before incubations were initiated. The incubations were 
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stopped after 10 minutes by addition of ice cold methanol, and after centrifugation, the 

supernatant could be applied directly to HPLC-vials for metabolite quantification. 

 

3.3 Cell Membrane Transport Studies 

3.3.1 Cell Cultivation 
 
The Caco-2 cell line, derived from a human colorectal adenocarcinoma, differentiates to 

a polarized monolayer when cultivated on semi-permeable membranes, expressing 

several characteristics of an intestinal enterocyte membrane52. The Caco-2 membranes 

have been shown to express P-glycoprotein53, and the use of Caco-2 cells is now a well 

established method for evaluation of P-gp-mediated transport50. The cells were first 

cultivated to passage 35-45, and during these passages seeded in 24-well 6.5mm 

Transwell® plates with 0.4µm Pore Polycarbonate Membrane Inserts at a density of 

1.5×105 cells/cm2. The cell membranes formed in the inserts (figure 2) were used for 

transport experiments 21 to 28 days postseeding. All cells had their growth medium 

changed every second day, and medium was always changed 24 hours before the 

transport experiments were performed. 

 

 

 

 

Figure 2. Schematic illustration of the Caco-2 membrane system used in paper I. 
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3.3.2 Cell Membrane Integrity 
 
To ensure reliable P-gp transport data, the cell monolayer has to be tight without 

leakage between cells. The monolayer integrity was therefore monitored by measuring 

transepithelial electric resistance (TEER) and by measuring the transport of 14C-

mannitol.  

 

The TEER is found by immersing electrodes in the basolateral and apical chambers, 

creating an electric circuit crossing the epithelial membrane. The electric resistance 

across the cell monolayer can thereby be measured. Potential leakage between cells 

would lower the electric resistance, and the TEER thus gives an indication of the 

tightness of the cell junctions. Wells with measured TEER values below the cut-off 

value of 150 Ω·cm2 were not included in experiments.  

 

Mannitol crosses the cell membrane only via the paracellular route, and the mannitol 

diffusion across a membrane with intact tight junctions should be low. Radiolabelled 
14C-mannitol was applied to the apical compartment, and the apical to basolateral 

transport was measured. None of the apparent permeability coefficients were greater 

than 1.0×10-6 cm/s, a limit suggested acceptable by others for adequate cell integrity54. 

 

3.3.3 P-gp Transport Experiments 
 
Digoxin has been claimed to be a specific substrate for P-gp without significant affinity 

for other drug transporters55, and digoxin has because of this become an established and 

recommended substrate for P-gp mediated transport experiments, and is often used as a 

P-gp reference substrate in the Caco-2 cell model56.  

 

Both the apical to basolateral (A-B) and basolateral to apical (B-A) transports were 

measured in the presence or absence of E. purpurea, St. John’s wort and the positive 

inhibition control verapamil. Herbal extract or verapamil was always added to both the 

donor and to the receiver compartments in equal concentrations. Due to addition of 

herbal ethanol solutions, the concentration of 0.8% ethanol was kept equal through all 
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herbal and reference transport studies. The incubations were initiated by the addition of 

radiolabelled 3H-digoxin to the donor side, and the cells were incubated with gentle 

vibration for 90 minutes. After incubation, 100µL aliquots from both donor and receiver 

compartments were transferred to scintillation vials for liquid scintillation counting. 

 

 

3.4 Quantification Methods 

3.4.1 Fluorometric Quantification 
 
Fluorescence is the emission of electromagnetic radiation from a substance which 

recently has absorbed energy by excitation from other electromagnetic radiation. 

Usually, the emitted radiation has lower energy than the absorbed radiation, and thus a 

longer wavelength. 

 

Some of the CYP3A4 metabolites have fluorescent qualities, and the metabolite 

quantities can thereby be estimated by measurement of fluorescence after incubations. 

The two CYP3A4 substrates BFC and BQ are metabolized to the fluorescent 

metabolites 7-hydroxytrifluoromethylcoumarin (HFC) and 7-hydroxyquinoline (HQ), 

respectively. With a microplate fluorometer, the emitted fluorescence was measured on 

excitation wavelength 410 nm and emission wavelength 538 nm. By comparison with 

fluorescence standard curves of known HFC and HQ concentrations, the amounts of 

metabolite generated in incubations were quantified. 

 

With fluorometric assays there is a possibility of quantification error caused by self-

fluorescence and quenching from the herbal constituents. This was corrected for in our 

studies.  
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3.4.2 High-Performance Liquid Chromatography (HPLC) 
 
With high-performance liquid chromatography (HPLC), quantification of a wide range 

of molecules and drugs is made possible. The main purposes of the HPLC system are to 

separate and quantify constituents from a mixture. In short, suitable liquid solvents (so-

called “mobile phase”) are pumped into the HPLC system at a fixed rate (and mixed, if 

required) by a pump (figure 3). An aliquot of the specimen is introduced into the mobile 

phase by the injector and carried to the column (“stationary phase”). The column 

contains small particles with a certain size, charge and surface characteristics. The 

different molecules in the injected solution are hindered differently by these particles 

due to the mass, shape, electrical charge etc. of the molecules, and will thereby exit the 

end of the column at different times. As an example, the hydrophobic molecules in the 

injected specimen will adhere stronger to a column’s hydrophobic particles and stay 

retained longer, while the sample’s hydrophilic molecules will have a low affinity to the 

column’s hydrophobic particles and thus be carried faster through the column by a 

hydrophilic mobile phase. Consequently, the separation depends on properties of both 

the mobile phase and the column.  

