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EINLEITUNG UND ZIELSTELLUNG

EINLEITUNG UND ZIELSTELLUNG

Ein Grofteil der auf dem Markt verfiigbaren Arzneimittel wird peroral verabreicht, da die
dafiir geeigneten Arzneiformen relativ kostengiinstig hergestellt werden konnen und der
Patient sie aufgrund der leichten Handhabung meist bevorzugt. Im Jahre 2001 waren nach
einer Studie der IMS Health 84% der 50 am héufigsten auf dem amerikanischen und europa-
ischen Markt verkauften Arzneimittel fiir die orale Applikation bestimmt. Dieser Anteil
bleibt seitdem konstant [3]. In Anbetracht der hohen Bedeutung der oralen Applikation ist
die Verbesserung der oralen Bioverfiigbarkeit fiir die pharmazeutische Industrie von beson-
derem Interesse, da eine ausreichende Resorption Voraussetzung fiir den therapeutischen
Effekt ist. Uber 40% der neuen Wirkstoffe sind lipophil sowie schwer wasserldslich, was un-
ter anderem die Ursache fiir eine geringe Resorptionsrate sein kann [4]. Somit liegt der Fokus
auf der Entwicklung von neuen Formulierungsstrategien mit dem Ziel, die orale Bioverfiig-
barkeit dieser Wirkstoffe zu verbessern. Nichtionische Tenside gehdren hierbei zu den haufig
eingesetzten Hilfsstoffen. In den letzten Jahren wurde jedoch zunehmend deutlich, dass viele
amphiphile Verbindungen nicht nur technologische Funktionen erfiillen, sondern auch die
Bioverfiigbarkeit oral applizierter Arzneistoffe auf unterschiedliche Weise beeinflussen kon-

nen.

Das Ziel dieser Arbeit war es, die Stabilitat ausgewahlter nichtionischer Tenside im Gastroin-
testinaltrakt und mogliche Wechselwirkungen dieser Stoffe mit intestinalen Enzymen zu un-
tersuchen. Im Folgenden wird zunéachst auf die Besonderheiten der Resorption von Arznei-
stoffen nach oraler Applikation eingegangen, im Anschluss daran werden die Moglichkeiten

zur Beinflussung der oralen Bioverfiigbarkeit naher erlautert.

1 AUFNAHME VON ORAL APPLIZIERTEN ARZNEISTOFFEN

Die Aufnahme des Wirkstoffs aus dem Gastrointestinaltrakt mit dem Ziel der systemischen
Wirkung stellt einen komplexen Prozess dar, bei dem Ausmafl und Geschwindigkeit der
Resorption von zahlreichen Faktoren abhangt. Im Wesentlichen wird sie durch die physika-
lisch-chemischen Eigenschaften des Wirkstoffmolekiils beeinflusst, besonders durch seine

Loslichkeit in der wassrigen gastrointestinalen Fliissigkeit und seiner Lipophilie, durch die
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Kristallinitét, bei ionisierbaren Molekiilen durch den pH-Wert im Lumen der resorbierenden
Darmabschnitte, durch die Membranpermeabilitdt sowie durch die Grofle der resorbieren-
den Flache. Der Diinndarm ist mit einer Oberfldache von bis zu 200 m? das wichtigste Resorp-
tionsorgan [5]. Entscheidenden Einfluss nimmt dabei auch die Transitzeit der Arzneiform
durch das Intestinum und die daraus resultierende Kontaktzeit des Arzneistoffs mit der re-
sorbierenden Oberflache. Weiterhin muss er eine unbewegte wassrige Grenzschicht {iber-
winden, die die apikale Membran der Enterozyten von der fliissigen Phase des Darmlumens

trennt [6].

Zusitzlich fungieren Efflux-Transporter, die Fremdstoffe zuriick ins Darmlumen beférdern,
und metabolisierende Enzyme als biologische Barrieren [7]. Neben dem Abbau in der Leber
ist fiir oral applizierte Arzneistoffe auch der intestinale Metabolismus von grofier Bedeutung,
da arzneistoffmetabolisierende Enzyme wie die Familie der Cytochrom P450 Enzyme ebenso
in hohem Ausmaf3 in Enterozyten exprimiert werden [8, 9]. Des Weiteren konnen Phase-II-
Reaktionen katalysierende Enzyme wie z.B. Glucuronyltransferasen, Sulfotransferasen, Ace-
tyltransferasen und Gluthation-S-Transferasen in Darmepithelzellen nachgewiesen werden
[8]. Klinische Relevanz des intestinalen Metabolismus konnte vor allem fiir CYP3A-Substrate
wie beispielsweise Cyclosporin, Midazolam und Verapamil gezeigt werden [10-12]. Ein aus-
gepragter First-Pass-Metabolismus kann auch bei gut resorbierbaren Wirkstoffen die orale

Bioverfiigbarkeit stark vermindern.

Inter- und intraindividuelle Variabilitat in der Absorptionrate kann hauptsachlich aufgrund
von Nahrungsmitteleffekten, Interaktionen mit Arznei- oder Hilfsstoffen sowie Krankheits-
zustanden und Alter des Patienten auftreten. Dies ist als besonders kritisch anzusehen, wenn
es sich um einen Wirkstoff handelt, der eine steile Dosis-Wirkungskurve und/oder eine enge
therapeutische Breite aufweist. Ferner ist eine abweichende Resorptionsrate problematisch,
wenn der Arzneistoff zur Behandlung oder Verhiitung schwerer lebensbedrohender Krank-
heiten verwendet wird, oder schwere unerwiinschte Wirkungen zu erwarten sind. Beispiele
fiir Arzneistoffgruppen, bei denen Unterschiede in der Resorption leicht subtherapeutische
oder toxische Plasmaspiegel bewirken, sind Herzglykoside, Antiinfektiva, Hormone, Anti-

epileptika und Zytostatika [13].

In den folgenden Abschnitten wird auf die verschiedenen Faktoren eingegangen, die die Re-

sorption von oral applizierten Arzneistoffen mafigeblich beeinflussen.



EINLEITUNG UND ZIELSTELLUNG

1.1 EINFLUSS VON LOSLICHKEIT UND PERMEABILITAT

Fiir die Absorption eines Stoffes ist es Vorraussetzung, dass er gelost und somit in molekular
disperser Form in der Fliissigkeit des Gastrointestinaltrakts vorliegt. Des Weiteren nimmt die
Fahigkeit eines Stoffes, die Membran der Enterozyten zu permeieren, grofSen Einfluss auf die
Resorptionsrate. Unter der Annahme, dass insbesondere die zwei Stoff-Kenngrofien Loslich-
keit und Permeabilitat fiir die Resorption entscheidend sind, entwickelten Amidon et al. im
Jahre 1995 das Biopharmazeutische Klassifikationssystem (BCS = Biopharmaceutics Classifi-
cation System). Diese Klassifizierung stellt eine wissenschaftliche Grundlage zur Vorhersage
und Beurteilung des biopharmazeutischen Verhaltens von Wirkstoffen dar, basierend auf der
Wasserloslichkeit der Substanz und ihrer Permeabilitat durch biologische Membranen. Sie ist
weiterhin Bestandteil von Richtlinien der US Food and Drug Administration (FDA) sowie

der Europdischen Arzneimittelagentur (EMA) [13-15].

Das Permeabilitatsverhalten kann in vitro an Caco-2 Zellkulturen getestet werden, indem der
Massestrom einer Substanz durch die Membran gemessen wird. Die effektive Permeabilitit
beschreibt in Abhdngigkeit von der Wirkstoffkonzentration an der Membran nach dem er-
sten Fick’schen Gesetz den zeitabhidngigen Massetransport (Gl. 1). Somit ist sie ein Maf3 fiir

die Abnahme der Wirkstoffkonzentration im Darm [16].

Jw = Pw-Cw (GL. 1)

Jw: Massetransport durch die Membran iiber die Zeit
Pw:  Effektive Permeabilitat (Stoffiibergangszahl)
Cw:  Wirkstoffkonzentration an der Membran

Unter anderem zeigt sich die effektive Permeabilitdt einer Substanz erheblich abhangig von

ihrem Oktanol/Wasser-Verteilungskoeffizienten (log P) und ihrem Molekulargewicht [17].

Um friithzeitige Aussagen hinsichtlich Permeabilitdt und Resorption von neuen Substanzen
treffen zu konnen, schlugen Lipinski et al. die , rule of five” vor, mithilfe dieser lediglich an-

hand der chemischen Struktur das Ausmafs der Permeabilitdat beurteilt werden kann [4].
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Nach dieser Annahme ist mit einer geringen Absorptionsrate zu rechnen, wenn der Arznei-

stoff folgende Merkmale aufweist:

1.  Mehr als fiinf Wasserstoffdonatoren (NH- und OH-Gruppen)

2. Mehr als zehn Wasserstoffakzeptoren (N- und O-Atome mit freien Valenzen)
3. Molmasse 2 500 g/mol

4. logP=z25

5.

Substanzen, deren Permeation ein aktiver Transport zugrunde liegt, sind von dieser

Regel ausgeschlossen

Somit lassen sich Voraussagen zur Bioverfiigbarkeit neuer Verbindungen machen, ohne dass

eine mitunter aufwendige und kostspielige Synthese des Stoffes notwendig ist.

Der Gesamtprozess der Losungsgeschwindigkeit ldsst sich durch die Noyes-Whitney-
Gleichung (Gl. 2) beschreiben. Dabei setzt sich die Kinetik des Losungsvorgangs durch eine

Kette von Einzelschritten zusammen, die den Gesetzmafligkeiten der Diffusion folgen.

A-D-(cs—c
dm - _ c-a (GL 2)
dt 5

m Masse der in Losung gehende Substanz

t: Zeit

A: Effektive Oberflache des Partikels

D Diffusionskoeffizient der Substanz im Losungsmittel

o Dicke der Diffusionsschicht

Cst Sattigungskonzentration der zu 16senden Substanz im Losungsmittel
ce: Konzentration der Substanz im Losungsmittel zum Zeitpunkt ¢

Nach der Noyes-Whitney-Gleichung ist der geschwindigkeitsbestimmende Schritt des Lo-
sungsvorgangs die Diffusion der bereits gelosten Substanz von der Grenzflache in das Innere
des Losungsmittels. Folglich steht die Losungsgeschwindigkeit eines Partikels in direktem

Zusammenhang mit seiner Oberfliche und somit der Partikelgrofie [13].
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Die Kombination dieser zwei Kriterien lasst eine Einteilung der Arzneistoffe in die folgenden

vier Klassen zu:

Tab. 1: Biopharmazeutisches Klassifizierungssystem (BCS) nach Amidon et al. [16].
Die Loslichkeit gilt als hoch, wenn sich die therapeutische Einzeldosis eines Wirkstoffs in
250 ml Wasser im pH-Bereich von 1-7,5 16st. Als gut permeabel gelten Substanzen, die zu {iber
90% resorbiert werden [14].

BCS Klassifizierung Loslichkeit Permeabilitit
I Hoch Hoch
II Niedrig Hoch
111 Hoch Niedrig
IV Niedrig Niedrig

Die Zuordnung einer Substanz in eine Klasse des BCS lasst fiir den reinen Wirkstoff bzw. fiir
eine schnell freisetzende, diesen Wirkstoff enthaltende Arzneiform folgende Schlussfolge-

rungen in Hinsicht auf seine Bioverfiigbarkeit zu:

Bei Substanzen der Klasse I sind keine Bioverfiigbarkeitsprobleme zu erwarten, die auf das
Loslichkeits- und Resorptionsverhalten zuriickzufiihren sind. Die Resorption wird im We-
sentlichen durch die Magenentleerung kontrolliert, jedoch nicht durch das Loslichkeitsprofil.
Somit kann von einer guten Korrelation der In vivo-Absorption mit In vitro-Freisetzungs-
versuchen ausgegangen werden. Bei diesen Wirkstoffen sind laut FDA-Richtlinie zum
Nachweis der Biodquivalenz von Praparaten mit schneller Wirkstoffreisetzung In vitro-
Versuche ausreichend, wenn weiterhin bestimmte Bedingungen erfiillt sind wie z.B. pH-
Stabilitat und die Verwendung unkritischer zugelassener Hilfsstoffe, sodass auf klinische
Priifungen verzichtet werden kann [14]. Zu Substanzen der Klasse I gehoren beispielsweise

Diazepam, Verapamil und Metoprolol [18].

Bei Substanzen mit hoher Permeabilitat und geringer Loslichkeit (BCS-Klasse II) ist die Auf-
l6sung des Arzneistoffs in der gastrointestinalen Fliissigkeit der geschwindigkeitsbestim-
mende Schritt. Demzufolge ist die Optimierung der Freisetzung besonders wichtig, da an-
sonsten die Verweildauer im Diinndarm moglicherweise fiir eine vollstindige Absorption
nicht ausreicht und es zu starken Schwankungen in der Absorptionsrate kommen kann [16].
Die Mehrheit neuer Substanzen ist dieser Klasse zuzuordnen [19], Beispiele fiir Arzneistoffe

der BCS-Klasse II sind Griseofulvin, Digoxin und Ritonavir [18].
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Fiir Substanzen, die eine hohe Loslichkeit und eine geringe Permeabilitat aufweisen (BCS-
Klasse III), ist der limitierende Faktor die Permeationsrate. Fiir diese Arzneistoffe kann zwar
keine In vivo-Korrelation mit dem In vitro-Freisetzungsprofil erwartet werden, allerdings
spielt das Freisetzungsprofil fiir ihre Resorption nur eine untergeordnete Rolle. Es wurde
deshalb vorgeschlagen, auch bei diesen Wirkstoffen Biowaiver zum Nachweis der Biodquiva-
lenz von Praparaten mit schneller Wirkstoffreisetzung zuzulassen [20]. Es handelt sich hier-
bei um hydrophile Molekiile, die vermutlich iiber Transporter in den Koérper aufgenommen
werden [21]. Zu Substanzen der BCS-Klasse III werden beispielsweise Cimetidin, Folsaure

und Tetra-zyklin gezahlt [18].

Besonders problematisch hinsichtlich der Resorption nach oraler Applikation sind Arznei-
stoffe der BCS-Klasse IV. Da sie sowohl eine geringe Loslichkeit als auch Permeabilitat auf-
weisen, ist die Bioverfiigbarkeit meist gering und schwankend. Vorhersagen sind schwierig
zu treffen. Ein Beispiel fiir einen Arzneistoff der Klasse IV ist das Immunsuppressivum Cy-

closporin.

