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Rad solhatt ( Echinacea purpurea) og effekt pa cytokrom P-450 3A4 metabolisme
og P-glykoprotein-transport  in vitro

Solhatt har blitt et av de vanligste urteprepamtpd verdensmarkedet, og markedsferes for sin
effekt mot luftveisinfeksjoner og forkjglelse. Samb av naturpreparater og legemidler forekommer
ofte, og det er kjent at urtepreparater kan parkgpens omsetning av legemidler. | verste fafl ka
konsekvensene veere dgdelige. Derfor er kunnskagt rslike interaksjoner mellom urter og
legemidler en viktig del av pasientsikkerheten.

Cytokrom P-450 3A4 (CYP3A4) er et spesifikt protgenzym) som bidrar i omdanningen og

nedbrytingen av ca 50% av alle markedsfarte legemié-glykoprotein er et transportprotein som

bidrar til & transportere legemidler ut av kroppaler redusere opptaket fra tarm. Begge disse
proteinene kan pavirkes av urter slik at legemigddaasetningen og den kliniske effekten av

legemidler kan endres (interaksjoner).

Hovedmalet med denne avhandlingen var & vurdezangjm ulike laboratorieteknikker, effekten av
rad solhatt pa CYP3A4 og P-glykoprotein, og & kage eventuelle mekanismer til grunn for
pavirkningen.

Solhatt viste i hovedsak en svak hemming av aktieit til P-glykoprotein. Samtidig fant vi at
solhatt i noe stgrre grad reduserte legemiddelyéidgen til CYP3A4. Effekten pa CYP3A4 var
forskjellig for ulike solhatt-produkter, men hovedtdensen var en svak hemming.

Det er generelt vanskelig & ansla den kliniskedréhgen av laboratoriefunn alene. For hvert av de
undersgkte proteinene er den hemmende effektesoftatt trolig liten, men vi vet at disse to
proteinene virker samtidig, og en forsterket efidkioppen kan ikke utelukkes.

Mekanismene til grunn for hemmingen ble ogsa stu@udiene viste at solhatt har minst to ulike
mekanismer for hemming av CYP3A4. Mekanismene varededes nar solhatt var en del av et
multi-preparat med andre urter som for eksempettisyth Bade for CYP3A4 og P-glykoprotein
tyder de kompliserte hemmingsmekanismene pa dteoflere ulike substanser i solhatt-preparatet
pavirker proteinet samtidig.

Det er verdt & merke seg at solhatt trolig er &e-iteversibel hemmer av CYP3A4, som vil kunne gi
en langvarig reduksjon i kroppens evne til & orasetgyemidler, og dermed gke sjansen vesentlig for
kliniske interaksjonseffekter med legemidler.

Samlet har vi vist at solhatt i beskjeden grad ni&vi CYP3A4 og P-glykoprotein i
laboratorieforsgk. Vi har ikke grunn til & tro ardkliniske effekten er av vesentlig betydning. Pa
bakgrunn av en ikke-reversibel hemming av CYP3A4 kalikevel ikke bedgmme solhatt som
ufarlig med tanke pa klinisk interaksjonsrisiko\&em vi ikke kan gi klinisk konklusive svar, har
studiene brakt frem mer kunnskap omkring solhadtgrkning pa legemiddelomsetningen og om
legemiddel-urt-interaksjoner generelt.
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A-B
ATP
B-A
BFC
BG
BQ
cDNA
CPM
CYP
CYP3A4
Da
DBG
DPM
HFC
HQ
ICso

JNet
K
Km

MDR
MgCl,
NADP*
NADPH
OATP
Papp
P-gp
SD

Apical to basolateral

Adenosine triphosphate

Basolateral to apical
7-benzyloxy-trifluoromethylcoumarin

Bergamottin

7-benzyloxyquinoline

Complementary deoxyribonucleic acid

Counts per minute

Cytochrome P-450

Cytochrome P-450, subtype 3A4

Dalton (molecular mass)

6'7’-dihydroxybergamottin

Disintegrations per minute
7-hydroxytrifluoromethylcoumarin

7-hydroxyquinoline

Inhibitor concentration reducing the enzyme attitaly 50% compared
to control activity

Net digoxin flux

Inhibition constant

Michaelis Menten constant for a substrate (thetsatesconcentration at
which ¥2 X \fhax OCCUrS)

Multidrug resistance

Magnesium chloride

Nicotinamide adenine dinucleotide phosphate
Nicotinamide adenine dinucleotide phosphetdijced form)
Organic anion transporting polypeptides

Apparent permeability coefficient

P-glycoprotein

Standard deviation



TEER Transepithelial electric resistance

uv Ultraviolet
V max The maximum enzyme activity rate

QC Quality control
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Summary of Papers

Paper |

Echinacea purpurea and P-glycoprotein Drug TrangporCaco-2 cells.

The main objective of this study was to evaluate ithvitro inhibitory potential of
Echinacea purpureaon the P-glycoprotein (P-gp) mediated transportdigoxin in
human intestinal Caco-2 cells. The bi-directiomahsport of radiolabeletH-digoxin
through Caco-2 cell membranes was measured in tBsempce or absence &.
purpurea extract or the positive control inhibitor verapémiiquid scintillation
counting was used for quantification of radiolabletiégoxin.

A statistically significant linear dose-related tegse in net digoxin flux was observed
in presence oE. purpureaconcentrations from 0.4 to 6.36 mg/mL, indicatanglose-
dependentE. purpureainhibition of P-gp. Up to 22.3% decreased transpeas
measured at the higheB purpureaconcentration possible to reach. At lower
purpureaconcentrations, a minor increase in net digoxi fas observed. This effect
Is suggested to be caused by allosteric site dictiyeand the observed dual effectby
purpureacould be a result of the complex composition efllerbal extract.

The calculated Wax and Ky values for P-gp digoxin transport were in the saamge as
reported by others, and the influence fr&mpurpureawas in concordance with an
uncompetitive inhibition.

The net digoxin flux was decreased by 18% in presesf 0.8% ethanol, needed for
herbal extraction and compatibility with the compialr product studied. This indicates
a significant P-gp inhibition potential by lowerhanol concentrations. Verapamil, the
positive inhibition control, decreased the net digdlux by 75%.

It is concluded that the influence Bf purpureaon P-gp activitiesn vivo probably are
limited, although the possibility of effects on drnioavailability can not be excluded.
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Paper I

In vitro CYP3A4 metabolism: Inhibition by Echinagaapurea and choice of substrate

for the evaluation of herbal inhibition.

The main objective of this study was to compare @P3A4 inhibition profiles of
Echinacea purpureaSt. John’s wort and ketoconazole when measurda dviferent
substrates and methodologies. A secondary objedtiase to further evaluate the
inhibitory potential ofE. purpureatowards CYP3A4n vitro.

The CYP3A4 metabolism of 7-benzyloxy-trifluoromeltgumarin  (BFC), 7-
benzyloxyquinoline (BQ) and testosterone was measuith fluorescence- or HPLC-
based assays in presence and absence of herladtetthe known CYP3A4 inhibitor
ketoconazole.

The study confirms an inhibitory potential &. purpurea St. John’s wort and
ketoconazole on CYP3A4 as reported in other studies both St. John’s wort and
ketoconazole, the assays showed inhibitory profilels a reasonably high concordance
for all three substrates. In the presenceEofpurpurea the CYP3A4 metabolism of
testosterone was less inhibited 4JC5394 pg/mL) compared to BFC and BQ
metabolism (I1Gy: 354 and 452 pg/mL, respectively). However, thmeaank order of
CYP3A4 inhibition potential was observed for allbstrates, ketoconazole being the
most potent ané. purpureathe least potent of the inhibitors.

It is discussed whether the complex compositionEofpurpureawith its different
constituents may, at least partly, explain the mjgace in its inhibitory profiles
compared to St. John’s wort and ketoconazole. Aghlee substrates bind to different
binding sites on the CYP3A4 enzyme, tBe purpurea constituents might exert
distinctive effects on the different binding sitéisis, however, not possible to exclude
that the different quantification techniques magoabe responsible for the variation
observed forE. purpurea inhibition. Consequently, the choice of substraied
quantification methodology might be essential fug evaluation of herbal inhibition of
CYP3A4 metabolism.

The inhibitory potency oE. purpureawas found to agree with other previous studies,

reportingE. purpureaas a relatively weak inhibitor of CYP3Ad vitro.
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Paper Il

In vitro inhibition of CYP3A4 by the multiherbalromercial product Sambucus Force

and its main constituents Echinacea purpurea anal&eus nigra.

The aims of the study in paper Ill were to evalu8@mbucus Force’s inhibition
potential and inhibition mechanisms towards CYP3add to evaluate the inhibitory
co-contribution of the two main constituedshinacea purpureandSambucus nigra
Metabolic studies were performed with human recomhi CYP3A4, using
testosterone as substrate, in presence or absér&ambucus Force;. purpureaor
ketoconazole (positive inhibition control). A vadid HPLC method was used for
guantification of metabolite. The study includedtab®lic assays for the measurement
of half maximal inhibitory concentration (), estimation of pharmacokinetic
parameters (Max Km and K) and identification of possible mechanism-based
inhibition.