 

 

 Figure 3. Schematic model of the HPLC system 
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After the substances from the injected solution are separated by this filtration, they are 

introduced to a detector device, set to measure key physiochemical properties of the 

target component(s) of the sample. The detectors response is measured over time and 

printed as a chromatogram. If well-defined separation of constituents has been achieved, 

each amplitude peak in the final chromatogram reflects one of the separated substances. 

The area and height of each peak can then be used to estimate the amount of each 

substance by comparison with standard curves of known concentrations of the 

substances. After passing the detector, the mobile phase with the previously injected 

sample is ejected as waste. 

 

In our studies, HPLC was used for quantification of the CYP3A4 metabolite 6-β-OH-

testosterone. The HPLC system included a Supelco LC18 column (150mm, ¼”, 5µm) 

(paper II) or Zorbax Eclipse XDB-C18 column (4.6x150mm, 5µm) (paper III). The 

mobile phase was methanol:water with proportions selected on the basis of well-defined 

peak separation in the chromatogram. The metabolite 6-β-OH-testosterone was detected 

by ultraviolet (UV) light absorbance at 254 nm (paper II) or 240 nm (paper III) 

wavelength. The metabolite concentrations were estimated from the chromatogram peak 

areas by comparing with standard curves of known concentrations of pure 6-β-OH-

testosterone. Quality controls with low, middle and high concentrations of 6-β-OH-

testosterone were present in duplicate in all standard curves. For further details about 

the HPLC assays and materials, it is referred to paper II and III. 

 

3.4.3 Liquid Scintillation Counting 
 
Liquid scintillation counting is a standard technique for quantification of radioactivity, 

usually β-decays. Tritium (3H) and carbon-14 (14C), as used as radiolabels in our 

studies, undergo β-decay into helium-3 (3He) and nitrogen-14 (14N), respectively, 

emitting electrons with relatively low energy. Due to the radiation’s low energy, these 

isotopes are less hazardous in laboratory use, but also more difficult to detect directly. 

With liquid scintillation counting, samples containing the radiolabelled target molecules 
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are dissolved in a scintillation cocktail containing organic solvent molecules and 

scintillator molecules. When β-emitted electrons interact with the solvent molecules, the 

electrons’ energy is absorbed by the solvent molecules, which in turn transfer the energy 

to the scintillator molecules. The excited scintillator molecules then dissipate this 

energy by emitting a photon as electromagnetic radiation, and this pulse of light is 

possible to detect by the scintillation counter. Ideally, every emitted electron should by 

this reactive chain lead to one emitted photon, but usually there is a discrepancy 

between the nuclear disintegrations per minute (dpm) and the registered counts per 

minute (cpm). This discrepancy ratio (dpm/cpm) is called counting efficiency. 

 

In our cell membrane transport studies, aliquots from donor and receiver compartments 

were dissolved in an Optiphase Supermix scintillation cocktail (PerkinElmer, USA) and 

counted for 10 minutes by a Beckman scintillation counter (Beckman Coulter, USA). 

Vials with known dpm and concentration of  3H-digoxin and 14C-mannitol were 

included to calculate counting efficiencies and to make concentration standard curves. 

Counting efficiencies were calculated to 26% for 3H-digoxin and 95% for 14C-mannitol. 

No quenching was observed.  

 

3.5 Enzyme Activity and Pharmacokinetic Parameters 
 
The basic CYP3A4 activity was expressed as the amount of metabolite formed per 

amount of CYP3A4 enzyme per minute (pmol metabolite × pmol enzyme-1 × min-1). 

Transport through cell membranes in each direction was measured as the apparent 

permeability coefficient, Papp (cm/s). The net flux, JNet (nmol/cm2/h), express the net 

transport in B-A direction, i.e. the A-B transport subtracted from B-A directed transport. 

 

Activity in presence of inhibitor was expressed as the percentage of the basic (control) 

activity without herb/inhibitor, but otherwise identical conditions. The IC50 values 

(inhibitor concentration resulting in a 50% inhibition of CYP3A4-mediated metabolism 

or net digoxin flux) were calculated from best-fit regression of inhibition plots. The 

maximum enzyme activity rate (Vmax), the substrate concentration at which ½ × Vmax 
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occurs (Km) and modes of inhibition were determined from Lineweaver-Burk plots or 

Eadie-Hofstee plots.  