1.2 EINFLUSS BIOLOGISCHER BARRIEREN

Intestinale Efflux-Transporter sind in der apikalen Membran der Enterozyten lokalisiert und
schleusen unter ATP-Verbrauch Arzneistoffe, die Substrate der Transporter darstellen, aus
der Zelle zuriick ins Darmlumen. Dadurch kann deren Resorption erheblich vermindert
werden. Zur Familie der ABC-Transporter (ABC = ATP-Binding Cassette) gehoren verschie-
dene membranstandige Proteine, zu deren wichtigsten Vertretern das Breast Cancer Re-
sistance Protein (BRCP), das Multi-drug Resistance Protein2 (MRP2) und vor allem
P-Glycoprotein (P-gp) zdhlen. P-gp ist der am umfassendsten charakterisierte Efflux-
Transporter und fiir die Limitierung der Resorption nach oraler Gabe einer Vielzahl von
Arzneistoffen wie z.B. Verapamil, Digoxin, Talinolol sowie Ciclosporin verantwortlich [22].
Die Expression nimmt von den proximalen zu den distalen Abschnitten des Diinndarms zu,

auflerdem kommt P-gp in Leber, Darm, Niere und Gehirn vor [23].

Die Biotransformation von Fremdsubstanzen und damit auch Arzneistoffen fiihrt dazu, dass
lipophile Verbindungen in hydrophile, leichter ausscheidbare Stoffe umgewandelt werden.

Je nach Art der chemischen Reaktionen wird zwischen Phase-I- und Phase-II-Metabolismus
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unterschieden. Als Phase-I-Reaktionen werden die Biotransformationsreaktionen bezeichnet,
bei denen das Wirkstoffmolekiil oxidativ, reduktiv oder hydrolytisch verandert wird, wah-
rend bei den Phase-II-Reaktionen eine Kopplung durch spezifische Transferasen mit einer

korpereigenen Substanz erfolgt [24].

Die fiir den First-Pass-Metabolismus von Arzneistoffen weitaus grofste Bedeutung hat eine
Gruppe von Enzymen des Phase-I-Metabolismus, die Superfamilie der Cytochrom P450 En-
zyme (CYP). Hierbei handelt es sich um mikrosomale Monooxygenasen, die eine Vielzahl
von Oxidationsreaktionen katalysieren. AufSer in Leber und Darm werden sie in der Lunge,
in der Haut sowie im Gehirn exprimiert. Belegt ist, dass die Subfamilie Cytochrom P450 3A
mit dem quantitativ wichtigsten Isoenzym CYP3A4 fiir den oxidativen Metabolismus von
tiber 50% der sich auf dem Markt befindenden Arzneistoffe verantwortlich ist [25]. Dazu
gehoren Wirkstoffe mit verschiedensten Indikationen wie z.B. Verapamil, Cyclosporin, Mida-
zolam, Ritonavir oder Morphin. Weitere fiir die Biotransformation von Arzneistoffen wichti-

ge Isoenzyme sind vor allem CYP2C9 [26] sowie CYP2C19, CYP2D6, CYP2E1 und CYP1A2

[24].
gut lumen
OX apical Abb.1: Funktionelle Interaktion von Arzneistofftransport
& (luminal) (P-Glycoprotein) und Metabolismus (CYP3A4) in
L (3] _ Enterozyten (nach Fromm 2003 [1]).
(1) Passive Diffusion oder Transporter vermittelte
Aufnahme eines oral applizierten Wirkstoffs in den
@O @ Enterozyten. (2) Intestinaler Metabolismus durch
enterocyte CYP3A4. (3) Transport des Arzneistoffs oder seines
Metaboliten zuriick ins Darmlumen durch P-gp.
O @ (4) Ausschleusen des Arzneistoffs/Metaboliten tiber
basal die basale Membran des Enterozyten in den syste-
_l_a_l_ mischen Blutkreislauf.
O drug

@ drug metabolite

P-Glycoprotein und CYP3A4 weisen eine {iberlappende Substratspezifitat auf, sodass vermu-
tet wird, dass beide Proteine Teil eines kombinierten Entgiftungsmechanismus sind, durch

den Biotransformation und Exkretion von Fremdstoffen mit grofier Effizienz erfolgt (Abb. 1).
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Die Interaktionen, die zu diesem funktionellen Synergismus fithren, sind noch nicht voll-

standig geklart, jedoch weisen Forschungsergebnisse auf folgende Mechanismen hin [27]:

1.  Die Induktion von CYP3A4 und P-Glycoprotein wird durch die gleichen Rezeptoren,
den Pregnan X Rezeptor (PXR) und den Steroid- und xenobiotischen Rezeptor (SXR),
co-reguliert.

2. Arzneistoffe werden wiederholt in die Enterozyten aufgenommen und zuriick ins
Darmlumen geschleust, wodurch aufgrund mehrfacher Exposition die Wahrscheinlich-
keit der Metabolisierung erhoht wird.

3. P-Glycoprotein hélt die intrazelluldre Arzneistoffkonzentration im linearen Bereich der
CYP3A Enzyme und wirkt so einer Séttigung entgegen.

4.  Die gebildeten Metaboliten sind geeignetere Substrate fiir P-Glycoprotein.

5. Der Metabolismus verlagert die Affinitit zu anderen Efflux-Transportern, wodurch
eine kompetitive Hemmung des P-Glycoprotein-vermittelten Arzneistofftransports

verhindert wird.

Die daraus resultierende effizientere Biotransformation von Fremdstoffen kann die systemi-
sche Verfiigbarkeit von oral applizierten Arzneistoffen, die Substrate sowohl von P-gp als

auch von CYP3A4 sind, stark vermindern [28].

1.3 LYMPHATISCHE RESORPTION VON LIPOPHILEN ARZNEISTOFFEN

Das dem Darm zugeordnete mesenterische lymphatische System ist unter anderem fiir den
Transport resorbierter Nahrungsfette aus den Enterozyten in den systemischen Kreislauf
verantwortlich. Nahrungslipide bestehen zu 90% aus Triglyceriden und zu einem kleinen
Teil aus Phospholipiden, Sterolen und freien Fettsauren. Stets mit der Lipidphase assoziiert
finden sich auferdem fettlosliche Vitamine sowie eine grofse Zahl hydrophober Fremdstoffe.
Gleichermafien konnen lipophile Arzneistoffe nach oraler Applikation auf diesem Weg der
systemischen Zirkulation zugefiihrt werden, was den Vorteil bietet, dass diese den First-
Pass-Metabolismus der Leber umgehen und direkt in den systemischen Blutkreislauf gelan-
gen (Abb. 2). Der Mechanismus ist noch nicht vollstandig aufgeklart, es wird jedoch vermu-
tet, dass der lipophile Wirkstoff zusammen mit den Triglyceriden im unpolaren Kern von

Apolipoproteinen, hauptsachlich in Chylomikronen, transportiert wird. Weiterhin wurde
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vorgeschlagen, dass diese Beteiligung am Aufbau der Lipoproteine auch den intestinalen

Metabolismus des Arzneistoffs vermindert [29].

Eine beachtliche Beteiligung des lymphatischen Transport bei der Resorption konnte fiir Ha-

lofantrin nachgewiesen werden [30]. Es wurde gezeigt, dass 57% des applizierten Wirkstoffs

auf diesem Wege in den Blutkreislauf gelangten [31]. Zudem konnte dieser Resorptionsweg

unter anderem fiir Probucol, Cyclosporin und Testosteronderivate belegt werden [32-34].

Charman et al. postulierten, dass vornehmlich Arzneistoffe mit hinreichender metabolischer

Stabilitat, einem log P > 5 und einer Loslichkeit in langkettigen Triglyceriden von mindestens

50 mg/ml zu einem bedeutenden Anteil {iber den lymphatischen Transport resorbiert werden

[35]. Dariiberhinaus kann sich eine vorherige Einnahme einer fettreichen Mahlzeit positiv

auf die Resorption dieser lipophilen Substanzen auswirken [36, 37].
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Lipid- und Arzneistofftransport durch die mesenterische Lymphe oder Pfortaderblut
nach oraler Applikation (nach Porter et al. 2007 [2]).

Freie Fettsauren (FA) und Monoglyceride (MG) kénnen nach Aufnahme in die Enterozy-
ten zu Triglyceriden (TG) resynthetisiert werden. AnschlieSend werden sie in Lipoprotei-
ne (LP) eingebaut, die durch Exozytose aus der Zelle geschleust werden und anschlieSend
ins Lymphsystem eintreten. Lipophile Arzneistoffe konnen auf diesem Transportweg
ebenfalls direkt in die Lymphe gelangen.
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Triglyceridabbau im Gastrointestinaltrakt und Resorption der Lipolyseprodukte

Die enzymatische Spaltung von Triglyceriden beginnt bereits im Magen durch Einwirken
einer sdurestabilen gastrischen Lipase. Hauptsdchlich verantwortlich fiir den Abbau ist je-
doch die Pankreaslipase (EC 3.1.1.3), die in relativ hohen Konzentrationen mit dem Pankre-
assekret in den Diinndarm sezerniert wird und eine hohe Hydrolyseaktivitat aufweist. Zur
Aktivierung benoétigt sie einen Cofaktor, die Colipase, da erst durch deren Assoziation das
katalytische Zentrum durch eine Konformationsanderung freigelegt wird. Weiterhin miissen
die Triglyceride zunédchst im wassrigen Chymus fein emulgiert vorliegen, da die Lipase aus-
schliefSlich an Grenzflachen aktiv ist. Die zundchst im Magen grob verteilten Fette werden in
Gegenwart von Proteinen, bereits vorhandenen Fettabbauprodukten, Lecithin und Gallen-
sdauren sowie durch Einwirken von Scherkréften zu einer Emulsion von 0.5-1.5 pm umge-
wandelt [38]. Der Colipase-Lipase-Enzymkomplex wird durch die Colipase an der Grenzfla-

che verankert, wodurch die Verdrangung der Lipase durch Gallensalze verhindert wird.

Die katalytisch aktive Lipase hydrolysiert die Esterbindungen der Triglyceride mit hoher
Spezifitat an den 1- und 3-Positionen unter Bildung von 1,2-Diacylglyceriden bzw. 2,3-Di-
acylglyceriden und darauf folgend 2-Monoacylglyceriden. Eine vollstindige Hydrolyse un-
ter Freisetzung von Glycerol findet nur in sehr geringem Ausmafs statt. Die iiberwiegend
schwer wasserloslichen Spaltprodukte der Lipolyse, freie Fettsauren und 2-Monoacylgly-
ceride, werden letztlich als solche resorbiert. Zum Transport dieser zu den Darmepithelzel-
len ist der Einbau in Mischmizellen notwendig, die aus Gallensauren, Phospholipiden und
Cholesterol aufgebaut sind. Unmittelbar bei Kontakt mit der Membran dissoziieren die Mi-
zellen, sodass die einzelnen Komponenten resorbiert werden konnen, wahrend die Gallen-
sauren extrazellular verbleiben und nachfolgend im Ileum im Rahmen des enterohepati-
schen Kreislaufs aufgenommen werden. Auch fiir die Mizellen gilt, dass sie zuerst die unbe-
wegte wassrige Grenzschicht iiberwinden miissen, worauf der Membrandurchtritt der Fett-
sduren und Monoglyceride in die Enterozyten passiv oder durch Transporter vermittelt er-

folgt [38, 39].

Intrazelluldr werden langkettige Fettsauren und Monoglyceride mittels cytosolischer Protei-
ne zum glatten endoplasmatischen Retikulum transportiert, wo die Resynthese zu Triglyce-
riden stattfindet. Diese werden in Chylomikronen eingebaut, welche iiber das Interstitium in

den zentralen Lymphgang und letztendlich iiber den Ductus Thoracicus ins Blut iiberfiihrt
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werden. Dies ist ebenfalls, wie bereits beschrieben, ein moglicher Resorptionsweg fiir li-

pophile Arzneistoffe.

Kurz- und mittelkettige Triglyceride sowie Glycerol und daraus gebildete Fette diffundieren
direkt, ohne Vermittlung durch Mizellen, in die Enterozyten und von dort ins Pfortaderblut

[38, 39].

2 BEEINFLUSSUNG DER BIOVERFUGBARKEIT VON ARZNEISTOFFEN

Die Bioverfligbarkeit ist eine pharmakologische Messgrofie fiir den Anteil eines Stoffes, der
unverandert im systemischen Kreislauf zur Verfligung steht. Sie gibt an, in welchem Umfang
der Stoff (meistens Arzneistoff) resorbiert wird und am Wirkort zur Verfiigung steht und ist
damit eine wichtige Grofie der Pharmakokinetik im Rahmen der Arzneimittelzulassung. Die
Bestimmung erfolgt durch Ermittlung der Arzneistoffkonzentration im Blut, wobei die Bio-
verfiigbarkeit bei intravendser Gabe definitionsgemafs 100% betragt. Wichtige Kenngrofien
sind unter anderem die Fldache unter der Blutspiegelkurve (AUC), die maximale Plasmakon-
zentration (cmax) und die Zeit zwischen Applikation und Erreichen dieses Maximums (tmax)

[24].

Die meisten galenischen Mafinahmen zielen auf die Erhdhung der Wirkstoffloslichkeit oder
Losungsgeschwindigkeit ab. Nach der Noyes-Whitney-Gleichung (siehe Seite 4 der vorlie-
genden Arbeit) ist hierfiir eine Vergrofierung der Oberflache forderlich. Neben der Verklei-
nerung der Partikelgrofie z.B. durch Mikronisierung oder Einbettung des Wirkstoffs in festen
Dispersionen kann die Verwendung von amorphen Stoffen sowie von thermodynamisch
instabileren Kristallmodifikationen zur Verbesserung der Loslichkeit beitragen. Des Weiteren
werden Salzbildung und die Synthese von hydrophileren Prodrugs als Mafsnahmen heran-
gezogen. Eine Vielzahl von Hilfsstoffen kann mittels verschiedener Mechanismen ebenfalls
die Bioverfiigbarkeit beeinflussen. Lipophile Substanzen werden mithilfe von Losungsver-
mittlern (Solubilisatoren) kolloidal gelost, wahrend Tenside als Netzmittel die Benetzbarkeit
schwer wasserldslicher Stoffe verbessern. Ebenso kommen Komplexbildungen zwischen

Wirk- und Hilfsstoff wie z.B. Cyclodextrin-Einschlussverbindungen zum Einsatz [13].

11
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Wie bereits erwahnt konnen auch Arzneistoffe, die Substrate von intestinalen Efflux-
Transportern sind und/oder einem starken hepatischen und intestinalen Metabolismus un-
terliegen, Bioverfiigbarkeitsprobleme aufweisen. Studien lassen erkennen, dass eine Inhibiti-
on von sowohl Transportern als auch metabolisierenden Enzymen zu einer erhéhten Kon-
zentration dieser Arzneistoffe im systemischen Blutkreislauf fithren kann, worauf im Fol-

genden differenzierter eingegangen wird.