Sambucus Force inhibited CYP3A4 activity with a mé25% confidence interval) g
value of 1192 (1091-1302) pug/mL. As a single h&bpurpureashowed an 1§ value

of 121.5 (114-119). When the J&values were converted to express the corresponding
amount of driecE. purpurearaw-plant material used in production of each poddno
significant difference was found between thesgl€quivalent values for the two
products. Thus, the inhibitory potency of SambuEasce seems exclusively to be
exerted byE. purpureaimplicating an insignificant inhibition b$. nigra

The inhibition byE. purpureaas single herb was in agreement with a mechanasaeb
inhibition with heterotropic positive cooperativéfegts. Echinacea purpureaacted
differently as part of Sambucus Force, which showeldial inhibition profile with both

a time-dependent (substrate-independent) inhibitoeghanism and an uncompetitive
(substrate-dependent) inhibition. The observed @ua@shic differences are suggested to
be caused by herb-herb-interactions in the mulbdlgoroduct.

The CYP3A4 inhibition of Sambucus Forirevitro is considered relatively weak, but
the manufacturer's high recommended herbal dosauggist enhance the potential for

clinical interactions.
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1. Introduction

1.1 Herbal Medicine

Herbs and plant material have been used by mathdoisands of years for treatment of
disease and alleviation of symptoms. Archeologieaidence indicates the use of
medicinal plants from prehistoric times, and heglwith medicinal substances is

subject in some of our earliest written records

The ancient Egyptians of 3000 to 6000 years agoirasiered a variety of drugs
obtained from natural resources, and they are tegdvith the early medicinal use of
opium, castor oil and mintsThe ancient Greeks of 1500 to 3000 years agdnuetd
the development of plant-based therapeutic health. AAccording to written records,
the Greek philosopher Hippocrates, later to be knaw/the father of modern medicine,
recommended pain alleviation through chewing willeaves, which later have shown
to contain salicylic acfd In the historic cultures in China, Tibet and Edtiom 1000 to
2000 years ago, the herbal specialists were poivarid influential professionals.
Further into the continuing centuries and throubl tniddle age, herbal medicine

served as a basis for the medical practice.

The last two centuries have brought substantiaingbato medical practice. The
evidence-based practice has been establisheduaslanient for the medical profession,
and the majority of medical preparations are togapduced synthetically by
pharmaceutical companies. However, many of ournsitely used drugs in today’s
evidence-based medicine were first identified frphants. Morphine, used against
severe pain, was discovered from the opium popapéver somniferujnDigoxin and

digitoxin, used in patients with congestive heailufe and arrhytmia, were first
extracted from the plant Common foxglow&ditalis purpureg. The anti-malarial drug

quinine was derived from the bark of the Cinchame tCinchona officinaliy". Thus,

the herbal medicine has in many ways served assis far the development of the

modern pharmaceutical practice.
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Even today, herbal medicine has an important pilacgaodern cultures. Especially in
Asia and in the developing world, with higher pdyerates and fewer medicinal
doctors, the herbal and traditional medicine i$ gtipular and an important part of the
primary health care. In the western world, a dosishas developed between a modern
evidence-based medicine on one side and a complarngeand alternative medicine on
the other side. The alternative direction has ghiaehigh popularity, partly because
alternative medicines, including herbal preparatjoare regarded as more “natural”

with fewer side effects than synthetically produpeeparations.

1.2 Use of Herbal Preparations in the Population

The use of herbal products as alternative and cammghtary therapy has increased
considerably in the Western world during the lastatles. Studies from the United
States have reported that the prevalence in uskedial medicines among adults
increased from 2.5% in 1990 to 12.1% in 199 study of more than 30,000 adults in
the United States reported a further increase t6%8n 2002, and a similar study
found a prevalence of 17.7% in 260The latter study further reported the prevalence
of herbal use among children to be 3.9%. HoweVes, grevalence varies across the
world, exemplified by a Malaysian study reportingpeevalence of 33.9% among
adults.

In terms of sales, the area of herbal medicinesbie@®me a billion dollar industry.
Eisenberget al. (1998) estimated the sales of herbal therapighanUnited States in
1997 to be $5.1 billich More recently, a study from 2007 based on a suofenore
than 23,000 participants, estimated the sales toiragproducts in the United States to
be $14.8 billior, whereas a different study mainly based on matufacand retailer
information estimates the 2010 herbal sales inUhied States to be $5.2 billitn
There is reason to believe that the sales figumes samilar 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 usd many of the herb consumers are
medicated with conventional drugs as well. Drugedrinteractions have been
acknowledged as a safety challenge in the medieadtipe for a relatively long time,
but the risk of herb-drug-interactions has for saveeasons been approached to a lesser
extent. This is probably due to several reasons:

1. Herbal products are usually marketed as diedapplements and are therefore not
subject to the standardized safety evaluationgstime extent as registered dfugs

2. The herbal products often include a wide rarfgmostituents, and each of these may
influence differently on the metabolism enzymes aradsport proteins, making results
harder to interpret and clinical effects more difft to predict.

3. There are reports of significant lot-to-lot \&dion of active ingredient amounts, and
herbal products from retail stores often do notaiornthe labeled speci€s

4. The public has regarded herbal products as sajecthan synthetic drugs due to their
natural origin, and the medical community has pbbpanot recognized the risk of
interactions due to the lack of scientific evidenteffects in treatment.

As a consequence, the use of some herbs has shdomeseen effects when used in
combination with other drugs. For example, the afs&t. John’s wort in treatment of
depressive symptoms has shown to induce life-tn@ag rejection of transplanted
organs when consumed under medication with cychisglo. Furthermore, the
concomitant use of St. John’s wort and oral comejptives has been shown to
significantly increase break-through bleedings ath@ possibility of unwanted
pregnancies. In detail, St. John’s wort has beemdoto modulate the effects of the
metabolism enzyme Cythocrome P-450 3A4 (CYP3A4jh bovitro™ andin viva™. In

a clinical situation, St. John’s wort has been fbtm cause an induction of CYP3A4,
resulting in increased clearance of drugs whichGY®3A4 substrates. Subsequently,
when the lowered drug concentration drops belovihésapeutic level, the drug does
not longer work according to the intentions. Thasgxuences can be fatal if the drug is

a vital necessity, and the risk of significant al interactions is considerably
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enhanced when the drug has a narrow therapeutigeramf which the

immunosuppressant drug cyclosporine is a good ebeaaiffboth.

Pharmacokinetic interactions involve a remedy cirapghe absorption, distribution,
metabolism and/or excretion of a substance, causinghange in the drug’s
concentration in the body or in a defined distridmitvolume. The three main systems of
importance are 1) metabolism by the Cytochrome ®-gystem, 2) trans-membrane
drug transport by P-glycoprotein and 3) the bindifigirugs to plasma proteins. The
former two systems are addressed inithgitro studies of this thesis, and are further

discussed in the following chapters.

In the years since the case reports about St. Sokort’, there has been a growing
attention on herbal interactions, and many paperssidering herb-drug-interactions
have been published during the last decade. Grapgfice is now well known for its
interactions with both cytochrome P-450 drug meliabhg enzymes and P-
glycoproteirt®, and several popular herbs such as garlic, ginkge; palmetto, milk

thistle and ginseng have been studied and revievitedvarying results*°

However, herbs are mainly investigatafter they have been marketed and gained
popularity, and there is still a long way to godrefthe pharmacokinetic interactions of
herbal products are systematically evaluated. Thisertainly of importance as 16 to
20% of all patients on regular medication have beeported to take herbal
preparations, usually without the knowledge of itipéiysiciari’*2

1.4 Echinacea purpurea

Echinacea is a genus of hardy, perennial wildfloplants, native to parts of the North
American prairie, and more commonly known as pugoleeflower. Of nine Echinacea
species,Echinacea purpurea, Echinacea angustifoiad Echinacea pallidaare the
three usually used as herbal medication, althoughas been debated whethier

angustifoliaandE. pallida are variances of one specdiesThe Native Americans were

18



the first to use Echinacea for medical purposegirenfrom sore throats to snake
bites®. The European settlers learned about its use, Eshinacea gained great
popularity in the late 19 and early 28 century, alleged to cure syphilis, malaria,
gangrene, diphtheria and mad dog disease, and mently being perfectly harmleSs