 

3.6 Statistics 
 
Results were mainly expressed as mean values ± standard deviation (SD) if not stated 

otherwise. Values of p < 0.05 and non-overlapping 95% confidence intervals were set a 

priori  to be considered as statistically significant. Difference between groups was 

analyzed with two-sample Student’s t-test. Confidence intervals (95%) were estimated 

for IC50 values in paper III. 

 

Statistical analyses were performed with Microsoft Office Excel 2003 and SigmaPlot.  

All data processing, graphs, regressions and statistical analyses were made with 

Microsoft Office Excel 2003 (Microsoft Corporation, Redmond, USA) and SigmaPlot 

(version 10 and 11, Systat Software Inc., Richmond, USA). 
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4. Results and Discussion 

4.1 Herbal Products  
 
In the wide specter of herbal medicinal products, many of these are based on a “whole 

herbal extract”. Such products include a complex mixture of different constituents with 

often unknown specific concentrations. Several investigations have been performed to 

identify the assumed medically active ingredients from different herbs. Isolated from St. 

John’s wort, the components hypericin and hyperforin have shown to play significant 

roles in the therapeutic effects on depression and in the interactions with CYP3A4 and 

P-gp12;57. For Echinacea, a recent study has shown that specific alkylamide constituents 

contribute to the inhibitory effects on CYP3A4, however, the total inhibition of the 

whole herb extract could not be explained by these specific substances alone58.  

 

We chose to use whole herb extracts, as provided for sale to consumers, directly in our 

studies. Consequently, we also include more complex possible interferences by E. 

purpurea in our evaluation of interference, such as constituent–constituent interactions 

and allosteric, contributing or counteracting enzyme interactions from different herbal 

components, as possible to be present after ingestion of the whole-herb extract. When 

using a whole-herb extract, it is, however, difficult or impossible to assign the observed 

effects to specific herbal substances, or to interpret the number of active constituents 

involved. Furthermore, due to the high-grade variation observed for the chemical 

composition of different Echinacea preparations, it is difficult to directly compare the 

results with other Echinacea studies where other herbal preparations have been used10. It 

has been shown great variety in inhibition potential from different Echinacea products, 

tested with identical assays58. Hence, care needs to be taken when comparing results 

with other studies. 

 

In our studies, we have tested two single-herbal E. purpurea products, Echinagard® 

(Madaus AG, Germany) and Echinaforce® (A. Vogel, Bioforce AG, Switzerland). 

These products are similar with respect to their ethanol extraction of mainly overground 

parts of E. purpurea plant. Their respective dry mass contents of E. purpurea plant and 
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their recommended clinical dosages are similar, however, not strictly identical. 

However, a study published concurrently with our work has shown a striking difference 

in the alkylamide quantities in these products, as the total alkylamide levels in 

Echinaforce® was ca. 60-fold of the levels in Echinagard®58. Large variation of 

phytochemical contents in Echinacea has been extensively described, depending e.g. on 

the plant parts used, the season of harvest, growth locations, plant developmental stages 

and preparation methodology59-61. Although seeming relatively analogous for both 

consumers and researchers, the specific preparations may thus be significantly 

divergent.  

 

The range of herbal concentrations selected for these studies were based on estimations 

of clinically relevant levels after ingestion. The single and daily dosages in 1 liter of 

gastrointestinal or 56 liters of total body fluid were used as estimations of maximal 

clinical levels, in accordance with approaches used in earlier studies51;62;63. The 

concentration ranges used in the incubations were set to cover this maximal level and 

the lower herbal concentrations, and should thereby represent a probable range of 

physiologically and clinically relevant E. purpurea concentrations.  

 

4.2 Effects of E. purpurea on CYP3A4  
 
As described in paper II and III, we found a minor inhibitory potential of E. purpurea 

towards CYP3A4 mediated metabolism. Thus, our findings qualitatively support 

previous in vitro studies reporting inhibitory effects on CYP3A4 from E. purpurea58;64-

66. The quantitative comparison between studies is complicated by several factors. 

Firstly, different terms are used for the inhibitory potential. To aid in the objective 

comparison, we chose to express the IC50 in absolute terms, as mg of dried herb per mL, 

rather than relative terms used by several others (e.g. % of full strength)64;65. Secondly, 

the specific herbal product tested may not be directly comparable with other products. 

Some of the studies on Echinacea inhibition are based on other Echinacea species, such 

as E. angustifolia or E. pallida, or multiherbal products which includes various 

herbs67;68. Significant variation in inhibitory potential has also been shown between the 
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different products of E. purpurea, corresponding to a factor of more than 140 between 

the most and least potent E. purpurea product, probably due to their considerable 

variation in phytochemical composition10;58. Thirdly, the inhibition varies due to the 

choice of CYP3A4 substrate, as reported in paper II and further discussed in section 

4.5.6. 