2.1 INHIBITION VON TRANSPORTERN UND METABOLISIERENDEN ENZYMEN

Es liegt eine Vielzahl von Studien vor, in denen gezeigt wurde, dass verschiedenste Substan-
zen als Inhibitoren von Transportern und Enzymen wirken konnen. Bei simultaner Gabe
kann sich die Hemmung positiv auf die Bioverfiigbarkeit von Arzneistoffen auswirken, de-
ren Arzneistoffkonzentration im systemischen Kreislauf durch intestinalen Efflux oder Me-
tabolismus mafigeblich erniedrigt ist (Abb. 3). Entsprechend ist auch die klinische Relevanz
fiir eine grofse Anzahl von Arzneistoff-Interaktionen, die auf Enzym- oder Transporterhem-
mung beruhen, belegt [40, 41]. So bewirkt die zeitgleiche Applikation von Ketoconazol,
einem bekannten Inhibitor sowohl von CYP3A4 als auch von P-Glycoprotein, zu einer Erho-
hung der oralen Bioverfiigbarkeit von Cyclosporin um den Faktor 2.5 und von Digoxin um
den Faktor 6.5 [42, 43]. Des Weiteren konnte durch die Koapplikation des Proteaseinhibitors
Ritonavir eine Erh6hung des Plasmaspiegels von Saquinavir, ebenfalls ein Proteaseinhibitor,
bis um das 50-fache erreicht werden, was auf die Hemmung des ausgepragten Metabolismus
durch CYP3A Enzyme zuriickzufiihren ist [44]. Dieses Prinzip findet Anwendung im Markt-
praparat Kaletra® das zur First-line-Therapie bei der Behandlung von HIV-infizierten Er-
wachsenen und Kindern gehort. Hierbei handelt es sich um eine Kombination aus Lopinavir
und einer subtherapeutischen Dosis Ritonavir. Der potente HIV-spezifische Proteasehemmer
Lopinavir unterliegt ebenfalls einem sehr ausgepragten Metabolismus durch Cytochrom
P450 3A4 und 3A5 Isoenzymen. Durch die simultane Gabe des Inhibitors Ritonavir kann die
Plasmakonzentration von Lopinavir ebenfalls bis um das 50-fache erhoht werden [45]. Den-
noch ist die Applikation eines zweiten Wirkstoffs zum alleinigen Zweck der Enzym- bzw.

Transporter-Inhibition als kritisch anzusehen.

12
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Weiterhin wurde gezeigt, dass die gleichzeitige Aufnahme von in Nahrungsmitteln enthalte-
nenen pflanzlichen Stoffen zu Interaktionen mit Arzneistoffen fithren kann. Ein bekanntes
und umfassend erforschtes Beispiel hierfiir ist die Inhibition von intestinalen CYP3A4 Isoen-
zymen durch Bestandteile des Grapefruitsafts. So ist die klinisch relevante Interaktion mit
Calciumkanalblockern wie Felodipin seit Ende der 80er Jahre bekannt, die in vielen Fallen
eine Herabsetzung der systemischen Clearance des blutdrucksenkenden Arzneistoffs be-
wirkte [46]. Auch eine Erhéhung der Bioverfiigbarkeit nach einmaliger Gabe von Ethinyl-
estradiol konnte in vivo gezeigt werden [47]. Ferner ist ein Effekt auf den durch P-Glyco-
protein vermittelten Transport von Talinolol nachgewiesen worden, was anhand einer Zu-
nahme der Absorption gezeigt wurde, die nicht auf einer Hemmung des Metabolismus be-

ruht [48].

AuBlerdem zeigen Nahrungsfett-Abbauprodukte wie Olsdure und mehrfach ungesittigte
Fettsdauren (PUFA = Polyunsaturated Fatty Acid) inhibitorische Aktivitdt gegeniiber Isoenzy-
men mehrerer Cytochrom P450 Subfamilien [49], wahrend verschiedene Monoglyceride, die
aus der Bittermelone extrahiert worden sind, fiir eine Inhibition der P-gp-Funktion verant-
wortlich gemacht werden [50]. Dies wird bestarkt dadurch, dass fiir sogenannte ,lipid exci-
pients” wie Peceol® und Gelucire® 44/14, die in ihrer Zusammensetzung Fettabbauprodukten

ahnlich sind, ebenfalls eine inhibitorische Aktivitat beziiglich P-Glycoprotein belegt ist [51].

Gegenstand umfangreicher Forschung der letzten Jahre war die Untersuchung von Interakti-
onen nichtionischer Tenside mit Efflux-Transportern und arzneistoffmetabolisierenden En-
zymen. Anhand zahlreicher Studien ist eine Inhibition von P-Glycoprotein in vitro und in
vivo nachgewiesen worden, die zu einer Erhdhung der Absorption von koapplizierten Arz-
neistoffen fiihrte [52-55]. Demgemaf fiihrten geringste Konzentrationen des nichtionischen
Emulgators D-a-Tocopherol Polyethylenglykol (1000) Succinat (TPGS) zu einem um das
6.7-fach erhohten absorptiven Transport von Talinolol [56]. Fiir einige Hilfsstoffe konnte auch
ein inhibitorischer Effekt auf den ABC-Transporter BCRP (Breast Cancer Resistance Protein)

belegt werden [57].

In neuesten Studien wurde ebenfalls ein moglicher Effekt auf metabolisierende Enzyme wie
Cytochrom P450 untersucht. Sowohl In vitro- als auch In vivo-Untersuchungen anhand der
Hydroxylierung von Midazolam durch CYP3A Isoenzyme weisen darauf hin, dass einige

nichtionische Tenside, darunter beispielsweise Polysorbat20 und Cremophor EL, die
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Bildung des Metaboliten hemmen [58, 59]. Eine Modulation des Metabolismus von Verapa-
mil durch TPGS und Pluronic P85 wurde in vitro gezeigt mit dem Ergebnis eines verringer-

ten Abbaus des Arzneistoffs durch CYP3A Isoenzyme [60].

Hieraus lasst sich folgern, dass das Kriterium der pharmakologischen Indifferenz von Hilfs-
stoffen in vielen Féllen nicht mehr gegeben ist. Dies muss bei ihrem Einsatz im klassisch
technologischen Sinne tiiberpriift und beriicksichtigt werden. Des Weiteren stellt sich die
Frage, ob diese toxikologisch unbedenklichen Stoffe zur gezielten Metabolismus- und/oder
Transporterhemmung zum Einsatz kommen kénnen, um die Bioverfiigbarkeit von in dieser

Hinsicht problematischen Arzneistoffen zu erhdhen.

2.2 ENTWICKLUNG VON LIPIDFORMULIERUNGEN UND SELBST-EMULGIERENDEN

SYSTEMEN

Es ist bekannt, dass Formulierungen, die synthetische oder natiirliche Lipide enthalten, die
orale Bioverfligbarkeit von schwer wasserloslichen Substanzen der Klasse II und IV des Bio-
pharmazeutischen Klassifikationssystems (BCS) erhohen. Derartige Lipidformulierungen
konnen den Wirkstoff in Form von Suspensionen, ligen Losungen sowie Emulsionen oder
Liposomen enthalten [61], wohingegen in den letzten Jahren besonders selbst-emulgierende
Freisetzungssysteme (SEDDS = Self-emulsifying Drug Delivery Systems) an Bedeutung ge-
wonnen haben. SEDDS sind isotrope Gemische aus synthetischen oder natiirlichen Lipiden
mit lipophilen oder hydrophilen Emulgatoren sowie Cosolventien, die bei Kontakt mit der
wassrigen intestinalen Fliissigkeit spontan emulgieren und feine O/W-Emulsionen bilden
[62, 63]. Sie werden haufig als schnell freisetzende Arzneiformen in Weichgelatinekapseln

angeboten.

Verschiedene Mechanismen tragen zum Erfolg dieser Darreichungsform bei, jedoch ist die
verstarkte Solubilisierung des Arzneistoffs im Intestinum der wichtigste Faktor fiir die Erho-
hung der Resorption. Dazu tragen Lipide und deren Abbauprodukte bei, indem sie Vesikel
und Mischmizellen mit Gallensalzen und Phospholipiden bilden, die den lipophilen Arznei-
stoff aufnehmen (Abb. 3). In mehreren Studien wurde gezeigt, dass das Ausmaf$ der Ver-
dauung der Lipidkomponente und die daraus resultierende Entstehung entsprechender

Abbauprodukte (Mono- und Diglyceride sowie freie Fettsduren) die Solubilisierung und
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damit die Resorption des Arzneistoffs mafsgeblich beeinflussen [64-66]. Ferner kann ein mog-
licher Abbau der Tenside eine Rolle spielen und zu einer Prazipitation des Wirkstoffs fiithren,
was eine Resorption verhindern wiirde [67]. Weiterhin wird der Erfolg der Formulierung mit
verschiedenen Parametern wie der Tensidkonzentration, dem Verhaltnis von Tensid- und
Lipidkomponente, Polaritat der Emulsion sowie Tropfchengrofse (Dispersitat) und Ladung in
Verbindung gebracht. Ferner weisen Studien darauf hin, dass abhdngig von den physika-
lisch-chemischen Eigenschaften des Arzneistoffs die Verwendung von langkettigen Triglyce-
riden anstatt mittelkettiger Triglyceride eine effektivere Solubilisierung im Gastrointesti-
naltrakt begiinstigen kann, da die bei der Fettverdauung entstehenden Phasen, in denen sich

der Wirkstoff verteilt, erheblich unterschiedliche Eigenschaften aufweisen [64, 68, 69].
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Abb. 3: Mogliche Effekte von Lipiden und lipidhaltigen Hilfsstoffen auf die Wirkstoffabsorpti-
on (nach Porter et al. 2007 [2]).
Erhohung der Solubilisierung des Wirkstoffs (D) in der intestinalen Fliissigkeit aufgrund
Veranderung ihrer Zusammensetzung infolge der Bildung von Vesikeln, Mischmizellen und
Mizellen (a); Interaktionen mit Transportern (blaues Oval) und metabolisierenden Enzy-
men, woraus eine verdanderte Aufnahme, Efflux, Disposition und Entstehung von Metaboli-
ten (M) in den Enterozyten resultieren kann (b); Verstarkung der lymphatischen Resorption
und dadurch Verringerung des First-Pass-Metabolismus aufgrund der Umgehung der Le-

berpassage (c).
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Wie bereits erwéhnt ist eine Vielzahl der neuen Wirkstoffe hoch lipophil und kaum wasser-
16slich. Da orale Darreichungsformen nach wie vor bevorzugt werden, sind diese selbst-
emulgierenden Syteme in den letzten Jahren umfangreich untersucht worden mit dem Ziel,
durch Entwicklung derartiger Formulierungen eine verbesserte orale Bioverfligbarkeit und
geringere Schwankungen in der Resorption dieser Arzneistoffe zu erreichen. Ein weiterer
Vorteil von Formulierungen, die einen hohen Lipidanteil aufweisen, ist die Begiinstigung der
lymphatischen Resorption des Wirkstoffs, wodurch der First-Pass-Metabolismus teilweise
umgangen wird [70]. Dennoch sind mangels ausreichender Kenntnisse {iber die komplexen
Mechanismen, Wechselwirkungen und sich daraus ableitenden relevanten Formulierungspa-
rameter, die die Solubilisierung und schlussendliche Resorption des Wirkstoffs beeinflussen,
derzeit nur wenige dieser Formulierungen auf dem Markt. Das Immunsuppressivum Neo-
ral® (Cyclosporin) und Norvir® (Ritonavir) sind Beispiele fiir selbst-emulgierende Systeme,

die aktuell auf dem Markt sind.

Pouton entwickelte ein Klassifizierungsystem fiir Lipidformulierungen (LFCS = Lipid For-
mulation Classification System), mithilfe dessen Faktoren identifiziert werden sollen, die das
Verhalten der Formulierung bei der In vivo-Applikation beeinflussen und vorhersagbar ma-
chen. Sie werden nach Zusammensetzung und Charakteristika klassifiziert und sollen somit
eine Grundlage fiir eine systematische Herangehensweise bei der Entwicklung von effizien-
ten Lipidformulierungen darstellen. Es wird eine Unterteilung in fiinf Typen vorgeschlagen,
bei der Typ I ausschliefilich Lipide (Triglyceride oder ein Gemisch aus Mono- und Diglyceri-
den) enthalt. Die Verdauung der Lipidkomponente ist hier Vorraussetzung fiir die Solubili-
sierung des Wirkstoffs. Die Typen II, IIIA und IIIB enthalten zuséatzlich unterschiedliche Ar-
ten und Mengen an Tensiden und/oder Cosolventien, wiahrend bei Typ IV die Lipid-

komponente géanzlich fehlt [71].
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3 NICHTIONISCHE TENSIDE

Tenside gehoren zu haufig eingesetzten Hilfsstoffen in der Pharma- und Lebensmittelindu-
strie. Sie sind amphiphile Verbindungen, die in nichtionische und ionische (kationische,
anionische und amphotere) Tenside unterteilt werden. Je nach Einsatzgebiet werden die Ten-
side auch als oberflachenaktive Verbindungen, Emulgatoren, Solubilisatoren, Schaumstabili-
satoren oder Antischaummittel bezeichnet. Den unpolaren Molekiilanteil stellt meist ein ket-
tenformiger oder zyklischer Kohlenwasserstoff dar, wahrend die hydrophilen Molekiilantei-
le oft Hydroxy-, Sdure- oder Ethylenoxidgruppen darstellen. Aufgrund der amphiphilen
Eigenschaften sind sie in der Lage, sich an der Grenzfliche zweier Phasen anzulagern und
die Grenzflaichenspannung herabzusetzen. Nichtionische Tenside weisen den Vorteil auf,
dass sie pH-unabhdngig eingesetzt werden konnen und im Allgemeinen weniger toxisch

sind als ionische [54].

Der HLB-Wert (HLB = Hydrophilic Lipophilic Balance) dient der Charakterisierung von
nichtionischen Tensiden. Er beschreibt das Verhaltnis von hydrophilem zu lipophilem Anteil
des Molekiils, von dem sich ableiten ldsst, ob es sich um einen O/W- oder W/O-Emulgator
handelt. Hydrophile Tenside, die O/W-Emulsionen bilden, weisen einen HLB-Wert von 8-10
auf. Eine weitere wichtige Kennzahl ist die kritische Mizellbildungskonzentration (CMC =
Critical Micelle Concentration). Die Tensidmolekiile lagern sich zunachst an der Oberfldche
an und liegen einzeln als Monomere im Inneren der Losung vor. Erst oberhalb der CMC fin-

det die Mizellbildung statt.

Im Rahmen der vorliegenden Arbeit wurden drei nichtionische Tenside unterschiedlicher

Struktur hinsichtlich ihrer Stabilitat analytisch untersucht:

Polysorbat 80 (PS 80) gehort zur Gruppe der Polyoxyethylensorbitanfettsaureester und ent-
halt Olsdure als Fettsaurekomponente. Der HLB-Wert betrégt 15. Es ist ein Vertreter der
nichtionischen hydrophilen O/W-Emulgatoren. Orale Lipidformulierungen wie das Immun-
suppressivum Rapamune® (Sirolimus) enthalten Polysorbat 80 als Solubilisator. Ferner
kommt es zur Anwendung in parenteralen Zubereitungen wie Taxotere®, welches das Zyto-

statikum Docetaxel enthalt [72].