In 1909, the American Council of Pharmacy and Clsémideclared in the reputable
JAMA journal that Echinacea was to be “consideratligless”, lacking “any scientific

scrutiny” of the medicinal claims, and was “deens@avorthy of further consideration”

until reliable favourable evidence was presefitetihe popularity fell along with the

great medical improvement and progress of antisotiNevertheless, the use of
Echinacea continued to some extent, and during2tfecentury, E. purpureawas

brought to Europe where it is now widely cultivated

Along with the advancement of herbal medicine dytime last decades, Echinacea has
established a position as a top-selling herb onWestern herbal market. During the
1990s, more than 2 million physicians’ prescripsidior Echinacea were filled each
year”. Echinacea became the top-selling herb in theedrtates in 1995 and 1946
representing about 10% of the total herbal salesndjor health survey from 2007
reported Echinacea as the most used herb amongdolts and children, estimated to
more than 4.8 million consumers in the United $fate recent years, the market has
somewhat declined, but Echinacea was in 2010@tited sixth on the United States

mainstream markgt

Today’s use is mainly based on Echinacea’s allefftts for preventing and treating
upper respiratory infections and the common cabd, immunostimulatory mechanisms
have been propos&d Groups of Echinacea chemical constituents suchikgtamides
and caffeic acid derivatives have been considergmitant for Echinacea’s activity
The clinical evidence is widely discussed, and thtest Cochrane review on
Echinacea’s effects against the common cold coesltldat clinically beneficial effects

might exist, but the evidence is inconsistent

Hundreds of commercial products are available epgrations such as liquid extracts,

juices, capsules, tablets, dried plant materiakamrs, gels and tea. Furthermore,
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different parts of the plants are used, includimgtyseeds, leaves and flower. The liquid
extract ofE. purpureas the most commonly used preparation in the Urfdes’.

A study from 2003 reported that the labeling of ketéed E. purpureaproducts was
frequently inaccurate, and 10% of the preparatienglied contained no trace of
Echinace®. This significant phytochemical diversity represea major challenge in

the comparison of pharmacological and clinical &féy Echinacea produti$®

1.5 Cytochrome P-450 System and CYP3A4

The cytochrome P-450 (CYP) superfamily is a largé functionally diverse group of
heme-containing proteins, named for their cellul@fcyto”) location and
spectrophotometric characteristics (“chrome”) wdh spectral absorbance peak at
450nm wavelength when bound to carbon monoxide. gMEeins have been found in
every major domain of living organism, includingcberia, fungi, plants, insects and
mammalé®. Among several thousand identified CYP proteingliffierent species, 57

genes coding for CYP-enzymes have been identifietlé human genorfie

In humans, CYP proteins are predominately knowrtHeir role as phase | enzymes in
the xenobiotic and drug metabolism. Their main fiomc is to introduce hydroxyl
groups at relatively inert structures such as hgaltoons and aromatic rirfgs The
hydroxyl group makes the molecules more hydrophdicd makes the substances more
susceptible for conjugation, further degradatiord agxcretion. In this reaction,
molecular oxygen is split, giving one oxygen atamthe hydroxyl group while the
other is released as part of a water molecule. fBastion further requires two reducing
equivalents from an electron donor, usually from D¥H. The reactions are
summarized by the equation

SH + Q@ + NADPH + H — SOH + NADP + H,0 (equation 1)

where SH is the substrate and SOH is the oxidizedyzt®. It should be mentioned,
however, that this transformation is generally ctaxpinvolving a series of sequential
steps, and reactive intermediates can be boundedeased at different steps along the
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catalytic cycle. In addition to the hydroxylatioBYP enzymes also catalyze reactions
such as epoxidations, dealkylations and deamiration

Human CYP enzymes are not only involved in xenabidegradation. The catalyzed
oxidation can convert substances to physiologicalltive products, a process called
bioactivation. Examples of such include the conears of pro-drugs to
pharmacologically active molecules, and the conwarsof pro-carcinogens to
carcinogenic substances. Furthermore, CYP enzymésiman have key roles in the

steroidogenesis, fatty acid metabolism and vitabhinetabolisr’.

In the CYP mediated metabolism of drugs, about @%e drugs are metabolized via
only five of these enzymes, namely CYP1A2, CYP2C%,P2C19, CYP2D6 and
CYP3A#4’. Although accounting for a fewer number of drug¥,P1A1, CYP2B6 and
CYP2EL1 should be mentioned. The CYP enzymes amopn@ately localized in the
liver, where the majority of drug metabolizing adies are concentrated, but CYP
enzymes are found in substantial amounts in oiksuds as well, such as the brain,

gastrointestinal tract, lungs and kidn&ys

1.5.1 Variance in CYP Metabolic Activity Rates

1.5.1.1 Genetic Polymorphisms

The human CYP genes show a high degree of genehgnprphism. While some
individuals are lacking functional genes for cert@YP alleles, others have several
active genes for the same allele, resulting irgaicant variation in levels of expressed
CYP enzyme and, thus, metabolic actiffity Although nearly all xenobiotic-
metabolizing CYPs are polymorphic, this phenomeisobest known for CYP238
About 6% of Caucasians have been found to be CYPR@# metabolizers, with
subsequent significant impact on timevivo metabolism of common pharmaceuticals,
e.g. metoprolol and codeiffeOn the other hand, ultra-rapid CYP2D6 metabcizee
found mainly in ethnic groups from North-Africa aBdeani&’.

21



1.5.1.2 Induction and Activation

While genetic polymorphisms principally are congehiattributes, environmental
factors, among them xenobiotics, may play importafgs by influencing the activity
of CYPs. The induction of CYP synthesis is a pritveccellular mechanism where the
xenobiotic presence triggers a cellular responseolving activation of nuclear
receptors, which in turn increase the gene exmesand production of CYP enzymes,
again resulting in increased clearance of xenatsotiThis process is relatively slow,
generally requiring xenobiotic presence over timdiich occurs with multiple or
regular drug use. The clinical consequence is dseck plasma concentrations of
substrate drugs, which may reach sub-therapewadeand thus therapeutic failure. In
the case of pro-drugs and pro-carcinogens, induatidl result inincreasedlevels of
active metabolites and carcinogens, respectivelgrebsed metabolism may also arise
from activation of existing CYP enzymes, as in ttese of allosteric cooperative

regulation of CYP-activit}f.

1.5.1.3 Inhibition

Inhibition of enzymes can occur in a number of waysd the main differentiation is
between reversible and irreversible inhibitors. Tegersible inhibition is the most
common, and is further categorized as competitiea;competitive, uncompetitive and
mixed-type inhibition. When the inhibitor molecud®d enzyme’s substrate competes
for the same binding spot in the enzyme’s actite, $he inhibition is characterized as
competitiveinhibition. Non-competitivanhibition occurs when the inhibitor binds to
sites distinctly different from the substrate, kil blocks the enzyme’s turnover.
Uncompetitivanhibition is a more special case where the irtbrbiloes not bind to the
free enzyme, but only to the enzyme-substrate cexfiplWhen both competitive and
non-competitive elements of inhibition are seem, itthibition is categorized amixed-

type
The irreversiblemechanism-basethhibition is characterized by the CYP-mediated

metabolism of a xenobiotic compound, producing actige metabolic intermediate

which is able to bind irreversibly to the CYP enzyrausing irreversible inhibitiéh
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The irreversibly inactivated enzymes need to besyrghesized through protein
synthesis before normal activity is restored, aayisi prolonged reduction of metabolic
clearance even after elimination of the inactivitoBecause the catalytic step is
necessary, such inhibition will show both NADPH-degency and time-dependency in

in vitro assay¥.

1.5.2 CYP3A4

In the cytochrome P-450 superfamily, the CYP3A4pisbably the most important
drug-metabolizing CYP enzyme, and has been estim&te be involved in the
metabolism of about 50% of marketed dAig8 CYP3A4 is by far the most abundant
CYP enzyme in the human liver, but is also sigaifity expressed in the human small

intestines, where it plays an important role indheg metabolisif™®.

The pharmacokinetics of CYP3A4 has shown to be dexng=irstly, CYP3A4 has
probably the broadest substrate specificity of @¥P, with its substrates ranging in
molecular mass from 151 g/mol (paracetamol/acetapiian) to 1202 g/mol
(cyclosporine). Secondly, CYP3A4 has shown homatromnd heterotropic
cooperativity, where the enzyme activity is dirgcthodulated by the presence of
substrate itself or another compound, respectivElytthermore, the existence of
multiple binding domains within the active site thie CYP3A4, together with the
possibility of multiple substrate molecules bounchidtaneously, has been strongly

suggestetf’.

A wide range of xenobiotics have shown to interaith CYP3A4, to a greater or lesser
extent. This includes also several of the CYP3Alssates. Examples of CYP3A4
interactive drugs are the strong inhibitorketoconazole (antimycotic) and
clarithromycin (antibioticf®*° and the inducersarbamazepine(antiepileptic) and
rifampicin (antituberculosisf™°. In the area of natural products, the strong CY#3A
inhibition by grapefruit juice and induction bySt. John’s wortare relatively well

known**® The interaction potential with CYP enzymes is rewhject to evaluation in
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the development of new drugs. However, herbal nieelic are not subject to the
thorough evaluation procedures as with medical girand the possibility of herbal

interactions has, until recently, been relativatknown.