We reported mean IC50 levels for the CYP3A4 inhibition by E. purpurea ranging from 

121.5 to 5394 µg/mL. This is in the same total range (from 12.7 to 5030 µg/mL) as 

reported by quantitatively comparable studies58;66.  More specifically, a study by Hellum 

and Nilsen (2008), originating from the same laboratory as our research, reported an 

IC50 value of 5030 µg/mL for Echinagard® using testosterone/HPLC methodology, 

comparable to our IC50 value of 5394 µg/mL in paper II. Modarai et al. (2007) reported 

the IC50 for Echinagard® at 1812 µg/mL using the BFC/fluorescence methodology, 

regarded as reasonably corresponding to our measured IC50 at 354 µg/mL (paper II).  

For the Echinaforce® product, no directly comparable reports using a similar 

testosterone/HPLC methodology have been found in the literature. However, 

Echinaforce® produced a significantly higher degree of inhibition than Echinagard®, 

when measured with the testosterone/HPLC methodology. This observation is 

supported by Modarai et al. (2007), reporting a similar difference in inhibitory potency 

for these specific products by using a BFC/fluorescence methodology58.  

The in vivo studies on the effects of E. purpurea on CYP3A4 mediated metabolism are 

divergent. Gorski et al. (2004) reported that E. purpurea produced inhibitory effects on 

intestinal CYP3A4, while inducing the hepatic CYP3A4 activity69. Gurley et al. (2004) 

found only minor effects of E. purpurea on the CYP3A4 mediated metabolism of 

midazolam70. Penzak et al. (2010) reported reduced exposure and increased clearance of 

midazolam, suggesting a total inducing effect on CYP3A471. Although in vitro studies 

indicate an inhibitory potential of E. purpurea on CYP3A4 mediated metabolism, the 

effects in vivo are still more uncertain.  

The E. purpurea inhibition pattern was in paper III consistent with a mechanism-based 

inhibition of CYP3A4, which to our knowledge was not previously published in the 
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literature. This finding could be of clinical interest, because mechanism-based inhibitors 

act irreversibly with consequently prolonged effects. Even smaller doses of E. purpurea 

could theoretically block CYP3A4 enzymes, and if additive herbal delivery and 

blocking of CYP3A4 exceed the rate of enzyme re-synthesis, repeated herbal delivery 

might increase the CYP3A4 inhibition even with smaller herbal dosages. This is, 

however, theoretical reflections which have not been documented for E. purpurea in in 

vivo studies.  

Further pharmacokinetic analyses indicate heterotropic positive cooperative effects 

caused by the interaction by one or more E. purpurea constituents. The clinical 

implications of this are far from known, but at least in theory, such effects could imply 

that the possible inhibition caused by E. purpurea weakens when the concentration of 

the interactive CYP3A4 substrate rises. 

 

4.3 P-glycoprotein Inhibition 
 
In paper I, possible inhibition by E. purpurea towards P-glycoprotein drug transport 

was evaluated. P-gp is a widely studied drug efflux transporter72;73, and it has caught 

much attention because of its ability to modulate the absorption and distribution of 

drugs in the human body43;74.  

 

In the E. purpurea concentrations above 0.4 mg/mL, a linear dose-related inhibition of 

the net digoxin flux was observed, with a 22.3% decreased net digoxin flux at 6.36 

mg/mL E. purpurea concentration, but the statistically significant linear correlation 

indicates that further inhibition may occur at higher E. purpurea concentrations. We did 

not measure a 50% inhibition of P-gp transport in presence of E. purpurea, indicating 

that the IC50 of E. purpurea on P-gp inhibition is higher than 6.36 mg/mL. However, a 

P-gp inhibition in order of 22.3% should still be sufficient to cause a reduced active 

secretion of digoxin, and increase the absorption of P-gp drug substrates. With reference 

to reports from the P-gp inhibitor atorvastatin, it is indicated that a notable clinical 

effect may occur at intestinal drug concentrations below the IC50 for P-gp inhibition75;76.  
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In paper I, we observed an increase in the net digoxin flux in lower E. purpurea 

concentrations. Again, the complex composition of “whole herbal extracts” can, at least 

in theory, explain this dual effect. Results from green tea studies show that some green 

tea catechins cause inhibitory effects on P-gp activity in Caco-2 cells77, while other 

green tea catechins enhance the P-gp mediated transport in the NIH3T3-G185 cell line, 

with indications of an allosteric site activation as the mechanism78. It is possible that 

different chemical constituents in the extract from the total E. purpurea herbal product 

exert different effects; the allosteric activating constituent(s) being the dominating at 

lower concentrations and the inhibiting constituent(s) the dominating at higher 

concentrations. In our experiments evaluating the inhibition pattern of E. purpurea, we 

found that E. purpurea (1.6 mg/mL) decreased both Vmax and Km, compatible with an 

uncompetitive inhibition of the P-gp transport mechanism, thus indicating a complex 

nature. 

 

Our experiments for the evaluation of P-gp inhibition by E. purpuea were performed 

with the marketed product Echinagard®, which in CYP3A4 studies has shown 

significantly lower alkylamide levels and CYP3A4 inhibition compared to other and 

similar marketed products58. Whether a similar product dependency exists for the 

inhibition of P-gp, is unknown in the current literature. Stronger P-gp inhibition by E. 

purpurea might thus exist, but remains as speculations, and needs to be evaluated in 

further studies.  