Als weiteres nichtionisches Tensid wurde das vielfaltig eingesetzte D-a-Tocopherol Polyethy-

lenglykol (1000) Succinat (TPGS) untersucht. Es wurde in den 50iger Jahren entwickelt und

17



EINLEITUNG UND ZIELSTELLUNG

stellt ein wasserlosliches Vitamin E-Derivat mit einem HLB-Wert von 15 dar. Es weist resorp-
tionsfordernde Eigenschaften auf [73]. Eine in der HIV-Therapie verwendete Lipidformulie-

rung, die TPGS als Solubilisator enthilt, ist Agnerase® (Amprenavir).

Saccharosefettsaureester werden vorwiegend als Lebensmittelzusatzstoffe und auch in der
Kosmetik eingesetzt. Inzwischen erlangen sie immer mehr Bedeutung in der Pharmazie, da
sie geruchs- sowie geschmacksneutral und kaum irritierend fiir Haut und Augen sind. Auf-
grund ihrer natiirlichen Bausteine (Saccharose, Fettsdure) werden sie als geringfiigig toxisch
eingestuft. Dariiber hinaus zeigen sie eine antimikrobielle Wirkung [74]. Es existieren derzeit
noch keine Arzneibuchmonographien, sie sind jedoch bereits registriert in Drug Master Files
(DMF). Untersucht wurde im Rahmen dieser Arbeit das wasserlosliche Saccharoselaurat,
bezeichnet als Surfhope® SE D-1216. Der Buchstabe kennzeichnet die Verwendung (D: mit
DMF Zertifikat), die vorangestellte zweistellige Zahl gibt die Lange der Fettsaure an (12:
Laurinsdure), und die folgende Zahl (16) ist der HLB-Wert der Verbindung.

Marktpraparate, die Saccharosefettsaureester enthalten, sind feste orale Darreichungsformen
wie z.B. Andante® (Bunazosin) und diverse Ibuprofen-Retardpraparate wie z.B. Ibu KD® re-
tard, Esprenit® oder Ibuprofen Stada®. Wasserunldsliche Saccharosefettsaureester kommen

uberdies als Gelbildner zum Einsatz.

Um die Beeinflussung intestinaler Enzyme zu untersuchen, wurden aufierdem Cremo-
phor® EL (Cr EL) und Cremophor® RH 40 (Cr RH 40) aus der Gruppe der Macrogolglycerol-
fettsdureester gewdahlt. Cremophor EL (HLB = 12-14) wird durch die Umsetzung von 35 mol
Ethylenoxid mit einem mol Ricinusol hergestellt und besteht hauptsachlich aus eth-
oxylierten Triglyceriden und einem geringeren Anteil an PEG-Ricinolsdaureestern sowie frei-
em Polyethylenglykol. Cremophor RH 40 (HLB = 14-16) ist ahnlich zusammengesetzt, wird
jedoch durch die Reaktion von 40 mol Ethylenoxid mit einem mol hydriertem Ricinusél er-
halten. Beide Verbindungen kommen in Lipidformulierungen zum Einsatz. Das Immun-
suppressivum Neoral® (Cyclosporin) enthélt Cremophor RH 40, wahrend Norvir® (Ritona-
vir), das bei der HIV-Therapie angewendet wird, Cremophor EL enthalt [75]. Ferner wird
Cremophor EL wie auch Polysorbat 80 als Solubilisator in parenteralen Zytostatika-

Zubereitungen wie Taxol® (Paclitaxel) verwendet.
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4 ZIELSTELLUNG

In der heutigen Arzneimitteltherapie finden vorwiegend orale Darreichungsformen Anwen-
dung, wobei die systemische Verfligbarkeit des Arzneistoffs fiir den Erfolg von entscheiden-
der Bedeutung ist. Die Resorption aus dem Gastrointestinaltrakt hangt nicht nur von den
physikalisch-chemischen Eigenschaften wie Loslichkeit des Wirkstoffs in der gastrointestina-
len Fliissigkeit und seiner Permeabilitdat ab, sondern kann weiterhin infolge von préahepati-
schem Metabolismus und aktiven Transportermechanismen im Diinndarm erheblich ernied-

rigt sein.

Pharmazeutische Hilfsstoffe wie nichtionische Tenside konnen die Bioverfiigbarkeit oral ap-
plizierter Arzneistoffe auf unterschiedliche Weise beeinflussen. Sie kommen mit dem Ziel
der Loslichkeitsverbesserung unter anderem in selbst-emulgierenden Lipidformulierungen
zum Einsatz. Zudem wurde in einer Vielzahl von Studien gezeigt, dass oberflachenaktive
Substanzen den Arzneistoffmetabolismus und -Transport mafigeblich beeinflussen konnen,
womit das Kriterium der pharmakologischen Indifferenz von Hilfsstoffen in vielen Fallen

nicht mehr gegeben ist.

Ziel dieser Arbeit ist, pharmazeutisch genutzte nichtionische Tenside unterschiedlicher
Struktur hinsichtlich ihrer Stabilitdt unter physiologischen Bedingungen zu untersuchen.
Ausgewaidhlt wurden die ethoxylierten Verbindungen Polysorbat 80 und D-a-Tocopherol Po-
lyethylenglykol (1000) Succinat (TPGS) sowie der Saccharosefettsdureester Surfhope® SE
D-1216 (Saccharoselaurat). Fiir die Quantifizierung eines Abbaus und die Identifikation mog-
licher Abbauprodukte ist zunédchst die Entwicklung analytischer Methoden erforderlich. Mit-
tels HPLC (High Performance Liquid Chromatography) soll die Auftrennung der mitunter
sehr heterogen zusammengesetzten Stoffe erfolgen, wiahrend fiir die nicht UV-aktiven Sub-

stanzen eine geeignete Detektionsart gefunden werden muss.

Ein Grofiteil der neuen Arzneistoffe, die mithilfe der Anwendung moderner Screening-
Verfahren, mit denen die pharmakologischen Eigenschaften von Wirkstoffen optimiert wer-
den sollen, entdeckt werden, ist lipophil und schlecht wasserldslich. Daher erlangten neue
Technologien wie selbst-emulgierende Lipidsysteme, die erhebliche Mengen an nichtioni-
schen Tensiden enthalten, in den letzten Jahren immer mehr Bedeutung. Da der Erfolg dieser

Formulierungen mafigeblich vom Ausmafi des Triglyceridabbaus sowie Entstehung und Art
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der Abbauprodukte abhangt, soll der Einfluss dieser grenzflachenaktiven Verbindungen auf
die Aktivitdt der Pankreaslipase, die hauptsachlich fiir die Verdauung von Nahrungsfetten
im Diinndarm verantwortlich ist, untersucht werden. Fiir diese Studien werden die haufig
verwendeten Macrogolglycerolfettsdureester Cremophor® EL und Cremophor® RH 40 hin-
zugezogen. Ein weiteres Ziel der vorliegenden Arbeit ist, die Stabilitat der Tenside selbst ge-
geniiber Pankreasenzymen zu testen. Zu diesem Zweck wird Pankreatin verwendet, welches
ein Extrakt aus der Bauchspeicheldriise von Hausschweinen ist und folglich ein komplexes

Gemisch von Enzymen und Begleitstoffen darstellt.

Da eine Vielzahl von Arzneistoffen dem Phase-I-Metabolismus durch Cytochrom P450 En-
zymen unterliegt, ist eine weitere Aufgabenstellung die Untersuchung des Einflusses der
nichtionischen Tenside auf Cytochrom P450 Enzyme. Die Isoenzyme CYP3A4 und CYP2C9
tragen mafigeblich zum intestinalen Metabolismus bei. Anhand der durch diese Enzyme
katalysierten Hydroxylierung der Modellsubstrate Testosteron und Diclofenac soll das Aus-

maf3 einer moglichen inhibitorischen Wirkung der Tenside ermittelt werden.
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KAPITEL 1

ZUSAMMENFASSUNG

In der folgenden Arbeit wird die Entwicklung einer analytischen Methode fiir Polysorbat 80,
die auf chromatographischer Trennung mittels HPLC (High Performance Liquid Chroma-
tography) basiert, beschrieben. Das nichtionische Tensid zeigt aufgrund des Auftretens von
Strukturisomeren und unterschiedlichen PEG-Kettenldngen eine sehr heterogene Zusam-
mensetzung. Da die Verbindung aufserdem keinerlei Chromophore aufweist, wurde die De-
tektion mit einem Charged Aerosol-Detektor (CAD) sowie einem massenselektiven Detektor
(MSD) angewendet. Es ist der Abbau nach Inkubation in HCI-Losung (pH 1.0) bei 37°C, wo-
durch die physiologischen Bedingungen im Magen dargestellt werden sollen, untersucht

worden. Nach Inkubation bei 37°C in Wasser war kein Abbau nachweisbar.

Anne Christiansen:
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Investigating the stability of the non-ionic surfactant

polysorbate 80 by HPLC-MS and CAD

ABSTRACT

An analytical method using HPLC coupled with a charged aerosol detector (CAD) and a
mass selective detector (MSD) was developed to characterize the non-ionic surfactant poly-
sorbate 80 (PS 80). The molecular structure and heterogeneous composition due to isomers
and various lengths of PEG-chains make it difficult to develop sensitive and specific analyti-
cal methods. Hence, there is lack of knowledge about the stability and grade of impurity of
this compound. Polysorbate 80 does not possess any chromophore, thus UV detection is not
applicable. Therefore, CAD and MSD had been used for determination. The aim of the study
was to characterize polysorbate 80 and to examine the stability at pH 1.0 and 37°C simulating
harsh gastric conditions. It was shown that this surfactant is liable to degradation under
these conditions. Within 8 h monoesters of polysorbate 80 had been hydrolyzed with an ex-
tent of 9.5% (+ 3.0%), whereas incubation in water did not result in any detectable degrada-
tion. Furthermore, we demonstrate that HPLC-MS is a suitable technique to investigate eth-

oxylated compounds like polysorbates.

submitted for publication in European Journal of Pharmaceutical Sciences August 10t 2010
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1 INTRODUCTION

Amphiphilic excipients are commonly applied in order to improve the water solubility of
drug substances and thereby enhance their bioavailability [1]. This is of increasing relevance
as many of the new drugs show poor aqueous solubility which is associated with limited oral
bioavailability [2]. Meanwhile it is increasingly recognized that amphiphilic excipients may
affect the bioavailability of drugs not only by increasing their water solubility by direct solu-
bilization, but also by alteration of the composition of the intestinal milieu which may result
in an alteration of its solubilizing properties [3]. In recent years much attention had been fo-
cused on lipid-based formulations (e.g. lipid suspensions, solutions and emulsions) with
particular emphasis on self-emulsifying drug delivery systems (SEDDS) which are isotropic
mixtures of oils, surfactants, solvents and co-solvents/surfactants [4]. These lipidic formula-
tions and their digestion products form a range of vesicular and micellar species with en-
dogenous bile salts and phospholipids, which leads to an enhanced solubilization capacity
for the API in the intestinal lumen [3]. In any case, formulations of Type II-IV according to
the Lipid Formulation Classification System (LFCS) contain high amounts of non-ionic sur-
factants [5]. Moreover, certain surfactants interfere with cytochrome (CYP) P450 enzymes
which primarily metabolize many hydrophobic drugs, whereas inhibitory interactions can
diminish their degradation [6, 7]. In addition, it was shown in vitro and in vivo that inhibi-
tion of P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) by some non-ionic

surfactants can lead to an increased absorption rate [8, 9].

Excipients are historically considered to be pharmacologically inert and show no effects on
transporters or enzymes. Hence, for a long time formulation developers had focused exclu-
sively on their technological functions such as drug solubilization in case of surfactants and
didn’'t take much account of stability and potential interactions, which also might be as-
signed to degradation products. However, in case of amphiphilic excipients there is at pre-
sent insufficient knowledge about their influence on metabolic enzymes and transporter sys-
tems after oral administration. Particularly, a critical issue is that there is currently also a lack
of studies on their stability under physiologically conditions. Quality specifications of excipi-
ents often differ in their quality requirements for identical compounds although some global
standardized monographs exist [10]. The analytical parameters defined are often not relevant

for formulation development and do not reflect stability indicating criteria. These aspects
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highlight the necessity of attracting notice to the fate of excipients in the gastrointestinal tract
after oral administration. Therefore, analytical methods are required to test their stability
under physiological conditions as well as in presence of digestive enzyme. The identification
of degradation products should also be an objective regarding possible effects on trans-

porters and/or enzymes as well as an influence on the API solubilization.

Amongst others polysorbate 80 (PS 80) is a commonly used non-ionic surfactant which is
specified to be an oleate ester of sorbitol and its anhydrides copolymerized with approxi-
mately 20 moles polyethylene glycol (PEG) for each mole of sorbitol and sorbitol anhydrides
(Fig. 1) (US Pharmacopeia XXXII). Therefore, polysorbate 80 is an exemplar of a polyeth-
oxylated surfactant that is employed in lipid-based formulations, e.g. Rapamune® (sirolimus)
or Gengraf® (cyclosporine), like other polyethoxylated surfactants such as polysorbate 20 and
diverse types of Cremophors. The molecular structure of polysorbate 80 and its heterogene-
ous composition due to isomers, various lengths of PEG-chains, and impurities make it diffi-
cult and complex to develop sensitive and specific analytical methods. Hence, there is mar-

ginal literature about data concerning stability, composition and purity of polysorbate 80.

0 AomJo, _of o
ne

Figure 1: Molecular structure of polysorbate 80 (w + x +y + z = 20).

For quantification it has been previously suggested to perform derivatization in order to
transform the non-absorbing into a chromophoric compound which can be analyzed using
UV detection. Heinig et al. reported derivatization with phenyl isocyanate [11]. A further
method for the quantification of polysorbate 80 has been developed by Hu et al. which
requires saponification with dilute potassium hydroxide and subsequent determination of
the released oleic acid with HPLC-UV at 210 nm [12]. The European Pharmacopeia 6.6

recommends the determination of the composition of the fatty acid fraction after
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saponification as well (European Pharmacopoeia, 2010). However, with knowledge of the
heterogeneity of this surfactant and the presence of impurities, it is obvious that these me-
thods are not sufficient for an exact quantification and characterization of this complex ex-

cipient and specific methods are required.

The purpose of this study was to develop a suitable HPLC method to characterize polysor-
bate 80 and to investigate the degradation at pH 1.0 and 37°C simulating harsh gastric condi-
tions. Due to the lack of chromophores analyzes were performed with HPLC coupled to a
charged aerosol detector (CAD) and a mass selective detector (MSD). The CAD generates a
universal response for non-volatile compounds by detecting charged aerosol particles and

measuring the current from the charged particle flux.

2 MATERIALS AND METHODS

2.1 CHEMICALS AND REAGENTS

Polysorbate 80 (HX)™ was purchased from NOF Corporations (Tokyo, Japan). Acetonitrile
(ACN) gradient grade was purchased from Merck (Darmstadt, Germany). The HPLC grade

water was prepared from deionized water with a Millipore system (Milli-Q).