1.6 P-glycoprotein

P-glycoprotein (P-gp) is a 170 kDa energy-depenttansmembrane efflux transporter
driven by ATP hydrolysis. The main function of tMDR1-gene encoded P-gp is to
actively transport its substrates out of the delgp is mainly localized in the intestinal
epithelium, kidney tubules, placenta, blood-braamrier and liver hepatocytes, among

other tissued#?

P-gp has proven to have an important role in pheotogical distribution of drugs in
the human body. Due to its location in the apical cell membrarieenterocytes, it
exports its substrates to the intestinal lumeru¢gglf>. As many of the P-gp substrates
are toxic to the human body, the P-gp helps inxditation by reducing the peroral
absorption and thus the intracellular concentratibdrugs. Likewise, the P-gp in apical
placenta and blood-brain barrier protects the ®etnd brain, respectively, from the
uptake of possible toxins. In the liver and kidndyswever, P-gp is mainly located to
the biliary cell membrane of hepatocytes and theahpside of proximal tubular
epithelium, respectivefy. Thus, P-gp also actively enhances the eliminatibrits

substrates from the human body.
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Figure 1. Schematic illustration of an intestingitieelial cell, expressing P-gp.
The efflux transport activity of the P-gp lower thatracellular drug
concentration, thus sulting in a lower drug concentration in the blsbckam

As CYP3A4, the P-gp has broad substrate specifiaitg a significant overlap between
P-gp and CYP3A4 substrates has been reptrtedgp and CYP3A4 are closely co-
located in the small intestines, which has led be typothesis that they act
synergistically. Due to the active efflux by P-ghe xenobiotic substrate molecules
may cross the apical cell membrane several timésrdehey may access the blood
stream. As a result, the xenobiotic’s presencéenntestinal tissue is prolonged, where
it can be metabolized by the intestinal CYP3A4.sTthieory has been supportediby

vitro andin vivo experimental studiég*®

P-gp has shown to be a subject for pharmacokinat&ractions. Inhibition of P-
glycoprotein reduces the efflux of drugs, and thgrieads to increased systemic drug
concentrations, with possible adverse or toxic tieas. In opposite, induction will
decrease the systemic drug levels, risking a lédbayapeutic effects. In human, the
cardiac drugverapamilhas shown to increase serum digoxin concentrgticenssing
symptoms of digoxin toxicity, as a result of P-gphibition*”*® Similarly, the
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antituberculosis drugifampicin has shown to be an inducer of P*ghe important
role of P-gp in drug pharmacokinetics has madeireietional transport studies to a

routine screening in the drug development profess
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2. Aims of the Thesis

Echinacea purpureéhas been among the top-selling herbs in an inicrgaserbal
market, but knowledge about its possible pharmasiid interaction potential is

limited.

The main purpose of this thesis was to gain furtkmswledge about thén vitro
pharmacokinetic inhibition potential and mechanighg. purpureatowards CYP3A4

and P-glycoprotein.

The following questions were addressed:

e DoesE. purpureainhibit P-glycoprotein mediated efflux transpwortvitro?

e DoesE. purpureainhibit CYP3A4 mediated metabolisim vitro?

e Does the choice of substrate and experimental rdetbgy influence on the
inhibition patterns oE. purpureaon CYP3A4?

¢ What type of inhibition is exerted on CYP3A4 Bypurpure®

e ISE. purpureaa mechanism-based inhibitor of CYP3A4?

e What is the inhibitory contribution &. purpureatowards CYP3A4 when being
part of a multiherbal preparation?

e Do ourin vitro data indicate thaE. purpurearepresents a significant risk for

pharmacokinetic drug interactiomsviva?
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3. Methods

Several different methods were used in the workiraelthe present thesis. General
considerations on these procedures are given bdtaviher details are described in

detail in each paper.

3.1 Herbal Preparation

The commercial herbal products used in the experisnere obtained from the public
market in local pharmacies and healthcare shops. different liquid ethanol extracts
of E. purpureawere assessed; Echinagard® (Madaus AG, Germanyietnidaforce®

(A. Vogel, Bioforce AG, Switzerland). For prepaaatj liquid aliquots were transferred
to pre-weighed vials, evaporated to dryness, aweighed. The weight of dried extract
was used as basis for the denominationEof purpurea concentration in further

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

20% ethanol to give stock solutions of high concaians.

St. John's wort (Hypericum Statja Stada Arzneimittel AG, Germany) and the
multiherbal Sambucus Force (Nature's Sunshine RBtedac., USA) were bought as
dried, capsular preparations. One capsule wasldestsor extraction in water or 20%
ethanol as previously described for our labora&toixtract was then transferred to pre-
weighed vials, evaporated, reweighed and furthedissolved as described fdt.

purpurea

The final herbal concentrations were anticipateddweer thein vivo concentrations of
the herb, based on the recommended daily dosehdksism 1 liter of gastrointestinal
fluid or 56 liters of total body fluid. When ethdneas present in the herbal solutions,
the final ethanol concentration caused by herbditath was kept constant through all

experiments.
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3.2 CYP Incubations

The CYP3A4 enzymes were obtained as a commeradupt (BD Supersomes™, BD
Biosciences, USA). In production, the enzymes wespared from insect cells which
were infected with a baculovirus expressing theomdzinant human cDNA for the
specific enzyme. The commercial product further tamed supportive reductase
enzyme and cytochrome b5, aiding in the redox-aies/of the CYP3A4.

In this work, the inhibition of CYP3A4 was evaludtevith different CYP3A4
substrates. Incubations with the two substrategnzyoxy-trifluoromethylcoumarin
(BFC) and 7-benzyloxyquinoline (BQ) were performed microtiter plates with a
commercial CYP3A4 test kit. All test reagents wsuopplied with the commercial kit,
and the manufacturer's procedure instructions wéosowed. The CYP3A4
concentration was 5.0nM with BFC (50uM) as substrahd 7.5nM with BQ (40uM)
as substrate. All incubations included a NADPH regating system consisting of
1.25mM NADFP, 3.3mM glucose-6-phosphate, 3.3mM MgQD.4U/mL glucose-6-
phosphate dehydrogenase and 0.05mM sodium ciBat@al dilutions ofE. purpurea
and St. John’s wort extracts were added, and ketmme was supplied in the
commercial kit as positive inhibition control. WiBFC and BQ as substrates, ethanol
extracts of herbs were used, and all incubatiorsetbre included 0.8% final ethanol
concentration. The total incubation time was 30utes, and the microtiter plates were

inserted in a fluorometer for quantification of edlite.

The assays with testosterone as substrate wem@mped in glass tubes in total volumes
of 400uL, containing 20nM CYP3A4 and 0.1mM testomte. The NADPH-

regenerating system was present in identical cdrateons as for the BFC and BQ
assays. Various concentrations Bf purpurea St. John’s wort or Sambucus Force
extracts were added, and ketoconazole was usedsits/@ inhibition control. When

ethanol extracts of herbs were used, all incubatianthe assays included 0.8% final
ethanol concentration. All incubation mixtures wemguilibrated for 5 minutes in a

gently shaking 37°C water bath before incubatioesewnitiated. The incubations were
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stopped after 10 minutes by addition of ice coldharol, and after centrifugation, the
supernatant could be applied directly to HPLC-vialsmetabolite quantification.

3.3 Cell Membrane Transport Studies

3.3.1 Cell Cultivation

The Caco-2 cell line, derived from a human colakatienocarcinoma, differentiates to
a polarized monolayer when cultivated on semi-pabtee membranes, expressing
several characteristics of an intestinal enterooyéenbran&. The Caco-2 membranes
have been shown to express P-glycopréteand the use of Caco-2 cells is now a well
established method for evaluation of P-gp-mediatadsport’. The cells were first
cultivated to passage 35-45, and during these gassaeeded ir24-well 6.5mm
Transwell® plates with 0.4um Pore Polycarbonate lieme Inserts at a density of
1.5<1@° cells/cnf. The cell membranes formed in the inserts (figravere used for
transport experiments 21 to 28 days postseedingcells had their growth medium
changed every second day, and medium was alwaysgetda24 hours before the

transport experiments were performed.
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Figure 2. Schematic illustration of the Caco-2 meanbk system used in paper |I.
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3.3.2 Cell Membrane Integrity

To ensure reliable P-gp transport data, the celhotayer has to be tight without
leakage between cells. The monolayer integrity thasefore monitored by measuring
transepithelial electric resistance (TEER) and bgasuring the transport dfC-

mannitol.

The TEER is found by immersing electrodes in theolstieral and apical chambers,
creating an electric circuit crossing the epitHetir®mbrane. The electric resistance
across the cell monolayer can thereby be meas®weidntial leakage between cells
would lower the electric resistance, and the TEBRstgives an indication of the
tightness of the cell junctions. Wells with measufeEER values below the cut-off

value of 150 cnf were not included in experiments.