 

One study in the current literature has evaluated the in vivo effects by Echinacea on P-

gp. Intake of a combined preparation containing E. purpurea and E. angustifolia was 

found not to influence the venous digoxin disposition after a single oral digoxin 

administration, indicating that Echinacea is not a potent modulator of P-gp in vivo79. 

However, general clinical conclusions may not be drawn from this study alone, as 

effects on steady-state kinetics, clinically relevant drug levels, various P-gp substrates 

and various Echinacea preparations are among the factors which are still not evaluated 

in vivo in the published literature.  
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4.4 Sambucus Force and CYP3A4 
 
Sambucus Force is a multiherbal product consisting of 46% dried Sambucus nigra 

extract, 46% dried Echinacea purpurea (aerial part), 5% dried Royal Jelly and 3% dried 

Olea europaea extract. To our knowledge, no data on Sambucus Force’s ability to 

interact with CYP3A4 has previously been published. Sambucus force was found to 

inhibit the CYP3A4 activity with an IC50 value of 1192µg/mL, and with reference to 

other herbal inhibitors, Sambucus Force is considered as a relatively weak inhibitor of 

CYP3A466;80.  

 

For the comparison between the multiherbal and single-herbal products, the 

corresponding amounts of E. purpurea raw-plant material to that of the dried 

constituents in Sambucus Force and Echinaforce®, were calculated for each of the IC50 

values. Expressed as IC50 equivalents of E. purpurea in each product, no significant 

difference was found, and, thus, it seems that E. purpurea alone accounts for the total 

CYP3A4 inhibition that is exerted by Sambucus Force. This further implicates that the 

other herbal components, including Sambucus nigra, seem to possess an insignificant 

inhibition potential towards CYP3A4.  

 

Interestingly, the multiherbal and single-herbal products exerted different inhibitory 

mechanisms. Sambucus Force produced a time-dependent, but not NADPH-dependent, 

inhibition. Hence, the criteria for mechanism-based inhibition were not fulfilled. The 

inhibition pattern for Sambucus Force was further found to be compatible with 

uncompetitive inhibition mechanisms. However, as described in paper III, a substrate-

dependent uncompetitive inhibition has to be different from the time-dependent 

inhibition observed in absence of substrate. Thus, at least two different inhibitory 

mechanisms were observed. Multiple CYP3A4 inhibition mechanisms have been 

reported previously, such as for grapefruit juice, where bergamottin (BG) and 6’7’-

dihydroxybergamottin (DBG) are the most abundant furanocoumarin contents. DBG 

has shown reversible substrate-independent inhibition, whereas BG is a substrate-

dependent reversible inhibitor81. Furthermore, these two compounds differ in times of 

onset of intestinal CYP3A4 inhibition, where DBG acts rapidly and exerts its maximal 
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inhibition before BG starts to act82. A recent study on Aloe vera reported a dual, time-

dependent inhibition, suggested to arise from different chemical components in Aloe 

vera juice83. 

 

Our studies do not provide an evident explanation for the observed differences in 

inhibitory mechanism of E. purpurea in the multiherbal and single-herbal product. 

However, as further described in paper III, such differences may arise from 

interferences of effects by the constituents in the preparations, or herb-herb interactions 

arising in the multiherbal product, as previously suggested for other herbal preparations 

such as Orthosiphon stamineus and for Aconitum and Glycyrrhiza84;85.   

 

4.5 Methodological Considerations 
 

4.5.1 Herbal Preparations 
 
In the work with herbal remedies, there are some challenges needed to be addressed. 

The chemical composition of herbal remedies is often unknown, in contrast to regular 

pharmaceutical research on known molecular substances. In our studies, the herbal 

preparations were given thorough considerations. Where labeling of the herbal products 

was considered inadequate, inquiries for further information were made to the 

manufacturers. The dry capsular products were extracted according to pre-defined 

extraction procedures, and both ethanol solutions and purified water were used as 

solvents. To enable proper concentration measurement and comparison, all extracts 

were dried before used, and the dried extract weight was used as basis for all herbal 

concentrations. Herbal working solutions were, as all other chemicals, stored according 

to pre-defined temperatures, sunlight shielding, shelf-life etc. However, some 

differences between the experimentally prepared E. purpurea products were inevitable, 

as further detailed in the respective papers I-III.  
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4.5.2 Effects of Ethanol 
 
In paper I and II, an ethanol solution of E. purpurea was used. When preserving the 

original herbal composition and keeping ethanol concentrations below 0.8%, the 

maximum concentration of E. purpurea possible to reach in incubations was 6.36 

mg/mL. A more precise estimate of E. purpurea’s IC50 on P-gp in paper II could have 

been possible if higher herbal concentrations were used in the studies, but this would 

cause elevated ethanol concentrations, and the herbal concentrations would be above the 

estimated clinical concentration range. Partly due to these limitations caused by the 

ethanol, E. purpurea was in the assays for paper III redissolved in purified water only.  