2.2 INSTRUMENTATION AND PARAMETERS

The chromatographic system was a HP 1100 series from Agilent Technologies (Waldbronn,
Germany) equipped with degasser, binary gradient pump, and tempered autosampler. It was
controlled by ChemStation™ software. Moreover it was coupled to a charged aerosol detec-
tor (Corona™ CAD) from ESA Biosciences (Chelmsford, USA) and a single quadruopole
mass selective detector (MSD), which also belongs to the HP 1100 series from Agilent Tech-
nologies. The ionization mode was atmospheric pressure chemical ionization (APCI) and
analysis was performed in the positive ion mode. Gas temperature was set to 250°C and the
vaporizer had a temperature of 300°C. Drying gas flow rate was 12.0 I/min and nebulizing
gas pressure was set to 35 psi. Capillary voltage was 4200 V, corona current was set to 5.0 uA,

and the optimal fragmentor voltage was 140 V. Total ion chromatograms (TIC) were obtained
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in order to assess the whole spectrum of molecular weights of the structures which are pre-
sent in a sample of polysorbate 80. For quantification chromatograms were acquired in the
selected ion mode (SIM): m/z 808, 852, 896, 940, 984 and 1028, because these ions appear to be
the protonated compounds which prevalently occur in the sample. The CAD parameters

were set to the nitrogen pressure of 35 psi and the sensitivity of 100 pA.

2.3 HPLC CONDITIONS

Separation was carried out on a Zorbax SB-Aq C18 (3.5 um; 2.1 x 100 mm) from Agilent
Technologies (Waldbronn, Germany). Flow rate and temperature were in case of detection
with the CAD 1.0 ml/min and 50°C. With use of the MSD it was set to 0.8 ml/min at 35°C. An
acetonitrile-water gradient was used as mobile phase increasing linearly from 15% ACN to
60% within 7.5 min, staying isocratic for 2.5 min and increasing again up to 93% ACN within

3 min, where it was kept isocratic for 6 min.

2.4 SAMPLE PREPARATION

By means of an ultrasonic bath polysorbate 80 was solved in water and hydrochloric acid
solution (pH 1.0) for the incubation studies, respectively. In the incubation study the result-

ing concentration was 0.05 mg/ml.

In order to generate a calibration curve polysorbate 80 had been solved in water, and solu-

tions with the concentrations 0.01, 0.03, 0.05 and 0.07 mg/ml were prepared.

2.5 INCUBATION STUDIES

The sample solutions were incubated in tempered glass vessels at 37°C for 8 h and under
stirring. At the beginning of the incubation and after 2, 4, 6 and 8 h samples were taken and

transferred into HPLC vials for analysis. 50 pl of the sample were injected into the HPLC.
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3 RESULTS

In Figure 2 a chromatogram as acquired after injection of 1 ug polysorbate 80 (PS 80) ob-
tained with the CAD is shown. Three groups of peaks can be identified which are eluted at
different percentages of ACN in the mobile phase. They are derived from three groups of
structurally similar compounds which can not be completely separated. At the beginning
non-esterified hydrophilic components are eluted. At higher percentage of organic solvent
first mono-esterified (60% ACN) followed by more lipophilic di-esterified PEG sorbitans
(93% ACN) are eluted.

93% ACN

60% ACN

|
2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
Minutes

Figure 2: Chromatogram obtained with the CAD of 1 ug polysorbate 80 dissolved in water.

In the total ion chromatogram (TIC) of a sample of polysorbate 80 peaks are not separated,
therefore it can only be differentiated between the peak groups of mono- and dioleates
eluted at 60% and 93% ACN, respectively (data not shown). Figure 3 shows the mass spectral
data of the overall peaks which are eluted at a percentage of 60% ACN and this way illu-
strates the heterogeneity of components. Overlaying series of masses with the difference of
one PEG monomer (m/z 44) are revealed, from which one appears to be the main serial (m/z
676, 720, 764, 808, 852, 896, 940, 984, 1028, 1072, 1116). These molecular weights originate
from protonated polyethylene glycol (PEG) isosorbide monooleates with the number of

6-16 PEG monomers. A second serial of peaks with high intensity is derived from protonated
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PEG monooleates missing the sorbitol component with the number of 9-17 PEG monomers

(m/z 680, 724, 768, 812, 856, 900, 944, 988, 1032). The small peaks (m/z 825, 869, 913, 957) origi-

nate from PEG sorbitan monooleates with the number of 10-13 PEG monomers.
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Figure 3: Mass spectral data of the peak group of polysorbate 80 monoesters eluted at a percentage

of 60% ACN.

The protonated ions were detected which then are one mass unit higher than the molecular
weight of the original structures. Therefore, they correspond to the main compounds with
the MW of 675, 719, 763, 807, 851, 897, 939, 1027, 1071 and 1115 g/mol which are PEG
isosorbide monoesters with the number of 6-16 PEG monomers. The second serial of
masses with high intensity is derived from protonated PEG monooleates with the number
of 9-17 PEG monomers (m/z 680, 724, 768, 812, 856, 900, 944, 988, 1032). Ions are observed in
two series: the ions of one series have exclusively 12C carbon isotopes, and ions of the se-
cond series show one 13C carbon isotope.

The spectral data of the overall peaks which are eluted at a percentage of 93% ACN is pre-

sented in Figure 4. The main ions are protonated PEG isosorbide dioleates with the number

of 6-14 PEG monomers (m/z 940, 984, 1028, 1072, 1116, 1160, 1204, 1248, 1292). A second serial

of ions is derived from PEG dioleates with the number of PEG monomers of 9-16 (m/z 944,

988, 1032, 1076, 1120, 1164, 1208, 1252). In all spectra ions are observed in two series: the ions
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of one series have exclusively 12C carbon isotopes, and ions of the second series show one *C

carbon isotope.
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Figure 4: Mass spectral data of the peak group of polysorbate 80 diesters eluted at a percentage of
93% ACN.
Mainly PEG isosorbide diesters the number of 6-14 PEG monomers are detected (m/z 940,
984, 1028, 1072, 1116, 1160, 1204, 1248, 1292). A second serial of ions is derived from PEG
dioleates with the number of PEG monomers of 9-16 (m/z 944, 988, 1032, 1076, 1120, 1164,
1208, 1252).

Figure 5 shows the protonated masses (m/z 808, 852, 896, 940, 984, 1028 and 869, 913, 957,
1001) which are revealed at the retention time of 9.3 min, at which the peak of the highest
intensity in the CAD chromatogram (Fig. 2) is eluted. Table 1 shows theoretically possible
structures of the main serial which represent the detected molecular weights (MW). Because
these masses eluted at 60% ACN also appear to be the most frequently ones in the TIC, poly-
ethylene glycol isosorbide monooleates with the number of 9-14 PEG monomers are identi-

fied to be the lead structures in this sample of polysorbate 80. The second serial (m/z 869,
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913, 957, 1001) which is eluted with a percentage of 60% ACN is obtained from protonated

PEG sorbitan monooleates with the number of 10-13 PEG monomers.
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Figure 5: Mass spectral data of the main peak in the CAD chromatogram of polysorbate 80 mono-
esters at t = 9.3 min.
The detected masses originate from PEG monooleates with the number of 9-14 PEG
monomers (m/z 808, 852, 896, 940, 1028). The second serial (m/z 869, 913, 957, 1001) is ob-
tained from protonated PEG sorbitan monooleates with the number of 10-13 PEG mono-
mers (m/z 869, 913, 957, 1001).

Setting up the protonated masses of PEG isosorbide monooleates (1m/z 808, 852, 896, 940, 984,
1028), chromatograms of 2.5 ug PS 80 in the selected ion mode (SIM) were measured with the
MSD (Fig. 6). Most of the ions with these molecular weights are eluted with a percentage of
60% ACN which can be related to the PEG isosorbide monooleates. Small amounts of hydro-
philic PEG isosorbides with 15-20 PEG monomers (t =3.0-3.7 min) and PEG isosorbide di-

oleates with 3-8 PEG monomers (t = 14.7 min) are also observable in the sample.
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Figure 6: Chromatogram of polysorbate 80 obtained in the selected ion mode (SIM) analyzing the
second peak of monooleates: m/z 808, 852, 896, 940 and 1028.

From measurements in the single ion mode a calibration curve generated from 4 points could
be plotted by analyzing the peak of monooleates (data not shown). In the range of
0.01-0.07 mg/ml it provided linearity with a correlation coefficient of 0.9998. Repeatability
(5 injections) resulted in a variation coefficient of 2.6% (2.5 ug PS 80) and 3.6% (5 ug PS 80)
(data not shown). For all tests water had been used for preparing the standard solutions. In

order to analyze a sample the calibration curve has to be generated with the same batch of

the compound.
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Figure 7: Degradation of polysorbate monoesters in HCl pH 1.0 at 37°C (mean + SD, n = 6).
Concentration of the test solution was 0.05 mg/ml.
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With this analytical method the degradation of polysorbate 80 in HCl pH 1.0 at 37°C was
measured in comparison to incubation in water (Fig. 7). PEG (9-14) isosorbide monooleate
which was found prevalently in the sample had been hydrolyzed to an extent of 9.5%
(£ 3.0%) within 8 h. Within 4 h minor decomposition of 3.8% (+2.7%) proceeded. Incubation

of polysorbate 80 in water did not result in any detectable degradation.

Table 1: Theoretically possible structures which possess the molecular weights (MW) with high
intensity in the mass spectrum of polysorbate 80.

MW compound

807 PEG (9) isosorbide monooleate

851 PEG (10) isosorbide monooleate
897 PEG (11) isosorbide monooleate
939 PEG (12) isosorbide monooleate
983 PEG (13) isosorbide monooleate

1027 PEG (14) isosorbide monooleate

807 PEG (3) isosorbide dioleate
851 PEG (4) isosorbide dioleate
897 PEG (5) isosorbide dioleate
939 PEG (6) isosorbide dioleate
983 PEG (7) isosorbide dioleate
1027 PEG (8) isosorbide dioleate

807 PEG (15) isosorbide
851 PEG (16) isosorbide
897 PEG (17) isosorbide
939 PEG (18) isosorbide
983 PEG (19) isosorbide
1027 PEG (20) isosorbide

4 DISCUSSION

In this study the ultra-pure Polysorbate 80 (HX)™ manufactured by NOF Corporation (To-
kyo, Japan) was used with an oleic acid content of more than 99%. It is specified to be highly
stable, colourless and odourless, and to contain low amounts of impurities due to an up-

graded ethoxylation technology and purification technique of oleic acid [13]. The European
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Pharmacopoeia 6.6 requires for polysorbate 80 a minimum content of 58.0% of oleic acid and
certain amounts of other fatty acids (e.g. maximum 18% linoleic and 16% palmitic acid) are
tolerated (European Pharmacopoeia, 2010). Mass spectral data confirms that the main fatty
acid present in the purified compound obtained from NOF actually is oleic acid. Otherwise,
more different series of ethoxylated compounds would have been detected due to the diffe-
rent molecular weights of the other potential fatty acid components. Though, all main series
can be related to esters of oleic acid, but an exact quantification of the percentage is not pos-

sible with this method.

However, it is revealed in the chromatogram (Fig. 2) that the purified product also shows a
quite heterogeneous composition. This is in good agreement with the observation of Ayo-
rinde et al. obtained by matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF) mass spectrometry. They suggest that polysorbate 80 is a complex mixture of oligomers
including polyethylene glycol (PEG), sorbitan polyethoxylates, isosorbide polyethoxylates,
sorbitan polyethoxylate mono- and diesters, and isosorbide polyethoxylate mono- and di-
esters, all of them with different length of PEG-chains. Thus, not all species contain a fatty
acid at all. The complexities of the spectra are related to the fatty acid composition that had
been used in the manufacturing process [14, 15]. Other studies yielded that the same pro-
ducts differ between suppliers and even from batch to batch in terms of proportions of dif-
ferent fatty acids, sorbitol species, and amount of PEG mono-, di- and non-esterified compo-
nents [16, 17]. Wuelfing et al. investigated UV/Vis spectral characteristics for a series of
commercially available sources of polysorbate 80. Theoretically it is a fully saturated mole-
cule with only one carbon-carbon double bond, an alkyl ester group, and polyethylene glycol
chains, accordingly absorbance at wavelengths not exceeding 210 nm should be expected.
They suggest that absorption at higher wavelengths (220-340 nm), which appear with differ-
ent molar absorptivity constants (¢) in all tested products from different vendors, are attrib-
utable to impurities. Only the spectra of the purified product from NOF Corporation nearly
show the proposed characteristics [18]. Therefore, it is likely that the higher wavelength ab-
sorbance results from extended m-conjugation in fatty acid impurities. For this reason UV
detection is precluded when investigating polysorbate 80, because detection would base

upon the impurities and not the original compound.
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In case of using HPLC-CAD for analysis, components are roughly separated by their differ-
ent grades of esterification, but total separation and identification is not feasible with this
universal detection method (Fig. 2). Furthermore, quantification is critical when a gradient is
used as mobile phase. A CAD possesses a response which is independent of chemical proper-
ties of the analytes, but it depends on the percentage of organic solvent in the mobile phase
due to changes in viscosity and therefore droplet size [19]. Accordingly, the amount of di-
esters in the sample might be overestimated and can not be compared to the amount of
monoesters. Hence, the fraction of diester components is not as big as it appears in the CAD

chromatogram.

Here, we employed chromatograms that were obtained in the selected ion mode (SIM) of the
lead structures of heterogeneous compounds like polyethoxylated surfactants for the quanti-
fication of decomposition. Prerequisite is prior identification of the lead structures of the eth-
oxylated compound when applying this method. Therefore, total ion chromatograms (TIC)
of every product from different vendors or even every batch have to be recorded in order to
discover the compounds which prevalently occur in the sample. In case of this compound
(Polysorbate 80 (HX)™ obtained from NOF Corporation) the main compounds appear to be
polyethylene glycol isosorbide monooleates with the number of 9-14 PEG monomers. Inter-
estingly, no structures of this complex compound feature w + x + y + z=20 PEG monomers

like it is declared in monographs and specifications.