Mannitol crosses the cell membrane only via theagelfular route, and the mannitol
diffusion across a membrane with intact tight jumc$ should be low. Radiolabelled
4Cc-mannitol was applied to the apical compartment ¢he apical to basolateral
transport was measured. None of the apparent pbiheaoefficients were greater

than 1.610° cm/s, a limit suggested acceptable by othersdegaate cell integrity.

3.3.3 P-gp Transport Experiments

Digoxin has been claimed to be a specific substat®-gp without significant affinity
for other drug transporters and digoxin has because of this become an establiand
recommended substrate for P-gp mediated transpperienents, and is often used as a

P-gp reference substrate in the Caco-2 cell mbdel

Both the apical to basolateral (A-B) and basolateyaapical (B-A) transports were
measured in the presence or absenck.giurpurea St. John’s wort and the positive
inhibition control verapamil. Herbal extract or apamil was always added to both the
donor and to the receiver compartments in equateamations. Due to addition of

herbal ethanol solutions, the concentration of Oe3#@nol was kept equal through all
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herbal and reference transport studies. The in@uisatvere initiated by the addition of
radiolabelled®*H-digoxin to the donor side, and the cells wereubated with gentle
vibration for 90 minutes. After incubation, 100uligaots from both donor and receiver

compartments were transferred to scintillations/fak liquid scintillation counting.

3.4 Quantification Methods

3.4.1 Fluorometric Quantification

Fluorescence is the emission of electromagnetitatiad from a substance which
recently has absorbed energy by excitation fromerotblectromagnetic radiation.
Usually, the emitted radiation has lower energyttiee absorbed radiation, and thus a

longer wavelength.

Some of the CYP3A4 metabolites have fluorescentlitteRgs and the metabolite
guantities can thereby be estimated by measureaidhtorescence after incubations.
The two CYP3A4 substrates BFC and BQ are metalblie the fluorescent
metabolites 7-hydroxytrifluoromethylcoumarin (HF@pd 7-hydroxyquinoline (HQ),
respectively. With a microplate fluorometer, theitéed fluorescence was measured on
excitation wavelength 410 nm and emission waveled@3 nm. By comparison with
fluorescence standard curves of known HFC and H@remtrations, the amounts of

metabolite generated in incubations were quantified
With fluorometric assays there is a possibilitycpfantification error caused by self-

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

studies.
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3.4.2 High-Performance Liquid Chromatography (HPLC)

With high-performance liquid chromatography (HPLG)antification of a wide range
of molecules and drugs is made possible. The maipgses of the HPLC system are to
separate and quantify constituents from a mixtirehort, suitable liquid solvents (so-
called “mobile phase”) are pumped into the HPLCeysat a fixed rate (and mixed, if
required) by a pump (figure 3). An aliquot of theesimen is introduced into the mobile
phase by the injector and carried to the columnafisnary phase”). The column
contains small particles with a certain size, chaagd surface characteristics. The
different molecules in the injected solution araeddred differently by these particles
due to the mass, shape, electrical charge etbeainblecules, and will thereby exit the
end of the column at different times. As an examgble hydrophobic molecules in the
injected specimen will adhere stronger to a colwrimydrophobic particles and stay
retained longer, while the sample’s hydrophilic ewlles will have a low affinity to the
column’s hydrophobic particles and thus be carfester through the column by a
hydrophilic mobile phase. Consequently, the semaratepends on properties of both
the mobile phase and the column.

Injector

Column

Mobile phase
solvents

B ;
& | n
Detector /! :
Chromatogram
Waste

Figure 3. Schematic model of the HPLC system
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After the substances from the injected solutionsmarated by this filtration, they are
introduced to a detector device, set to measurepkggiochemical properties of the
target component(s) of the sample. The detect@porese is measured over time and
printed as a chromatogram. If well-defined separatif constituents has been achieved,
each amplitude peak in the final chromatogram c&flene of the separated substances.
The area and height of each peak can then be osedtimate the amount of each
substance by comparison with standard curves ofwkneoncentrations of the
substances. After passing the detector, the magibiéese with the previously injected
sample is ejected as waste.

In our studies, HPLC was used for quantificationthed CYP3A4 metabolite B-OH-
testosterone. The HPLC system included a SupelcBL&dlumn (150mm, ¥4”, S5um)
(paper II) or Zorbax Eclipse XDB-C18 column (4.60b%m, 5um) (paper lll). The
mobile phase was methanol:water with proportiotescsed on the basis of well-defined
peak separation in the chromatogram. The metal®fit®©H-testosterone was detected
by ultraviolet (UV) light absorbance at 254 nm (pagl) or 240 nm (paper IlI)
wavelength. The metabolite concentrations werenedéid from the chromatogram peak
areas by comparing with standard curves of knowmcenotrations of pure B-OH-
testosterone. Quality controls with low, middle amdh concentrations of B-OH-
testosterone were present in duplicate in all stehdurves. For further details about

the HPLC assays and materials, it is referred pepd and IlI.

3.4.3 Liquid Scintillation Counting

Liquid scintillation counting is a standard techuegfor quantification of radioactivity,
usually p-decays. Tritium 3H) and carbon-14{C), as used as radiolabels in our
studies, underg@-decay into helium-33He) and nitrogen-14'{N), respectively,
emitting electrons with relatively low energy. Digethe radiation’s low energy, these
isotopes are less hazardous in laboratory usealbatmore difficult to detect directly.

With liquid scintillation counting, samples conteig the radiolabelled target molecules
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are dissolved in a scintillation cocktail contamimrganic solvent molecules and
scintillator molecules. Whefremitted electrons interact with the solvent molesuthe

electrons’ energy is absorbed by the solvent médscwhich in turn transfer the energy
to the scintillator molecules. The excited sciatdr molecules then dissipate this
energy by emitting a photon as electromagneticataui, and this pulse of light is
possible to detect by the scintillation counteedlly, every emitted electron should by
this reactive chain lead to one emitted photon, Umually there is a discrepancy
between the nuclear disintegrations per minute jdanmd the registered counts per

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

In our cell membrane transport studies, aliquaismfdonor and receiver compartments
were dissolved in an Optiphase Supermix scintilatocktail (PerkinElmer, USA) and
counted for 10 minutes by a Beckman scintillati@urger (Beckman Coulter, USA).
Vials with known dpm and concentration ofH-digoxin and **C-mannitol were
included to calculate counting efficiencies andrtake concentration standard curves.
Counting efficiencies were calculated to 26% Jdrdigoxin and 95% fof“C-mannitol.

No quenching was observed.

3.5 Enzyme Activity and Pharmacokinetic Parameters

The basic CYP3A4 activity was expressed as the amofi metabolite formed per
amount of CYP3A4 enzyme per minute (pmol metabolitpmol enzymé x min™).
Transport through cell membranes in each directi@s measured as the apparent
permeability coefficient, B, (cm/s). The net flux, nd; (nmol/cnf/h), express the net
transport in B-A direction, i.e. the A-B transpeubtracted from B-A directed transport.

Activity in presence of inhibitor was expressedtzes percentage of the basic (control)
activity without herb/inhibitor, but otherwise ideal conditions. The 1§ values
(inhibitor concentration resulting in a 50% inhibit of CYP3A4-mediated metabolism
or net digoxin flux) were calculated from best4fégression of inhibition plots. The

maximum enzyme activity rate {M,), the substrate concentration at which %2 %,V
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occurs (K, and modes of inhibition were determined from hweaver-Burk plots or
Eadie-Hofstee plots.

3.6 Statistics

Results were mainly expressed as mean values glastaeviation (SD) if not stated
otherwise. Values g < 0.05 and non-overlapping 95% confidence intervetre sea
priori to be considered as statistically significant. f{&#&nce between groups was
analyzed with two-sample Student:test. Confidence intervals (95%) were estimated

for 1ICsp values in paper Il

Statistical analyses were performed with Microsaffice Excel 2003 and SigmaPlot.
All data processing, graphs, regressions and ttafisanalyses were made with
Microsoft Office Excel 2003 (Microsoft CorporatioRedmond, USA) and SigmaPlot
(version 10 and 11, Systat Software Inc., Richm&isia).
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4. Results and Discussion

4.1 Herbal Products

In the wide specter of herbal medicinal productanynof these are based on a “whole
herbal extract”. Such products include a complextane of different constituents with
often unknown specific concentrations. Several stigations have been performed to
identify the assumed medically active ingredientsnf different herbs. Isolated from St.
John’s wort, the components hypericin and hypanftidve shown to play significant
roles in the therapeutic effects on depressioniaride interactions with CYP3A4 and
P-gp®>". For Echinacea, a recent study has shown thaifispaikylamide constituents
contribute to the inhibitory effects on CYP3A4, rexer, the total inhibition of the

whole herb extract could not be explained by thsgmeific substances alofie

We chose to use whole herb extracts, as providedale to consumers, directly in our
studies. Consequently, we also include more complessible interferences bly.
purpureain our evaluation of interference, such as camstit—constituent interactions
and allosteric, contributing or counteracting engymteractions from different herbal
components, as possible to be present after ingesfi the whole-herb extract. When
using a whole-herb extract, it is, however, difficar impossible to assign the observed
effects to specific herbal substances, or to im&rthe number of active constituents
involved. Furthermore, due to the high-grade vemmtobserved for the chemical
composition of different Echinacea preparationss itlifficult to directly compare the
results with other Echinacea studies where otheérah@reparations have been uSett
has been shown great variety in inhibition potért@n different Echinacea products,
tested with identical assajsHence, care needs to be taken when comparindtsresu
with other studies.