 

Ethanol concentrations were kept constant at set levels, and all respective control 

solutions had equal ethanol contents as the herbal solutions. All presented 

pharmacokinetic inhibition values were corrected for the possibly inhibitory effects of 

the ethanol present. 

 

In paper I, we found that 0.8% ethanol, the level caused by addition of herbal ethanol 

extracts, significantly decreased the net digoxin flux through Caco-2 cells. As 

concentrations of ethanol around 0.8% previously have been shown to have no or 

negligible effect on Caco-2 cell viability86;87, this was certainly unexpected. It was 

concluded that the effects are in concordance with an inhibitory effect of low ethanol 

levels on P-gp, which to our knowledge have not been described previously in the 

literature. This arise a question whether moderate drinking could affect P-gp mediated 

drug pharmacokinetics in clinical cases.  

 

4.5.3 Caco-2 Cell System  
 
The Caco-2 cell line express P-gp when they are cultured to make a monolayer, as 

previously described in section 3.3.1, and this cell line has served as a preferred method 

for permeability screening by the pharmaceutical industries. However, the relevance of 

the results obtained in vitro can be difficult to assess and extrapolate to in vivo 
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situations, because P-gp only represents a limited part of the in vivo systems for 

metabolism and distribution of drugs. 

 

To ensure reproducibility, a narrow set of passages were seeded for monolayer 

generation. Experiments were performed during the fixed interval of 21 and 28 days 

post-seeding, when the monolayer cells are confluent and the P-gp expression is at a 

peak88;89.  

 

We chose to use the P-gp substrate digoxin as it has been claimed to be a specific 

substrate for P-gp55. More recently, studies have indicated that organic anion 

transporting polypeptides (OATP) may also play a role in P-gp transport90. However, 

digoxin is still an established and recommended substrate for P-gp mediated transport 

experiments56;91, and is often used as a P-gp reference substrate in the Caco-2 cell 

model.  

 

In paper I, we found that verapamil (100µM), an established potent inhibitor of P-gp 

mediated transport, did not cause a total P-gp inhibition. Other studies have reported 

total inhibition of P-gp activity by verapamil, even at lower concentrations (20µM), 

with a ratio between B-A and A-B directed transport (RB-A/A-B) close to 1.0 54;92. Our RB-

A/A-B at 1.45 is not fully consistent with these findings, and we have no obvious 

explanation for this discrepancy. However, a RB-A/A-B of 1.29 with 100µM verapamil 

was reported in one study similar to our93. Using vinblastine as a P-gp substrate, 

substrate flux values equivalent to a RB-A/A-B of 2.08 has also been shown74, and even at 

a verapamil concentration as high as 500µM, a ratio of 3.6 has been reported for 

transport of saquinavir94. Our data therefore indicate, as have also been indicated by 

other investigations, that verapamil (100µM) is not a 100% inhibitor of P-gp transport. 

 

4.5.4 CYP3A4 Metabolism  
 
Isolated human CYP enzymes are now commercially available, enabling in vitro studies 

on single CYP subtypes without the influence of other systems. Isolated CYP enzymes 
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may be expressed in bacteria (such as Escherichia coli), yeasts, insect cells or 

mammalian cells95. In paper II and III, the CYP3A4 enzyme was produced from insect 

cells infected with baculovirus expressing the recombinant human cDNA for CYP3A4. 

It is debatable whether enzymes produced by insect cells are representative for the 

enzymes located in e.g. the human liver cells in vivo. Studies have, however, suggested 

that recombinant cDNA supersomes were just as suited for predicitive metabolism 

studies as if using human liver microsomes95. In the attempts for extrapolation from in 

vitro results to in vivo relevance, it is further important to be aware the potential 

differences in enzyme concentrations, and the presence of necessary cofactors, between 

the in vitro and in vivo systems. 

 

4.5.5 Quantification of Metabolites  
 
The high-throughput fluorometric assay for evaluation of CYP3A4 inhibition potential 

is dominating as method for evaluation of E. purpurea, and the majority of the in vitro 

CYP3A4 studies published on E. purpurea are based on fluorometric quantification of 

metabolites58;64;65;67. With this methodology, the incubations are performed in 96-well 

microtiter plates, and the quantification is quickly performed by fluorometric 

measurements. When investigating “whole herbal extracts”, several herbal constituents 

are present in the incubations, and there is a certain possibility of quenching and self-

fluorescense from these constituents. If not corrected for, this may interfere with the 

fluorometric measurements, as reported for the E. purpurea experiments by Yale and 

Glurich (2005)65. By correcting for intrinsic fluorescense and quenching properties, we 

sought to reduce the source of error. 