However, the degradation of polysorbate 80 due to hydrolysis in acidic medium does not
appear to be significant, since the gastric residence period is usually lower. In case of single
unit dosage forms it depends on the food intake. Compared to the fasting state, the gastric
residence of solids is prolonged in the fed state and also is also controlled by mass and qua-
lity of the food [20]. Length of time uncommonly exceeds 4 h and rarely reaches 8 h, fur-
thermore in case of fluids and smaller particles the gastric residence is much shorter [21].
Nevertheless, future work is required to investigate the stability of polysorbate 80 in pre-
sence of digestive enzymes like pancreatic lipase which physiologically hydrolyzes glycerol

fatty acid esters in the small intestine.
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5 CONCLUSION

With this work we have been able to propose an analytical method for stability testing,
which allows a specific detection of the degradation of the non-ionic surfactant polysor-
bate 80. Moreover, we presume that the developed method can be used for the stability te-
sting of this excipient in the presence of metabolic and digestive enzymes and might thereby
be used to assess the potential for interactions with metabolic enzymes and transporters in
the gastrointestinal tract. Applying this method during formulation development of SEDDS
might disclose stability issues and thus support identification of relevant formulation pa-
rameters. Furthermore, the developed MS detection method can be assigned to other ethoxy-
lated surfactants like further species of polysorbate such as Tween® 20 or polyethoxylated

alcohols (Brij®).
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KAPITEL 2

ZUSAMMENFASSUNG

In Kapitel 2 werden analytische Methoden, beruhend auf der Trennung mittels HPLC, fiir
TPGS und Saccharoselaurat beschrieben. Im Fall von TPGS kann UV-Detektion angewendet
werden, da das Molekiil ein Chromophor aufweist. Es ist der Abbau nach Inkubation in HCI-
Losung (pH 1.0) bei 37°C, wodurch die physiologischen Bedingungen im Magen dargestellt
werden sollen, untersucht worden. Durch Hydrolyse der Esterbindung zwischen der PEG-
Kette und D-a-Tocopherol Succinat ist TPGS geringfiigig abgebaut worden. D-a-Tocopherol
Succinat konnte mithilfe massenspektrometrischer Daten als Abbauprodukt identifiziert
werden. Saccharoselaurat unterlag einem starken Abbau von iiber 50% durch die hydrolyti-
sche Spaltung der Glykosidbindung im sauren Medium, wahrend sich die Verbindung in
Wasser stabil zeigte. Die Detektion erfolgte hierbei mangels UV-aktiver Strukturen im Mole-

kil mit einem Charged Aerosol-Detektor sowie mit einem massenselektiven Detektor.
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Investigating the stability of the nonionic surfactants
tocopheryl polyethylene glycol succinate and sucrose laurate

by HPLC-MS, DAD and CAD

ABSTRACT

HPLC methods using a charged aerosol detector (CAD), mass selective detector (MSD), and
a diode array detector (DAD) were developed to characterize the nonionic surfactants
D-a-tocopheryl polyethylene glycol (1000) succinate (TPGS), and Surfhope® sugar ester
D-1216 (sucrose laurate). Their molecular structure and heterogeneous composition due to
isomers and various lengths of PEG-chains make it difficult to develop sensitive and specific
analytical methods. Hence, there is lack of knowledge about the stability and grade of impu-
rity of these compounds. Sucrose laurate does not possess any chromophore, thus UV detec-
tion is not applicable. Therefore, CAD and MSD had been used for determination. The aim of
the study was to characterize these nonionic surfactants and to examine their stability at pH
1.0 and 37°C simulating harsh gastric conditions. It was shown that both compounds are
liable to degradation under these conditions. Sucrose monolaurate exhibit a massive degra-
dation within 8 h incubation due to cleavage of the glycosidic bondage. About 50% of su-
crose monolaurate broke down, whereas a marginal amount of 3.4% (+ 0.4%) of TPGS de-

graded into D-a-tocopheryl succinate and its associated PEG-chain.

accepted for publication in Journal of Pharmaceutical Sciences July 5% 2010
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1 INTRODUCTION

Many of the new drug entities are lipophilic and show poor aqueous solubility and therefore
limited oral bioavailability [1]. Solubilizing agents are commonly applied to improve the
water solubility of active pharmaceutical ingredients (API) and thus possibly enhance their
bioavailability [2]. However, many amphiphilic excipients have been reported to affect bio-
availability of APIs by different mechanisms. Besides the solubilization of poorly water solu-
ble drugs, they can also alter the composition and character of the intestinal milieu [3]. In re-
cent years much attention had been focused on lipid-based formulations (e.g. lipid suspen-
sions, solutions and emulsions) with particular emphasis on self-emulsifying drug delivery
systems (SEDDS) which are isotropic mixtures of oils, surfactants, solvents and co-solvents/
surfactants [4]. These lipidic formulations and their digestion products form a range of ve-
sicular and micellar species with endogenous bile salts and phospholipids which leads to an
enhanced solubilization capacity for the API in the intestinal lumen [3]. In any case, formula-
tions of Type II-IV according to the Lipid Formulation Classification System (LFCS) contain
high amounts of non-ionic surfactants [5]. Moreover, certain surfactants interfere with cyto-
chrome (CYP) P450 enzymes which primarily metabolize many hydrophobic drugs, whereas
inhibitory interactions can diminish their degradation [6, 7]. In addition, it was shown in
vitro and in vivo that inhibition of P-glycoprotein (P-gp) and breast cancer resistance protein

(BCRP) by some nonionic surfactants can lead to an increased absorption rate [8, 9].

Excipients are historically considered to be pharmacologically inert and show no effects on
transporters or enzymes. Hence, for a long time formulation developers had focused exclu-
sively on their technological functions such as drug solubilization in case of surfactants and
did not take much account of stability and potential interactions which also might be as-
signed to degradation products. However, in case of amphiphilic excipients there is at pre-
sent insufficient knowledge about their influence on metabolic enzymes and transporters
systems after oral administration. Particularly, a critical issue is that there is currently also a
lack of studies on their stability under physiologically conditions. Quality specifications of
excipients often differ in their quality requirements for identical compounds although some
global standar-dized monographs exist [10]. The analytical parameters defined are often not

relevant for formulation development and do not reflect stability indicating criteria.
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These aspects highlight the necessity of attracting notice to the fate of excipients in the gas-
trointestinal tract after oral administration. Therefore, analytical methods are required to test
their stability under physiological conditions as well as in presence of digestive enzyme. The
identification of degradation products should also be an objective regarding possible effects

on transporters and/or enzymes as well as an influence on the API solubilization.

For our study we chose two structurally different nonionic surfactants which are commonly
used in pharmaceutical industry. D-a-tocopheryl polyethylene glycol (1000) succinate (TPGS)
is a mixture formed by the esterification of D-a-tocopheryl acid succinate and polyethylene
glycol (US Pharmacopeia XXXII) and therefore an exemplar of a polyethoxylated surfactant
(Fig. 1A). TPGS is employed in lipid-based formulations, e.g. Agnerase® (Amprenavir), like
many other polyethoxylated nonionic surfactants such as polysorbates and divers types of
Cremophor [11]. Surfhope® sugar esters are multifunctional emulsifiers which have drug
master files and are synthesized by esterification of fatty acids or natural glycerides with
sucrose (Fig. 1B) [12]. The Surfhope® sugar ester D-1216 is produced by esterification using
the methyl ester of lauric acid obtaining sucrose laurate. Accordingly, the formation of eight
regioisomers is in principle possible. The molecular structures of these surfactants and their
heterogeneous compositions due to isomers, various lengths of PEG-chains, and impurities
make it difficult and complex to develop sensitive and specific analytical methods. Hence,
there is marginal literature about data concerning stability, composition and purity of TPGS

and sucrose laurate.

W
e I
H o]

Figure 1: (A) Molecular structure of D-a-tocopheryl polyethylene glycol (1000) succinate (TPGS)
and (B) sucrose laurate.
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The purpose of this study was to develop suitable HPLC methods to characterize these com-
pounds and to investigate their degradation at pH 1.0 and 37°C simulating harsh gastric
conditions. Due to the lack of chromophores in case of sucrose laurate analyzes were per-
formed with HPLC coupled to a charged aerosol detector (CAD) and a mass selective detec-
tor (MSD). The CAD generates a universal response for non-volatile compounds by detecting
charged aerosol particles and measuring the current from the charged particle flux. UV de-

tection could be applied to TPGS analysis.

2 MATERIALS AND METHODS

2.1 CHEMICALS AND REAGENTS

D-a-tocopherol polyethylene glycol (1000) succinate (TPGS) was provided by Eastman
Chemical Company (Kingsport, USA) and Surthope® Sugar Ester D-1216 (sucrose laurate)
was donated by Mitsubishi-Kagaku Foods Corporation (Tokyo, Japan). D-a-tocopherol suc-
cinate was obtained from Sigma-Aldrich Chemie GmbH (Buchs, Switzerland). Acetonitrile
(ACN) gradient grade was purchased from Merck (Darmstadt, Germany). The HPLC grade

water was prepared from deionized water with a Millipore system (Milli-Q).

2.2 INSTRUMENTATION AND PARAMETERS

The chromatographic system was a HP 1100 series from Agilent Technologies (Waldbronn,
Germany) equipped with degasser, binary gradient pump, tempered autosampler, and diode
array detector (DAD). It was controlled by ChemStation™ software. Moreover it was coupled
to a charged aerosol detector (Corona™ CAD) from ESA Biosciences (Chelmsford, USA) and
a single quadruopole mass selective detector (MSD), which also belongs to the HP 1100 series

from Agilent Technologies.

TPGS. Chromatograms were obtained with a DAD detector at 285 nm. MS-parameter: Total
ion chromatograms (TICs) were obtained by electrospray ionization in the positive ion mode.

Gas temperature was set to 350°C. Drying gas flow rate was 12.0 I/min and nebulizing gas
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pressure was 35 psi. Capillary voltage was set to 3000 V, whereas the optimal fragmentor

voltage was 70 V.

Sucrose laurate. CAD parameter: The nitrogen pressure was 35 psi and the sensitivity 100 pA.
MS parameter: Experiments were performed with electrospray ionization in the positive ion
mode. Gas temperature was set to 250°C. Drying gas flow rate was 12.0 I/min and nebulizing
gas pressure was 35 psi. Capillary voltage was set to 4000 V, whereas the optimal fragmentor
voltage was 140 V. For quantification chromatograms were obtained in the selected ion mode
detecting ions with m/z 542, 547 and 563, because these ions appear to be the adducts (built
with Na*, K* or NHs*) which prevalently occur in the sample. Furthermore, ions with m/z 345,
380 and 385 were determined which were found to be the resulting ions of the degradation

products.

2.3 HPLC CONDITIONS

TPGS. A reversed-phase column Sunfire™ C8 (3.5 um; 2.1 x 50 mm) from Waters (Milford,
USA) was used. Flow rate and temperature were set to 1.0 ml/min and 35°C. The initial ace-
tonitrile concentration was 75% and increased to 100% within 5 min, where it was kept iso-

cratic for 5 min.

Sucrose laurate. Separation was performed on a Sunfire™ C8 (3.5 um; 2.1 x 50 mm) purchased
from Waters. Flow rate and temperature were in case of detection with the CAD 1.0 ml/min
and 35°C. An acetonitrile-water gradient increased from 30% ACN to 100% within 10 min
and stayed isocratic for 3 min. With use of the MSD a lower flow rate of 0.6 ml/min was set.
Gradient was running from 30% ACN to 40% within 2 min and stayed isocratic for 4 min.
Then the content of ACN in the eluent increased up to 100% ACN within 1 min and stayed

isocratic for 3 min.

2.4 SAMPLE PREPARATION

By means of an ultrasonic bath TPGS and sucrose laurate were dissolved in water and hydro-
chloric acid solution (pH 1.0) for the incubation studies, respectively. The resulting concen-

trations were 0.15 mg/ml in case of TPGS and 0.19 mg/ml in case of sucrose laurate.
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2.5 INCUBATION STUDIES

The sample solutions were incubated in tempered glass vessels at 37°C for 8 h and under
stirring. At the beginning of the incubation and after 1, 2, 3, 4, 6 and 8 h samples were taken
and transferred into HPLC vials for analysis. 15 pl of the sample were injected in case of both

samples.

3 RESULTS

3.1 TPGS

In Figure 2 a chromatogram obtained after injection of 2.25 ug TPGS and detected at 285 nm
is shown. TPGS monoesters are eluted first. They result in a broad peak due to insufficiently

separated compounds with different lengths of PEG-chains.

TPGS monoester

e

TPGS diester

|

D-a-tocopherol

|

10 20 3.0 40 5.0 6.0 7.0 8.0
Minutes

Figure 2: Chromatogram of 2.25 ug TPGS dissolved in water obtained with a DAD at 285 nm.

This is confirmed by the mass spectrum which shows several masses with the difference of
one PEG monomer (m/z 44) (Fig. 3). The protonated ions were detected which then are one
mass unit higher than the molecular weight of the original structures. Ions are observed in
two series: the ions of one series have exclusively 2C carbon isotopes, and ions of the second

series show one ®C carbon isotope. Therefore, the main components in the sample are TPGS
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monoesters with the number of 16-21 PEG monomers (m/z 1236, 1280, 1324, 1368, 1412, 1456

and 1500).
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Figure 3: Mass spectral data of the main peak of TPGS monoesters at t = 2.2 min.
The protonated ions were detected which then are one mass unit higher than the molecular
weight of the original structures. Therefore, they correspond to the main compounds with
the MW of 1236, 1280, 1324, 1368, 1412, 1456 and 1500 g/mol. lons are observed in two se-
ries: the ions of one series have exclusively 2C carbon isotopes, and ions of the second se-
ries show one *C carbon isotope.

A small amount of free D-a-tocopherol is found in the sample revealed by the extracted ion
chromatogram (EIC) of m/z 430:431 which represents the molecular weight of D-a-tocopherol
(Fig. 4). At higher retention time the more lipophilic diesters are eluted, which are contained
to a lesser extent in the sample than the monoesters (Fig. 2). Diesters are composed of two
molecules of the lipophilic component D-a-tocopherol which offers a long non-polar alkyl
chain, whereas hydrophilic PEG and succinic acid function as the linker. Hence, diesters are

retained to a greater extent on a C18 column.
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Figure 4: (A) Chromatogram of TPGS obtained at 285 nm and (B) an extracted ion chromatogram
(EIC 430:431) from a TIC (total ion chromatogram).

During the incubation of TPGS in HCl pH 1.0 at 37°C, a degradation product is formed

which is more hydrophilic than tocopherol (Fig. 5).

Minutes

2.0 3.0 40 5.0 6.0 7.0
Minutes

Figure 5: Chromatograms of TPGS obtained within 0, 2, 4 and 8 h incubation in HCl pH 1.0 at
37°C.
Increase of the degradation product D-a-tocopherol succinate (solid line: 0 h, dotted line:
2 h, dashed line: 4 h, dashed dotted line: 8 h).
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The EIC of m/z 531:532 shows that D-a-tocopherol succinate (MW = 531 g/mol) increases,
indicating that hydrolysis of the ester bond between the PEG-chain and succinic acid has

occurred (Fig. 6).

mAU

5 A (285 nm)

80000

] B (EIC 531:532)
60000 —

40000 |

20000

Figure 6: (A) Chromatogram of TPGS incubated (t = 8 h) in HCI pH 1.0 at 37°C obtained with DAD
and (B) the extracted ion chromatogram (EIC m/z 531:532).

Based on the assumption that only monoesters are present it can be calculated that 3.4%
(£ 0.4%) of the TPGS degraded into tocopheryl succinate and its associated PEG-chain within
8 h. As the amount of free tocopherol remained constant it can be concluded that the ester

bond between D-a-tocopherol and succinic acid is stable under these conditions.