In our studies, we have tested two single-hethapurpureaproducts, Echinagard®
(Madaus AG, Germany) and Echinaforce® (A. VogelpfBice AG, Switzerland).
These products are similar with respect to théiamebdl extraction of mainly overground

parts ofE. purpureaplant. Their respective dry mass content& opurpureaplant and
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their recommended clinical dosages are similar, dway not strictly identical.
However, a study published concurrently with ourkvoas shown a striking difference
in the alkylamide quantities in these products, tlas total alkylamide levels in
Echinaforce® was ca. 60-fold of the levels in Eelgjard®®. Large variation of
phytochemical contents in Echinacea has been exénslescribed, depending e.g. on
the plant parts used, the season of harvest, griow#tions, plant developmental stages
and preparation methodolajy>. Although seeming relatively analogous for both
consumers and researchers, the specific prepasatinay thus be significantly

divergent.

The range of herbal concentrations selected faetlstudies were based on estimations
of clinically relevant levels after ingestion. Teengle and daily dosages in 1 liter of
gastrointestinal or 56 liters of total body fluideke used as estimations of maximal
clinical levels, in accordance with approaches ugedearlier studied®®%®® The
concentration ranges used in the incubations wetréoscover this maximal level and
the lower herbal concentrations, and should thenmspyresent a probable range of

physiologically and clinically relevarid. purpureaconcentrations.

4.2 Effects ofE. purpurea on CYP3A4

As described in paper Il and Ill, we found a mimdribitory potential ofE. purpurea
towards CYP3A4 mediated metabolism. Thus, our figdi qualitatively support
previousin vitro studies reporting inhibitory effects on CYP3Ad4rfré. purpured®®*

%, The quantitative comparison between studies impticated by several factors.
Firstly, different terms are used for the inhibytguotential. To aid in the objective
comparison, we chose to express thg I€ absolute terms, as mg of dried herb per mL,
rather than relative terms used by several otteegs % of full strengtfif®> Secondly,
the specific herbal product tested may not be dye@ommparable with other products.
Some of the studies on Echinacea inhibition aredbas other Echinacea species, such
as E. angustifolia or E. pallida or multiherbal products which includes various

herb§”®8 Significant variation in inhibitory potential hasso been shown between the
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different products oE. purpurea corresponding to a factor of more than 140 betwee
the most and least poteft purpureaproduct, probably due to their considerable
variation in phytochemical composititit® Thirdly, the inhibition varies due to the

choice of CYP3A4 substrate, as reported in papend further discussed in section
4.5.6.

We reported mean kg levels for the CYP3A4 inhibition bk. purpurearanging from
121.5 to 5394 pg/mL. This is in the same total eaffgpom 12.7 to 5030 pg/mL) as
reported by quantitatively comparable stuthés More specifically, a study by Hellum
and Nilsen (2008), originating from the same labmsaas our research, reported an
ICs0 value of 5030 pg/mL for Echinagard® using testaste/HPLC methodology,
comparable to our I§g value of 5394 pg/mL in paper Il. Modastial. (2007) reported
the 1G for Echinagard® at 1812 pg/mL using the BFC/flsmence methodology,
regarded as reasonably corresponding to our meh&tygat 354 pg/mL (paper Il).

For the Echinaforce® product, no directly compagalvkports using a similar
testosterone/HPLC methodology have been found ie literature. However,
Echinaforce® produced a significantly higher degogéenhibition than Echinagard®,
when measured with the testosterone/HPLC methogoldthis observation is
supported by Modaraat al. (2007), reporting a similar difference in inhdoy potency

for these specific products by using a BFC/fluoeese methodolog$.

Thein vivo studies on the effects & purpureaon CYP3A4 mediated metabolism are
divergent. Gorsket al (2004) reported thdE. purpureaproduced inhibitory effects on
intestinal CYP3A4, while inducing the hepatic CYRBActivity’®. Gurleyet al (2004)
found only minor effects okE. purpureaon the CYP3A4 mediated metabolism of
midazolani®. Penzalet al (2010) reported reduced exposure and increasedatice of
midazolam, suggesting a total inducing effect onP@X4’*. Althoughin vitro studies
indicate an inhibitory potential d&. purpureaon CYP3A4 mediated metabolism, the

effectsin vivo are still more uncertain.

The E. purpureainhibition pattern was in paper Ill consistenttwd mechanism-based

inhibition of CYP3A4, which to our knowledge wastnmreviously published in the
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literature. This finding could be of clinical inest, because mechanism-based inhibitors
act irreversibly with consequently prolonged efée&ven smaller doses Bf purpurea
could theoretically block CYP3A4 enzymes, and ifdiisle herbal delivery and
blocking of CYP3A4 exceed the rate of enzyme reisssis, repeated herbal delivery
might increase the CYP3A4 inhibition even with slealherbal dosages. This is,
however, theoretical reflections which have notrbdecumented foE. purpureain in

vivo studies.

Further pharmacokinetic analyses indicate hetepargositive cooperative effects
caused by the interaction by one or mdte purpurea constituents. The clinical
implications of this are far from known, but atdea theory, such effects could imply
that the possible inhibition caused By purpureaweakens when the concentration of

the interactive CYP3A4 substrate rises.

4.3 P-glycoprotein Inhibition

In paper |, possible inhibition bE. purpureatowards P-glycoprotein drug transport
was evaluated. P-gp is a widely studied drug effhaasportef™”® and it has caught

much attention because of its ability to moduldte absorption and distribution of
drugs in the human botf/*

In the E. purpureaconcentrations above 0.4 mg/mL, a linear dosee@lathibition of
the net digoxin flux was observed, with a 22.3%rdased net digoxin flux at 6.36
mg/mL E. purpureaconcentration, but the statistically significaimelar correlation
indicates that further inhibition may occur at legk. purpureaconcentrations. We did
not measure a 50% inhibition of P-gp transportnespnce okE. purpurea indicating
that the 1Go of E. purpureaon P-gp inhibition is higher than 6.36 mg/mL. Heee a
P-gp inhibition in order of 22.3% should still befficient to cause a reduced active
secretion of digoxin, and increase the absorptidA-gp drug substrates. With reference
to reports from the P-gp inhibitor atorvastatin,jstindicated that a notable clinical

effect may occur at intestinal drug concentratioe®w the 1Go for P-gp inhibitiori®>

42



In paper I, we observed an increase in the netxdigfux in lower E. purpurea
concentrations. Again, the complex compositionwli6le herbal extracts” can, at least
in theory, explain this dual effect. Results fromeen tea studies show that some green
tea catechins cause inhibitory effects on P-gpviggtin Caco-2 cell§, while other
green tea catechins enhance the P-gp mediategdorams the NIH3T3-G185 cell line,
with indications of an allosteric site activatioa the mechanisffi It is possible that
different chemical constituents in the extract frtra totalE. purpureaherbal product
exert different effects; the allosteric activatiognstituent(s) being the dominating at
lower concentrations and the inhibiting constit¢ggntthe dominating at higher
concentrations. In our experiments evaluating tingbition pattern oE. purpurea we
found thatE. purpurea(1.6 mg/mL) decreased both,¥ and K, compatible with an
uncompetitive inhibition of the P-gp transport macism, thus indicating a complex

nature.

Our experiments for the evaluation of P-gp inhdmtiby E. purpueawere performed
with the marketed product Echinagard®, which in Q¥R studies has shown
significantly lower alkylamide levels and CYP3A4hihition compared to other and
similar marketed products Whether a similar product dependency exists e t
inhibition of P-gp, is unknown in the current liggure. Stronger P-gp inhibition .
purpureamight thus exist, but remains as speculations, reeetls to be evaluated in

further studies.