 

The HPLC measurement technology is also based on standardized procedures, but is 

both more expensive due to the need for higher incubation volumes and more time 

consuming due to the filtration process. In order to obtain good quantification 

reproducibility, validated methodologies should be strictly followed96. 
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4.5.6 Choice of CYP3A4 Substrate 
 
The substrate-dependency of CYP3A4 drug inhibitory profiles is well known. This is 

previously shown for ketoconazole, where the IC50 of ketoconazole varied by a factor of 

180 when evaluated with testosterone and BFC97. For cyclosporine, the corresponding 

factor was more than 500 in a similar study98. However, for herbal medicines, the 

substrate-dependency of CYP3A4 is far less evaluated. We chose to include 

ketoconazole and St. John’s wort for comparison with E. purpurea when investigating 

the substrates’ influence on inhibition profiles. 

 

In paper II, we found that the inhibition by E. purpurea on CYP3A4 metabolism of 

testosterone, was less potent compared to the inhibition of BFC and BQ metabolism. 

Whether this is due to differences between HPLC and fluorescent quantification 

techniques or due to different inhibition mechanisms, can not be concluded from our 

studies. However, previous studies on E. purpurea with fluorescent metabolites have 

shown a mild CYP3A4 inhibition measured with BFC, while a mild activation was 

measured with low concentrations of the substrate benzyl ether resorufin (BzRes)65. 

This supports that the substrates may be differently inhibited by E. purpurea.  

 

The composition of “whole herbal extracts” is complex, and the CYP3A4 binding sites 

of the E. purpurea active constituents are to our knowledge not known. It is, however, 

suggested previously that testosterone, BFC and BQ bind to different domains in the 

CYP3A499. Knowledge about binding sites is certainly a key to the understanding of 

CYP inhibition patterns from herbs and drugs and selection of appropriate substrates. 

Our results, and other reports of substrate-dependent inhibition, complicate the 

interpretation and evaluation of CYP3A4 inhibitory potential, and the choice of 

substrates used for such evaluation should be given adequate attention. However, 

despite the high variations in CYP3A4 substrate metabolism reported earlier, we found 

reasonably conformity between all substrates when measuring the interaction potential 

of St. John’s wort and ketoconazole. Somewhat contrary to the varying results from E. 
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purpurea’s inhibitory potential, such conformity supports the use of these substrates for 

evaluation of CYP3A4 inhibition.  

4.6 Clinical Relevance 
 
As discussed above, the complex chemical composition of a “whole herbal extract” may 

be the source for methodical difficulties, complex interactions patterns and even 

methodical error. However, when preserving the original composition of the extract, we 

evaluate the same extract as actually ingested by the patients. The complexity observed 

both by substrate-dependent CYP3A4 inhibition and by dual concentration-dependent 

effects on P-gp interaction, reflects the possible complexity in vivo caused by ingestion 

of such herbal extracts.  

 

Extrapolations from in vitro studies to the clinical relevance in vivo must be performed 

with great care. Numerous factors play roles in the complex systems of the human body. 

In pharmacokinetic terms, there are factors such as intestinal uptake, serum protein 

binding, drug disposition due to transporter proteins, enzyme degradation by 

metabolism, and liver or kidney excretion, all of which are working simultaneously in 

vivo. Isolated systems as evaluated in vitro may thus at best give indications for the 

clinical outcomes.  

 

Our studies on E. purpurea generally indicate a relatively low in vitro inhibition 

potential towards CYP3A4 and P-gp activities. In the prediction of in vivo relevance, 

the dosages must be taken into account, and the IC50 values in study III were therefore 

mathematically adjusted for the recommended dosages. The single-herbal product was 

thus considered unlikely to reach IC50 levels when administered in recommended 

dosages, but for the high-dosed multiherbal product, possible in vivo effects can not be 

excluded. 

 

Despite the extensive use of E. purpurea in the population, and the potentially 

hazardous herb-drug interactions discovered for other herbs, the knowledge about 

CYP3A4 interactions with E. purpurea is still limited. Generally, in vitro studies report 
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inhibitory effects of E. purpurea on CYP3A4 metabolism58;64;65;67, and further 

supported in our studies. However, the effects observed in vivo are varying, and both 

inhibition and induction has been reported69-71. Recent reviews suggest that Echinacea is 

unlikely to pose serious health threats due to drug pharmacokinetic interactions, 

although more research is claimed to be needed16;100.  

 

It is of notable clinical interest that E. purpurea seems to be a mechanism-based 

inhibitor of CYP3A4. The irreversible nature of this inhibition may in theory result in 

an increasing clinical inhibition with regular use of smaller doses. Grapefruit juice, in 

which several components have shown to be mechanism-based CYP3A4 inhibitors, is 

well known for its ability to cause clinically relevant interactions due to CYP3A4 

inhibition14;101. Thus, further in vivo studies with E. purpurea should seek to evaluate 

possible clinical effects due to irreversible inhibition mechanisms.  