3.2 SUCROSE LAURATE

In Figure 7 a chromatogram obtained with the CAD after injection of 2.85 ug sucrose laurate
is shown. The first peak group (2.2-3.1 min) consists of eight partially overlapping peaks ori-
ginated from eight possible regioisomers of sucrose monolaurate. With a higher percentage
of ACN in the mobile phase diesters, and with 100% ACN a small amount of lipophilic tri-
and polyesters of sucrose laurate, are eluted. The manufacturer specifies an amount of

14-15% sucrose dilaurate and less than 3% tri- and higher laurate.
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Figure 7: Chromatograms obtained with the CAD of 2.85 ug sucrose laurate dissolved in water.

During incubation in HCI pH 1.0 at 37°C a progressing hydrolysis of sucrose monoesters is
observed (Fig. 8A). The hydrolysis results in the formation of less hydrophilic products
(t=>3.1min) which are to a small extent already present in the sample before incubation

(Fig. 8B).

Figure 8: Alteration of the peak group of sucrose monolaurate
isomers in the chromatogram obtained with the CAD
(total injected mass 2.85 ug) after incubation in water
) (solid line) and HCl pH 1.0 at 37°C for 8 h (dashed
\ line).

20 3o 40
Minutes
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Figure 9: Temporal course of the decrease of sucrose monolaurate monoesters after incubation in
HCI pH 1.0 at 37°C (means and standard deviations, n = 3).

When obtaining mass spectral data, sucrose monolaurate isomers show masses of m/z 542,
547 and 563 (Fig 10A). The degradation products possess lower masses of m/z 345, 380 and
385 (Fig. 10B).

100 ] 547.3
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548.3
543.3

20 563.3
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540 550 560 m/z
1 380.3
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40 4 345.2

385.2

b 381.3
20+

46.3
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Figure 10: (A) Mass spectral data of sucrose monolaurate isomers (m/z 542, 547, 563) and (B) the
degradation products (m/z 345, 380, 385).
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In Figure 11 chromatograms of sucrose laurate recorded with MSD in the selected ion mode
(SIM) are shown. Sucrose monolaurate exhibit a massive decomposition within 8 h incuba-
tion (Fig. 11A), whereas the amount of the more hydrophilic degradation product exten-

sively increases (Fig. 11B).
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Figure 11: Chromatogram of sucrose monolaurate obtained in the selected ion mode (SIM).
Degradation of sucrose monolaurate isomers m/z 542, 547 and 563 within 8 h incubation
in HCl pH 1.0 at 37°C (A); Increase of the degradation products m/z 345, 380, 385 within
8 h incubation (B).

Via obtaining chromatograms with the CAD at incubation times of 0, 1, 2, 3, 4, 6 and 8 h the
extent of decomposition has been determined. The peak area of sucrose monolaurate isomers
at t =0 min was set to be 100% (Fig. 8A). By this means a decrease of more than 50% of su-
crose monolaurate was determined within 8 h (Fig. 9). Di- and polyesters of sucrose are not

affected to a relevant extent during incubation in HCI pH 1.0 at 37°C (data not shown).
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4 DISCUSSION

41 TPGS

The United States Pharmacopeia XXXII specifies that the ester mixture primarily consists of
the mono-esterified polyethylene glycol and a small amount of di-esterified polyethylene
glycol. Our results confirm the definition of TPGS due to the second broad peak which is
eluted with 100% ACN (6.5-7.2 min). The manufacturer reports that TPGS is essentially sta-
ble in aqueous media incubated at 40°C. In buffered solutions of pH 7.0 TPGS exhibits no
degradation after 30 days and less than 10% hydrolysis during three months, respectively
[13]. However, in a solution of pH 1.2 after 30 days a massive degradation has been observed
[13]. Our findings, which indicate that TPGS is stable for at least 8 h in neutral aqueous solu-

tion but is hydrolyzed at pH 1.0, are in good accordance with the observations of Wu et al.

The chromatogram of TPGS obtained by UV-detection (Fig. 2) reveals that the amount of
TPGS diester in the original product is relatively high. We expect that the ester groups of
diesters are susceptible to hydrolysis in acidic medium to an equal extent such as mono-
esters. Accordingly, decomposition of TPGS diesters also occurs which results in the forma-
tion of D-a-tocopherol succinate and the corresponding monoester. Subsequently, these mo-
noesters can also be degraded into D-a-tocopherol succinate and the associated PEG chain.
Therefore, the extent of formation of the degradation product D-a-tocopherol succinate indi-
cates only the extent of cleavage of all available ester groups which also includes TPGS di-

esters.

In literature other analytical methods to determine the degradation product D-a-tocopherol
succinate are described. An HPLC method for the determination of D-a-tocopherol succinate
and derivatives using UV detection at 205 nm has been depicted which leads to less specifi-
city [14]. Fluorometric detection has been reported to be a further sensitive and specific de-
tection technique for D-a-tocopherol and the ether analog D-a-tocopheryloxybutyric acid
[15, 16]. However, different excitation and emission wave lengths have been used for the de-
tection of tocopherols by HPLC methods, but ester analogs like tocopherol succinate and
tocopherol acetate do not exhibit fluorescence [15]. It is not known whether tocopherol ethers
like D-a-tocopheryloxybutyric acid retain the fluorescent properties of unesterified toco-

pherol, but these findings of Tirmenstein et al. are consistent with our results, since we also
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could not assess any fluorescent properties in case of the polyethoxylated D-a-tocopherol

ester TPGS.

We conclude that our method using UV detection at 285 nm is an appropriate method to de-
termine degradation products of TPGS. Both tocopherol succinate and tocopherol feature
chromophores due to the aromatic hydrocarbon which allow UV detection. Moreover, the

substances are available as reference standards for calibration.

4.2 SUCROSE LAURATE

HPLC chromatography coupled to electrospray ionization mass spectrometry (ESI-MS) is an
appropriate technique for the analysis of polar non-volatile compounds. For example, un-
derivatized oligosaccharides have been separated and characterized by LC-ESI-MS [17]. In
the positive ion mode polar analytes without basic functional groups are usually detected as
adducts with sodium ions, although sodium salts have not been added to the sample. They
derive from glassware or can be present as impurities even in analytical grade solvents [18].
According to this, the molecular ion peak of sucrose monolaurate should have m/z 547
[M + Na]*, which conforms to the work of Pérez-Victoria et al. [19]. In our studies intensive
molecular ion peaks with m/z 563 and 542 were additionally obtained which originate from a
potassium adduct [M + K]* and an ammonium adduct [M + NH:]* (Fig. 10A). The manufac-
turer specifies a percentage of the main fatty acid of 95%, thus other fatty acids might be pre-

sent during the esterification step.

Due to the manufacturing process formation of eight regioisomers is possible, because su-
crose offers eight hydroxyl groups, in which the three primary hydroxyls on the sucrose mo-
lecule are the most reactive and are the easiest to substitute with fatty acids [12]. This is con-
firmed by our results which reveal in the chromatogram obtained with the CAD (Fig. 8)
overlapping peaks of regioisomers, with two of them yielding signals with considerably
higher intensity. The peak at 2.8 min overlaps another signal with high intensity, so there are
three peaks in summation. Besides, the chromatogram obtained via MSD in the selected ion
mode shows overlapping peaks of regioisomers with the same molecular weights (Fig. 11A).
Three of them reveal higher intensity and originate from the preferentially built isomers

which is associated with the easier substitution of the primary hydroxyls.
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The degradation of sucrose monolaurate isomers within 8 h incubation in HCI pH 1.0 leads
to less hydrophilic degradation products which show molecular ion peaks with m/z 345, 380
and 385 (Fig. 10B). This indicates cleavage of the glycosidic bondage, and elimination of one
molecule of hexose leads to the analog isomers of fructose and glucose monolaurate [hexose
monolaurate + Na]* with m/z 385 and [hexose monolaurate + NHa]* with m/z 380. The addi-
tional loss of one molecule of water results in the detected ion with m/z 345 [hexose mono-
laurate - H2O + HJ*. Several regioisomers are possible in case of hexose monolaurate as well,
since both glucose and fructose offer five hydroxyl groups which can be esterified with the
fatty acid component. The chromatogram obtained in the selected ion mode reveals four
peaks, whereas the fifth peak is not completely separated from the other regioisomers

(Fig. 11B).

The extent of degradation could not be calculated via a calibration curve although electro-
spray ionization provided linearity over a certain range, because ionization of sucrose mono-
laurate dissolved in water is different from the ionization of the compound dissolved in hy-
drochloric acid solution. Neutralization of the samples after incubation would not eliminate
the matrix effects completely, because during the incubation in acidic medium sodium ions
are dissolved away from the glassware than during incubation with water. Accordingly,
more ions are nevertheless available for the formation of sodium adducts in the test solution
assayed by ESI-MS. However, a considerable decrease in the peak area of sucrose monolau-
rate can be revealed by means of chromatograms obtained in the selected ion mode (SIM).
Accordingly, we used the charged aerosol detection to determine the precise extent of the
decomposition of sucrose monolaurate isomers (Fig. 8). Degradation was calculated to occur
with an extent of about 50% within 8 h incubation at pH 1.0 and 37°C (Fig. 9). This is in ac-
cordance with findings of the manufacturer which states that sucrose ester are most stable at
pH 5.0 to 6.5, whereas acidic medium affects cleavage of the glycosidic bondage between
glucose and fructose. Moreover, their studies show that in basic conditions mostly the ester
bonding of the fatty acid breaks. These results are not unlikely regarding the chemical cha-

racteristics of single sucrose.

However, there is limited literature available discussing analytical methods for stability
testing of the nonionic surfactants TPGS and sucrose laurate. Methods are only described

for quantification of D-a-tocopherol succinate using UV-detection at 205nm and
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non-derivatized D-a-tocopherol using fluorescence detection [14-16]. Results from stability
te-sting have only been reported by the manufacturer, whereas degradation products which
are formed during incubation in acidic medium pH 1.0 at 37°C have not been identified yet
[13]. In case of sucrose laurate few analytical methods are described concerning separation
and identification of sucrose ester regioisomers by evaporative light scattering detection
(ELSD) and also using HPLC coupled to electrospray ionization (ESI) mass spectrometry
(MS) for detection [19-22]. But specific stability-indicating methods for determination of the
degradation and identification of the decomposition products have not been depicted until

now.

5 CONCLUSION

With this work we have been able to propose analytical methods for quality control and sta-
bility testing, that allow a specific detection of the degradation of the nonionic surfactants
TPGS and sucrose laurate. Moreover, we presume that the developed methods can be used
for the stability testing of these excipients in the presence of metabolic and digestive en-
zymes and might thereby be used to assess the potential for interactions with metabolic en-
zymes and transporters in the gastrointestinal tract. Applying these methods during formu-
lation development of SEDDS might disclose stability issues and thus support identification

of relevant formulation parameters.
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ZUSAMMENFASSUNG

In der folgenden Arbeit wird die inhibitorische Wirkung nichtionischer Tenside auf den Ab-
bau von Triglyceriden durch die Pankreaslipase untersucht. Neben Polysorbat 80, TPGS und
Saccharoselaurat wurden weiterhin die haufig verwendeten Macrogolglycerolfettsaureester
Cremophor® EL und Cremophor® RH 40 getestet. Eine inhibitorische Wirkung konnte bei
allen Verbindungen bereits unterhalb der kritischen Mizellbildungskonzentration nachge-
wiesen werden. Im Folgenden sind die Tenside nach absteigender inhibitorischer Aktivitat
angeordnet: Cremophor RH 40 > TPGS > Polysorbat 80 > Cremophor EL > Saccharoselaurat.
Des Weiteren wurde die Stabilitdt der Tenside selbst gegeniiber Pankreasenzymen getestet.
Sowohl die Fettsdaureester von Polysorbat 80 als auch die von Cremophor EL und zu einem
geringerem Anteil von Cremophor RH 40 sind hydrolysiert worden. TPGS und Saccharose-

laurat zeigten sich stabil gegeniiber Pankreasenzymen.
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Effects of non-ionic surfactants on in vitro triglyceride
digestion and their susceptibility to digestion by pancreatic

enzymes

ABSTRACT

The formation of lipid digestion products is a relevant parameter for effective in vivo per-
formance of self-emulsifying drug delivery systems (SEDDS). These lipid-based formulations
contain non-ionic surfactants, therefore the effects of polysorbate 80 (PS 80), D-a-tocopheryl
polyethylene glycol (1000) succinate (TPGS), Surthope® sugar ester D-1216 (sucrose laurate),
Cremophor EL (Cr EL) and Cremophor RH 40 (Cr RH 40) on triglyceride digestion by pan-
creatic lipases were tested in vitro using olive oil as model substrate. The ICso determined are
0.13 mM (PS 80), 0.08 mM (TPGS), 0.46 mM (sucrose laurate), 0.19 mM (Cr EL) and 0.04 mM
(Cr RH 40). The extent of inhibitory action is ranked in downward order: Cremophor RH 40
> TPGS > polysorbate 80 > Cremophor EL > sucrose laurate. The effects already occur below
the critical micelle concentrations (CMC) of the detergents. At low concentrations of polysor-

bate 80 the inhibition shows a competitive mechanism.

Furthermore, degradation by pancreatic enzymes of the surfactants themselves had been
tested which also can affect the solubilization capacity of the intestinal fluid after administra-
tion of a SEDDS. Polysorbate 80, Cremophor EL and Cremophor RH 40 were shown to be
susceptible to digestion by pancreatic enzymes. Fatty acid esters of polysorbate 80 were hy-
drolyzed with an extent of 14% (+ 1.0%). 14.4% (+ 3.3%) in case of Cremophor EL had been
hydrolyzed, whereas Cremophor RH40 had been degraded to a lower extend of 6.1%

(+ 2.8%). TPGS and sucrose laurate appeared to be stable in present of pancreatic enzymes.

European Journal of Pharmaceutical Sciences 41 (2) (2010) 376-382
do0i:10.1016/j.ejps.2010.07.005
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1 INTRODUCTION

The oral route is still the preferred route for drug administration with about 80% of the most-
sold pharmaceutical products in the US and European markets being given orally [1]. Many
of the new drug entities are lipophilic and show poor aqueous solubility and therefore limi-
ted oral bioavailability [2]. Molecular dispersion in the gastrointestinal tract is a precondition
for their absorption across biological membranes, thus formulation strategies are needed to
enhance the solubility of these drugs. It has been recognised for many years that lipid-based
formulations (e.g. lipid suspensions, solutions and emulsions) have the ability to enhance
oral bioavailability of compounds belonging to the Biopharmaceutics Classification System
(BCS) class Il and IV [3]. In recent years much attention had focused on self-emulsifying drug
delivery systems (SEDDS) which are isotropic mixtures of oils, surfactants, solvents and
co-solvents/surfactants forming a fine oil emulsion under gentle agitation upon dilution with
aqueous medium or in vivo administration [4]. However, despite the well-known utility of
these formulations, only few self-emulsifying lipid-based formulations like Sandimmune
Neoral® (cyclosporine A), Norvir® and Fortovase® which contain the protease inhibitors ri-
tonavir, respectively saquinavir, have been commercialised. A reason for that might be the
limited knowledge of the complex mechanisms and their interdependencies, which enhance
the oral bioavailability of such active pharmaceutical ingredients (API). Accordingly, investi-
gation of relevant formulation parameters responsible for good in vivo performance is re-

quired, and predictive digestion models are needed for previous in vitro assessment.