One study in the current literature has evaluatednt vivo effects by Echinacea on P-
gp. Intake of a combined preparation containthgourpureaand E. angustifoliawas
found not to influence the venous digoxin dispositiafter a single oral digoxin
administration, indicating that Echinacea is nqtadent modulator of P-gn vivo™.
However, general clinical conclusions may not bawdr from this study alone, as
effects on steady-state kinetics, clinically relgvedrug levels, various P-gp substrates
and various Echinacea preparations are among tihersawhich are still not evaluated

in vivoin the published literature.
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4.4 Sambucus Force and CYP3A4

Sambucus Force is a multiherbal product consistih@6% driedSambucus nigra
extract, 46% drie@Echinacea purpureéaerial part), 5% dried Royal Jelly and 3% dried
Olea europaeaextract. To our knowledge, no data on Sambucuse™rability to
interact with CYP3A4 has previously been publish8dmbucus force was found to
inhibit the CYP3A4 activity with an 16 value of 1192ug/mL, and with reference to
other herbal inhibitors, Sambucus Force is constl@s a relatively weak inhibitor of
CYP3AL®®

For the comparison between the multiherbal and leihgrbal products, the
corresponding amounts dE. purpurea raw-plant material to that of the dried
constituents in Sambucus Force and Echinaforce® wa&culated for each of thed
values. Expressed #8s5, equivalents ofE. purpureain each product, no significant
difference was found, and, thus, it seems Ehgpburpureaalone accounts for the total
CYP3A4 inhibition that is exerted by Sambucus Fofidas further implicates that the
other herbal components, includiS@mbucus nigraseem to possess an insignificant
inhibition potential towards CYP3A4.

Interestingly, the multiherbal and single-herbabdarcts exerted different inhibitory
mechanisms. Sambucus Force produced a time-degehdémot NADPH-dependent,
inhibition. Hence, the criteria for mechanism-bagduibition were not fulfilled. The
inhibition pattern for Sambucus Force was furtheund to be compatible with
uncompetitive inhibition mechanisms. However, ascdbed in paper lll, a substrate-
dependent uncompetitive inhibition has to be défér from the time-dependent
inhibition observed in absence of substrate. Tlaisleast two different inhibitory
mechanisms were observed. Multiple CYP3A4 inhibitimechanisms have been
reported previously, such as for grapefruit juisdere bergamottin (BG) and 6'7’-
dihydroxybergamottin (DBG) are the most abundamérfocoumarin contents. DBG
has shown reversible substratdependentinhibition, whereas BG is a substrate-
dependenteversible inhibitdt’. Furthermore, these two compounds differ in times of

onset of intestinal CYP3A4 inhibition, where DBGsacapidly and exerts its maximal
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inhibition before BG starts to &t A recent study or\loe verareported a dual, time-
dependent inhibition, suggested to arise from bfie chemical components iloe

verajuice®®,

Our studies do not provide an evident explanationthe observed differences in
inhibitory mechanism oE. purpureain the multiherbal and single-herbal product.
However, as further described in paper lll, suclifecinces may arise from
interferences of effects by the constituents ingheparations, or herb-herb interactions
arising in the multiherbal product, as previousiggested for other herbal preparations
such a©rthosiphon staminewsnd for Aconitum and Glycyrrhi2a®

4.5 Methodological Considerations

4.5.1 Herbal Preparations

In the work with herbal remedies, there are sonadl@hges needed to be addressed.
The chemical composition of herbal remedies ismotieknown, in contrast to regular
pharmaceutical research on known molecular subssaria our studies, the herbal
preparations were given thorough considerationsei@/labeling of the herbal products
was considered inadequate, inquiries for furtheiormation were made to the
manufacturers. The dry capsular products were exlaaccording to pre-defined
extraction procedures, and both ethanol solutiom$ purified water were used as
solvents. To enable proper concentration measure@r@h comparison, all extracts
were dried before used, and the dried extract weigts used as basis for all herbal
concentrations. Herbal working solutions were, lasther chemicals, stored according
to pre-defined temperatures, sunlight shieldingelfdife etc. However, some
differences between the experimentally prep&egdurpureaproducts were inevitable,
as further detailed in the respective papers I-lll.
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4 5.2 Effects of Ethanol

In paper | and II, an ethanol solution Bf purpureawas used. When preserving the
original herbal composition and keeping ethanol cemtrations below 0.8%, the

maximum concentration oE. purpureapossible to reach in incubations was 6.36
mg/mL. A more precise estimate Bf purpureéds 1Cso on P-gp in paper Il could have

been possible if higher herbal concentrations wesed in the studies, but this would
cause elevated ethanol concentrations, and thalh@hcentrations would be above the
estimated clinical concentration range. Partly tlughese limitations caused by the

ethanol E. purpureawas in the assays for paper Il redissolved infjgar water only.

Ethanol concentrations were kept constant at setlde and all respective control
solutions had equal ethanol contents as the hedwdlitions. All presented
pharmacokinetic inhibition values were correctedtfee possibly inhibitory effects of

the ethanol present.

In paper I, we found that 0.8% ethanol, the lexaeised by addition of herbal ethanol
extracts, significantly decreased the net digoximx fthrough Caco-2 cells. As
concentrations of ethanol around 0.8% previouslyeheeen shown to have no or
negligible effect on Caco-2 cell viabilf§?’, this was certainly unexpected. It was
concluded that the effects are in concordance withnhibitory effect of low ethanol
levels on P-gp, which to our knowledge have notnbdescribed previously in the
literature. This arise a question whether modedatging 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 areu@d to make a monolayer, as
previously described in section 3.3.1, and thisloed has served as a preferred method
for permeability screening by the pharmaceuticdlstries. However, the relevance of

the results obtainedh vitro can be difficult to assess and extrapolateintovivo
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situations, because P-gp only represents a limpiad of thein vivo systems for
metabolism and distribution of drugs.

To ensure reproducibility, a narrow set of passagese seeded for monolayer
generation. Experiments were performed during thedfinterval of 21 and 28 days
post-seeding, when the monolayer cells are conflaad the P-gp expression is at a

pealk®s®

We chose to use the P-gp substrate digoxin assitbean claimed to be a specific
substrate for P-gp. More recently, studies have indicated that omaanion
transporting polypeptides (OATP) may also play ke ia P-gp transpoft. However,
digoxin is still an established and recommendedstsate for P-gp mediated transport
experiment®®’ and is often used as a P-gp reference substratieei Caco-2 cell

model.

In paper |, we found that verapamil (100uM), araklkshed potent inhibitor of P-gp
mediated transport, did not cause a total P-gpbitibn. Other studies have reported
total inhibition of P-gp activity by verapamil, aveat lower concentrations (20uM),
with a ratio between B-A and A-B directed trans{&.nas) close to 1.6%2 Our Rs.
nas at 1.45 is not fully consistent with these findihgand we have no obvious
explanation for this discrepancy. However, g@aRg of 1.29 with 100uM verapamil
was reported in one study similar to BurUsing vinblastine as a P-gp substrate,
substrate flux values equivalent to aA3.g of 2.08 has also been shdtrand even at

a verapamil concentration as high as 500uM, a rati@.6 has been reported for
transport of saquinavit. Our data therefore indicate, as have also beeicated by

other investigations, that verapamil (100uM) is @adi00% inhibitor of P-gp transport.

4.5.4 CYP3A4 Metabolism

Isolated human CYP enzymes are now commerciallifadota, enablingn vitro studies

on single CYP subtypes without the influence ofeottystems. Isolated CYP enzymes
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may be expressed in bacteria (such Esxherichia col, yeasts, insect cells or
mammalian celf§. In paper Il and Ill, the CYP3A4 enzyme was praetliérom insect
cells infected with baculovirus expressing the rebmant human cDNA for CYP3A4.

It is debatable whether enzymes produced by inselts are representative for the
enzymes located in e.g. the human liver dellgivo. Studies have, however, suggested
that recombinant cDNA supersomes were just as csude predicitive metabolism
studies as if using human liver microsofietn the attempts for extrapolation from
vitro results toin vivo relevance, it is further important to be aware fwential
differences in enzyme concentrations, and the poesef necessary cofactors, between

thein vitro andin vivo systems.

4.5.5 Quantification of Metabolites

The high-throughput fluorometric assay for evalatof CYP3A4 inhibition potential
is dominating as method for evaluationEofpurpurea and the majority of tha vitro
CYP3A4 studies published da. purpureaare based on fluorometric quantification of
metabolite®°4>®7 Wjith this methodology, the incubations are perfed in 96-well
microtiter plates, and the quantification is quyckperformed by fluorometric
measurements. When investigating “whole herbalaeidf, several herbal constituents
are present in the incubations, and there is aicepossibility of quenching and self-
fluorescense from these constituents. If not ceecedor, this may interfere with the
fluorometric measurements, as reported for Ehg@urpureaexperiments by Yale and
Glurich (2005%°. By correcting for intrinsic fluorescense and qtléng properties, we

sought to reduce the source of error.

The HPLC measurement technology is also based amdatdized procedures, but is
both more expensive due to the need for higherbaton volumes and more time
consuming due to the filtration process. In order dbtain good quantification
reproducibility, validated methodologies shouldstrictly followed®.
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4.5.6 Choice of CYP3A4 Substrate

The substrate-dependency of CYP3A4 drug inhibifongfiles is well known. This is
previously shown for ketoconazole, where thgyl&f ketoconazole varied by a factor of
180 when evaluated with testosterone and BFEor cyclosporine, the corresponding
factor was more than 500 in a similar stfdyHowever, for herbal medicines, the
substrate-dependency of CYP3A4 is far less evaluai®e chose to include
ketoconazole and St. John’s wort for comparisorn &it purpureawhen investigating
the substrates’ influence on inhibition profiles.