 

The substrate-depending effects of E. purpurea on CYP3A4 metabolism found in our 

studies, complicates the interpretation of E. purpurea’s clinical interaction potential. In 

order to find a more general inhibition potential of E. purpurea on CYP3A4, if possible, 

several CYP3A4 substrates should be evaluated. It is noteworthy that all published 

studies on E. purpurea’s effects on CYP3A4 in vivo, are performed using midazolam as 

probe substrate69-71. Thus, substrate-dependent effects have not been evaluated in 

clinical studies. Possible substrate-dependency of CYP3A4 in vivo should also be taken 

in account in the evaluation of E. purpurea’s clinical interaction potential. 

 

Several of the P-gp substrates are also substrates for CYP3A454;73;102, and there is a 

significant co-localisation of CYP3A4 and P-gp in the enterocytes44. Synergistic P-

gp/CYP3A4 effects may occur as increased P-gp-mediated efflux would return the oral 

drug to the extracellular intestinal lumen after uptake in a repeated circulation, and thus 

prolong the time the P-gp/CYP3A4 substrate can be subject to metabolism by intestinal 

CYP3A454. The alterations of CYP3A4 activity by E. purpurea might therefore add on 

to the effects on P-gp reported in our studies in the same way as those synergistic 

CYP3A4/P-gp effects earlier reported for cyclosporine103 and the black pepper 

consituent piperine104, and the combined effects in vivo can be more extensive than 
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those individual effects reported on P-gp and CYP3A4 in vitro. Such combined effects 

of E. purpurea on P-gp and CYP3A4 may, at least in theory, be clinically relevant, 

especially for drug bioavailability, and should therefore be subject to further studies. 

Furthermore, possible effects of E. purpurea on other CYP isoenzymes, transporter 

enzymes, protein binding or other mechanisms involved in absorption, distribution, 

metabolism and excretion of drugs, should also be taken in account when evaluating the 

total implications of E. purpurea’s pharmacokinetic interactions. 
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5. Conclusions 
 
This thesis brings more knowledge about the interaction potential for E. purpurea 

towards CYP3A4 and P-gp in vitro. Based on the addressed questions, the following 

conclusions are drawn: 

 

• Does E. purpurea inhibit P-glycoprotein mediated efflux transport in vitro? 

o Yes, E. purpurea seems to be a relatively weak inhibitor of P-gp-

mediated transport of digoxin in vitro 

• Does E. purpurea inhibit CYP3A4 mediated metabolism in vitro? 

o Yes, E. purpurea seems to possess a relatively low inhibition potential 

towards CYP3A4 activities in vitro.  

• Does the choice of substrate and experimental methodology influence on the 

inhibition patterns of E. purpurea on CYP3A4? 

o Yes, the observed inhibitory potential and mechanisms of inhibition was 

dependent on the substrate and/or methodology used in the laboratory 

experiments. 

• What type of inhibition is exerted on CYP3A4 by E. purpurea? 

o As a single-herbal preparation, E. purpurea seems to exert heterotropic 

cooperative binding effects on CYP3A4. This further implicates that the 

measured CYP3A4 inhibitory levels are varying with the substrate 

concentrations.  

• Is E. purpurea a mechanism-based inhibitor of CYP3A4? 

o E. purpurea show both time- and NADPH-dependent pre-incubation 

inhibition, which is consistent with mechanism-based inhibition. 

• What is the inhibitory contribution of E. purpurea towards CYP3A4 when being 

part of a multiherbal preparation? 

o The inhibition from the multiherbal product Sambucus force seemed in 

strength to be exclusively exerted by its E. purpurea constituents. 

However, the inhibitory pattern was uncompetitive, and nonconforming 

with mechanism-based inhibition. These divergences from the single-
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herbal product are suggested to be caused by herb-herb interactions or 

stabilization processes in the multiherbal product. 

• Do our in vitro data indicate that E. purpurea represents a significant risk for 

pharmacokinetic drug interactions in vivo? 

o The inhibitory potential of E. purpurea was relatively weak in vitro 

towards both CYP3A4 and P-gp, and clinical effects thus might seem 

relatively unlikely. However, our findings of irreversible inhibition of 

CYP3A4 can not rule out possibilities for clinical relevant effects of E. 

purpurea on the pharmacokinetics of drug CYP3A4 substrates in vivo. 

These matters should be evaluated by long term administrations of both 

E. purpurea and different CYP3A4 substrates in man.  
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587.  Christina Sæten Fjeldbo: GASTRIN-MEDIATED REGULATION OF GENE EXPRESSION; A 
SYSTEMS BIOLOGY APPROACH 

588.  Yunita Widyastuti: RISK FACTORS FOR COMMON COMPLICATIONS FOLLOWING 
ADULT HEART SURGERY 

589.  Anders Thorstensen: 2D AND 3D ECHOCARDIOGRAPHY DURING INOTROPIC 
ALTERATIONS AND AFTER RECENT MYOCARDIAL INFARCTION 

590.  Torstein Schrøder-Aasen: EFFECTS OF PURPLE CONEFLOWER (ECHINACEA PURPUREA) 
ON CYP3A4 METABOLISM AND P-GLYCOPROTEIN MEDIATED TRANSPORT IN VITRO 