In paper Il, we found that the inhibition iy. purpureaon CYP3A4 metabolism of
testosterone, was less potent compared to theitionitof BFC and BQ metabolism.
Whether this is due to differences between HPLC #8uodrescent gquantification
techniques or due to different inhibition mechargsmran not be concluded from our
studies. However, previous studies Bnpurpureawith fluorescent metabolites have
shown a mild CYP3A4 inhibition measured with BFChile a mild activation was
measured with low concentrations of the substratezyl ether resorufin (BzR&3)
This supports that the substrates may be differémtibited byE. purpurea

The composition of “whole herbal extracts” is comypland the CYP3A4 binding sites
of the E. purpureaactive constituents are to our knowledge not knolvis, however,
suggested previously that testosterone, BFC andbB@ to different domains in the
CYP3A4”. Knowledge about binding sites is certainly a keythe understanding of
CYP inhibition patterns from herbs and drugs andct®n of appropriate substrates.
Our results, and other reports of substrate-depgndehibition, complicate the
interpretation and evaluation of CYP3A4 inhibitopotential, and the choice of
substrates used for such evaluation should be gadmsyuate attention. However,
despite the high variations in CYP3A4 substrateaimalism reported earlier, we found
reasonably conformity between all substrates wheasuring the interaction potential
of St. John’s wort and ketoconazole. Somewhat aontio the varying results frofs.
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purpureas inhibitory potential, such conformity supports tee of these substrates for
evaluation of CYP3A4 inhibition.

4.6 Clinical Relevance

As discussed above, the complex chemical compagiti@ “whole herbal extract” may
be the source for methodical difficulties, compla®eractions patterns and even
methodical error. However, when preserving theioaigcomposition of the extract, we
evaluate the same extract as actually ingestetidopdtients. The complexity observed
both by substrate-dependent CYP3A4 inhibition agddbal concentration-dependent
effects on P-gp interaction, reflects the posstaplexityin vivo caused by ingestion

of such herbal extracts.

Extrapolations fromn vitro studies to the clinical relevanaevivo must be performed
with great care. Numerous factors play roles indbiaplex systems of the human body.
In pharmacokinetic terms, there are factors suclintestinal uptake, serum protein
binding, drug disposition due to transporter prdgei enzyme degradation by
metabolism, and liver or kidney excretion, all afieh are working simultaneousig
vivo. Isolated systems as evaluaiadvitro may thus at best give indications for the

clinical outcomes.

Our studies onE. purpureagenerally indicate a relatively lown vitro inhibition
potential towards CYP3A4 and P-gp activities. |e firediction ofin vivo relevance,
the dosages must be taken into account, and thevélies in study Il were therefore
mathematically adjusted for the recommended dosades single-herbal product was
thus considered unlikely to reach siClevels when administered in recommended
dosages, but for the high-dosed multiherbal produussiblein vivo effects can not be

excluded.
Despite the extensive use &. purpureain the population, and the potentially

hazardous herb-drug interactions discovered foerotierbs, the knowledge about

CYP3A4 interactions withe. purpureais still limited. Generallyin vitro studies report

50



inhibitory effects of E. purpurea on CYP3A4 metabolisi®*®°? and further
supported in our studies. However, the effects mieskn vivo are varying, and both
inhibition and induction has been repoftét. Recent reviews suggest that Echinacea is
unlikely to pose serious health threats due to dpbg@rmacokinetic interactions,

although more research is claimed to be ne&d&d

It is of notable clinical interest thdf. purpureaseems to be a mechanism-based
inhibitor of CYP3A4. The irreversible nature of ghinhibition may in theory result in
an increasing clinical inhibition with regular ueésmaller doses. Grapefruit juice, in
which several components have shown to be mechamsed CYP3A4 inhibitors, is
well known for its ability to cause clinically relent interactions due to CYP3A4
inhibition'**%% Thus, furtheiin vivo studies withE. purpureashould seek to evaluate

possible clinical effects due to irreversible inhdn mechanisms.

The substrate-depending effectskofpurpureaon CYP3A4 metabolism found in our
studies, complicates the interpretationEofpurpurea’sclinical interaction potential. In
order to find a more general inhibition potentiaEo purpureaon CYP3A4, if possible,
several CYP3A4 substrates should be evaluateds toteworthy that all published
studies orkE. purpuresas effects on CYP3A4n vivg are performed using midazolam as
probe substrafé’> Thus, substrate-dependent effects have not beatuated in
clinical studies. Possible substrate-dependencyYd?3A4in vivo should also be taken

in account in the evaluation &f purpurea’sclinical interaction potential.

Several of the P-gp substrates are also substi@teSYP3A4*"31%2 and there is a
significant co-localisation of CYP3A4 and P-gp imetenterocytds. Synergistic P-
gp/CYP3A4 effects may occur as increased P-gp-rtestiiefflux would return the oral
drug to the extracellular intestinal lumen aftetake in a repeated circulation, and thus
prolong the time the P-gp/CYP3A4 substrate canuigest to metabolism by intestinal
CYP3AZ£* The alterations of CYP3A4 activity By. purpureamight therefore add on
to the effects on P-gp reported in our studieshm $ame way as those synergistic
CYP3A4/P-gp effects earlier reported for cyclospefi® and the black pepper

consituent pipering* and the combined effects vivo can be more extensive than
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those individual effects reported on P-gp and CY#8Avitro. Such combined effects
of E. purpureaon P-gp and CYP3A4 may, at least in theory, beiadily relevant,
especially for drug bioavailability, and should réfere be subject to further studies.
Furthermore, possible effects & purpureaon other CYP isoenzymes, transporter
enzymes, protein binding or other mechanisms irealin absorption, distribution,
metabolism and excretion of drugs, should alsakert in account when evaluating the

total implications oE. purpureds pharmacokinetic interactions.
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5. Conclusions

This thesis brings more knowledge about the intemacpotential forE. purpurea
towards CYP3A4 and P-gip vitro. Based on the addressed questions, the following

conclusions are drawn:

DoesE. purpureainhibit P-glycoprotein mediated efflux transpurtvitro?
0 Yes, E. purpureaseems to be a relatively weak inhibitor of P-gp-
mediated transport of digoxin vitro
e DoesE. purpureainhibit CYP3A4 mediated metabolisim vitro?

0 Yes, E. purpureaseems to possess a relatively low inhibition piaén
towards CYP3A4 activities vitro.

e Does the choice of substrate and experimental mdetbgy influence on the
inhibition patterns oE. purpureaon CYP3A4?

0 Yes, the observed inhibitory potential and mechmagisf inhibition was
dependent on the substrate and/or methodology mséte laboratory
experiments.

e What type of inhibition is exerted on CYP3A4 Bypurpure®

0 As a single-herbal preparatio, purpureaseems to exert heterotropic
cooperative binding effects on CYP3A4. This furtivaplicates that the
measured CYP3A4 inhibitory levels are varying witie substrate
concentrations.

e ISE. purpureaa mechanism-based inhibitor of CYP3A4?

o E. purpureashow both time- and NADPH-dependent pre-incubation

inhibition, which is consistent with mechanism-lzhsg#hibition.
e What is the inhibitory contribution &. purpureatowards CYP3A4 when being
part of a multiherbal preparation?
o The inhibition from the multiherbal product Sambsidorce seemed in
strength to be exclusively exerted by s purpurea constituents.
However, the inhibitory pattern was uncompetitisad nonconforming

with mechanism-based inhibition. These divergerfcesn the single-
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herbal product are suggested to be caused by leebbthteractions or
stabilization processes in the multiherbal product.
Do ourin vitro data indicate thaE. purpurearepresents a significant risk for
pharmacokinetic drug interactiomsvivo?

o The inhibitory potential ofE. purpureawas relatively weakn vitro
towards both CYP3A4 and P-gp, and clinical effabigs might seem
relatively unlikely. However, our findings of irrexsible inhibition of
CYP3A4 can not rule out possibilities for cliniaa@levant effects oE.
purpureaon the pharmacokinetics of drug CYP3A4 substrategvo.
These matters should be evaluated by long termrasimations of both

E. purpureaand different CYP3A4 substrates in man.
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TISSUE SAMPLING SUITABLE FOR HISTOPATHOLOGIC, TRANGRIPTOMIC AND
METABOLIC PROFILING

566.Kirsten M. Selnees: MR IMAGING AND SPECTROSCOPY RROSTATE AND COLON
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ADULTHOOD: LONGITUDINAL FINDINGS FROM THE NORD-TR@NELAG HEALTH
STUDY
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