It is widely accepted that increased luminal solubilization and improved drug dissolution in
the gastrointestinal tract (GIT) are the main factors for such enhancement. Lipidic formula-
tions and their digestion products form a range of vesicular and micellar species with en-
dogenous bile salts and phospholipids. This leads to an enhanced solubilization capacity for
the API in the intestinal lumen. More recently, it has been shown that digestion of the lipid
component and formation of the corresponding degradation products (fatty acids, mono-
and diglycerides) is a determining factor for in vivo performance of lipid-based formulations
[5-7]. Thereby, it has been shown that, depending on the physicochemical properties of the
lipophilic drug, long-chain (LC) lipid digestion products sometimes increase drug solubiliza-
tion in the GIT more effectively than products present during the digestion of medium-chain

(MC) triglycerides, because the nature of the phases formed is notably different [7-11].
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Lately, there has been focus on the development of self-emulsifying drug delivery systems
containing a large amount of hydrophilic surfactants (HLB>12) and co-surfactants or
co-solvents to increase drug loading capacity and to generate very fine emulsions [12-14]. It
is worth noting that for successful performance of such formulations an ideal combination of
non-ionic surfactants and a well designed ratio of surfactant to lipid have to be evaluated
first [15, 16]. Consequently, extensive investigations to support previous research results are

required for the prospective development of effective lipid-based formulations.

Latest studies show that the digestion of surfactants also has an impact on the performance
of SEDDS due to changing the solubilization environment which may lead to precipitation of
the poorly water-soluble drug [16-18]. In addition, little is known about the formation of de-
gradation products and their interactions with fatty acids and endogenous lipids like bile
salts, phospholipids and dietary lipids. This might play an important role as well in main-
taining the poorly water-soluble drug in solution and the requisite building of the mixed

micelles might be compromised [18].

Taking into account all these findings it is apparent that knowledge of possible inhibitory
effects of non-ionic surfactants on triglyceride digestion is crucial for the rational develop-
ment of lipid-based formulations. Moreover, the susceptibility of the surfactants themselves
towards degradation by pancreatic enzymes is an important factor to consider during formu-

lation development.

The compounds tested in this study are widely used non-ionic surfactants, which are poly-
ethoxylated except sucrose laurate. Polysorbate 80 (PS 80) and Cremophor EL (Cr EL) as well
as Cremophor RH 40 (Cr RH 40) contain fatty acid esters of polyethylene glycol (PEG). Poly-
sorbate 80 is an oleate ester of sorbitol and its anhydrides copolymerized with 20 moles PEG
for each mole of sorbitol and sorbitol anhydrides. Cremophor EL is manufactured by reac-
ting 35 mole of ethylene oxide with castor oil. It contains mainly the tri-ricinoleate ester of
ethoxylated glycerol, with smaller amounts of polyethylene glycol ricinoleate and the corre-
sponding free glycols. The composition of Cremophor RH 40 is similar, but it is obtained by
the reaction of 40 mole of ethylene oxide with hydrogenated castor oil. D-a-tocopheryl poly-
ethylene glycol (1000) succinate (TPGS) is a mixture formed by the esterification of

D-a-tocopheryl acid succinate and polyethylene glycol. The Surfhope® sugar ester D-1216 is
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produced by esterification of saccharose using the methyl ester of lauric acid obtaining pri-

marily monoesters of sucrose laurate.

It was the aim of our study to examine the ability of these non-ionic surfactants to inhibit
enzymatic hydrolysis of triglycerides by pancreatic lipase in vitro. Using the example of poly-

sorbate 80 the kinetics of this enzyme-inhibitor reaction were examined more closely.

PEG fatty acid esters and sucrose fatty acid esters are potential substrates for digestive lipa-
ses, thus it was a further aim of the study to investigate the stability of the excipients in pre-

sence of pancreatic enzymes.

2 MATERIALS AND METHODS

2.1 MATERIALS

Polysorbate 80 (HX)™ was purchased from NOF Corporations (Tokyo, Japan). D-a-
tocopherol polyethylene glycol (1000) succinate (TPGS) was provided by Eastman Chemical
Company (Kingsport, USA) and Surfhope® sugar ester D-1216 (sucrose laurate) was donated
by Mitsubishi-Kagaku Foods Corporation (Tokyo, Japan). Cremophor EL and Cremophor
RH 40 were contributed by BASF (Ludwigshafen, Germany). Pancreatin from porcine pan-

creas (activity 4x USP specifications) was aquired from Sigma-Aldrich (Steinheim, Germany).

Olive oil (Ph. Eur.), gum arabic (Ph. Eur.), and sodium hydroxide volumetric solution 0.1 M
were purchased from Fluka (Buchs, Switzerland). Potassium dihydrogen phosphate was

provided by Merck (Darmstadt, Germany).

2.2 INHIBITION OF PANCREATIC LIPASE ACTIVITY BY SURFACTANTS

To examine the effect of non-ionic surfactants on pancreatic lipase activity olive oil (Ph. Eur.)
was used as model substrate. The experiment was carried out according to the US Pharma-
copoeia XXXII “Assay for lipase activity (fat digestive power)”, whereas no bile salts were

added, but only gum arabic functioned as emulsifier. The tests were carried out in absence of
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bile salts, because these amphiphilic endogenous compounds also show inhibitory action on

pancreatic lipase activity [19].

The reaction proceeded temperature controlled at 37°C while stirring and was initiated by
addition of 1.0 ml of centrifuged (2 min at 3000 UpM) simulated intestinal fluid (SIF) which
consists of phosphate buffer pH 6.8 containing 1.0% (m/V) of pancreatin. The digestion me-
dium was composed of 1.5 ml olive oil, 9.0 ml aqueous gum arabic solution 10% (w/w), and
19.0 ml water (replaced by a certain amount of aqueous surfactant solution 15 mM). The ac-
tivity of pancreatic lipase was determined by measuring the release of fatty acids within
30 min, whereas pH was kept at 9.0 throughout the assay by means of pH-stat (751 GPD Ti-
trino by Metrohm). At this alkaline pH-value all fatty acids are ionized and therefore detec-

table by acidimetric titration with sodium hydroxide solution 0.1 M.

The activity was set to 100% with addition of the lowest concentration of the surfactant,
while the assay also was performed without additive surfactant as control. The experiment
was conducted with addition of different concentrations of non-ionic surfactants with the
object to evaluate their ICso concerning the inhibition of triglyceride digestion. Blank experi-
ments without the addition of enzyme solution had also been performed in order to identify
the decrease in pH-value due to a spontaneous hydrolysis of the emulsified olive oil. The

software applied was Tiamo™ 1.1 also from Metrohm (Herisau, Switzerland).

2.3 MICHAELIS-MENTEN KINETICS

To exemplify the type of inhibition by one of the non-ionic surfactants, Michaelis-Menten
plots of the enzyme-inhibitor reaction were generated. The reaction rates of the hydrolysis of
olive oil were related to various substrate concentrations. This procedure was carried out
with different concentrations of polysorbate 80 (0.010 mM; 0.080 mM; 0.160 mM) and with-
out addition of inhibitory surfactant. The reaction rates were evaluated by means of conver-
sion-time diagrams, in which the slope of the linear range of the initial reaction after adjust-
ment of the steady state equilibrium was determined. From the hyperbolic saturation curves
maximum rates (Vmax) and Michaelis-Menten constants (Kwm) of the reaction were calculated.

From Vmaxand Kum conclusions can be drawn concerning the type of inhibition.
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24 DEGRADATION OF SURFACTANTS BY PANCREATIC ENZYMES

Surfactant (0.23 mmol; 0.06 mmol) dispersed in 10.0 ml phosphate buffer pH 6.8 was mixed
with 20.0 ml simulated intestinal fluid (SIF) which consists of phosphate buffer pH 6.8 con-
taining 1.0% (m/V) of pancreatin. The digestion buffer was centrifuged 2 min at 3000 UpM,
whereby the supernatant was used for incubation which was performed temperature con-
trolled at 37°C and under stirring. After 0, 15, 30, 60 and 90 min the release of fatty acids had
been quantified via acidimetric titration with sodium hydroxide solution 0.1 M up to pH 9.0.
Blank digestion experiments were also arranged to revise the amount, because a decrease in
PH can also be induced by acids released from the digestion medium or carbon dioxide de-

rived from the air. NaOH consumption by the surfactant itself has also to be considered.

3 RESULTS AND DISCUSSION

3.1 INHIBITION OF PANCREATIC LIPASE ACTIVITY BY SURFACTANTS

Results suggest that the non-ionic surfactants tested in this study all have the ability to in-
hibit the digestion of olive oil in concentration-dependent manner (Figure 1). The ICs are
listed in Table 1 and were evaluated to be 0.13 mM (PS 80), 0.08 mM (TPGS), 0.46 mM (su-
crose laurate), 0.19 mM (Cr EL) and 0.04 mM (Cr RH 40). The extent of inhibitory action im-
plying the ICso is ranked in downward order as follows: Cremophor RH 40 > TPGS > poly-

sorbate 80 > Cremophor EL > sucrose laurate.

Table 1: Values ICso relating to the digestion of 1.5 ml olive oil by pancreatic lipase in comparison
to the critical micelle concentrations (CMC) of the surfactants.

surfactant PS 80 TPGs  SU%® CrEL CrRH40
laurate

ICs0 (mM) 0.13 0.08 0.46 0.19 0.04

CMC2 (mM) 0.01 0.13 0.36 0.08 0.10

aThe critical micelle concentrations (CMC) of TPGS, Cr EL and Cr RH 40 are specifications
from the manufacturers Eastman Chemical Company and BASE. The CMC of PS 80 and sucrose lau-
rate are obtained from measurements at Analytical Development Physicochemistry, Bayer Schering
Pharma AG (data not shown).
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Figure 1: Effect of increasing concentrations of surfactants on lipase activity against emulsified
olive oil at pH 9.0 (mean + SD, n = 3).
a) Polysorbate 80; b) TPGS; c) Sucrose laurate; d) Cremophor EL; e) Cremophor RH 40.

All of the surfactants are hydrophilic compounds with a high hydrophilic-lipophilic balance
(HLB) of 12-16. Cremophor RH 40 is the most potent inhibitor (Figure le), because the inhi-

bitory activity already occurs at very small concentrations, far below the critical micelle
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concentration (CMC) of 0.10 mM. The extent of inhibition appears to be independent from
the CMC (Table 1). In case of TPGS and Cremophor RH 40 the CMC is greater than the ICso,
and in case of polysorbate 80, Cremophor EL and sucrose laurate the CMC is below the ICso,
but inhibition also appears already at submicellar concentrations (Figure 1). Accordingly,
diffe-rent types of mechanisms seem to be possible for inhibitory action of the tested amphi-
philic compounds. However, it should be taken note of the observance that it is very chal-
lenging to identify exact values of the CMCs of polyethoxylated surfactants which show a
very heterogeneous composition. This is confirmed by the data found in literature which

appears to differ a lot [20-22].

It has been reported by MacGregor et al. that hydrophilic surfactants inhibit extensively the
hydrolysis of triglycerides by pancreatic lipase. They identified Cremophor RH 40 to com-
pletely inhibit lipolysis of medium-chain triglycerides (MCT) in vitro over a period of 90 min,
when the oil and surfactant were present in equal mass [5]. Another more systematic study
on the inhibition of MCT lipolysis has been performed which revealed an effect by nonyl-
phenol ethoxylates with HLB greater than 12, being most pronounced within the HLB-range
13-17. The inhibition is thought to be due to disruption of the binding of lipase-colipase in
the presence of a sterical barrier caused by hydrated PEG-chains [23]. In a further previous
work the influence of a large variety of ionic and non-ionic detergents on the activity of horse
pancreatic lipase on triolein was investigated. It was shown, that amongst others the non-
ionic surfactants Brij 35, Triton X-100, polysorbate 20 and polysorbate 80 strongly inhibit en-
zyme activity [24]. Furthermore Poloxamer 407, a copolymer consisting of a central hydro-
phobic block of polypropylene glycol encased by two hydrophilic blocks of polyethylene
glycol, has been identified to inhibit pancreatic lipase in vitro. The ICs was determined to be
0.016 mM [25]. These findings lead to the conclusion that ethoxylated surfactants in general
interact with triglyceride digestion by pancreatic lipase. Different mechanisms are suggested:
Adsorbed amphiphilic compounds might change the alignment and orientation of substrate
molecules thus affecting enzyme adsorption. As well inhibition of the lipase could result
from its direct interaction with surfactant molecules bound to the lipid surface and equili-
brium between active and inactive conformation of the enzyme [24]. Moreover, tetra ethylene
glycol monooctyl ether is a substrate analogue, which binds to the active site pocket, thereby
acting as a competitive inhibitor on tributyrin digestion [26]. Accordingly, this also could

be a possible mechanism of enzyme inhibition in case of the surfactants polysorbate 80,
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Cremophor EL and Cremophor RH 40, since these surfactants are substrate themselves as it

is shown in Figure 3.

Fatty acid esters of sucrose do not possess any PEG-chain, but interactions of proteins with
sucrose esters are already known as well. Sucrose esters with carbon numbers from 8 to 16,
especially sucrose laurate, competitively inhibit Lipoxygenase-1. Studies show that they spe-
cifically bind to the catalytic site of the enzyme due to hydrophobic interactions of the fatty
acid [27]. Interactions of sucrose esters with specific places on -lactoglobulin and more ran-
dom binding to 3-casein and casein micelles are also described in literature [28]. Accordingly,
interactions with the ester hydrolase are not unlikely. Moreover, the application of fatty acid
esters of sucrose as food deterioration inhibitors has already been depicted. Sucrose esters
are added as an active ingredient to a food containing a lipase and having an oil-water inter-
face (e.g. cow’s milk) with the objective to suppress hydrolysis of fats and oils [29]. However,
in this study the sucrose fatty acid ester shows the lowest inhibitory activity towards pancre-

atic lipases.

Orlistat (Tetrahydrolipstatin, THL) is a potent inhibitor of gastrointestinal lipases and is used
for the treatment of obesity [30]. The ICs0 of Orlistat (0.438 pM) and TPGS (0.182 mM) has
been determined by Wignot and coworkers. They calculated lipase activity from the initial
slope of volume of NaOH dispensed as a function of time. As a model substrate it had also
been used olive oil emulsified with acacia solution and incubated at 37°C while the pH main-
tained 9.0 by the addition of 0.02 M NaOH. In contrast to our study bile salts were present,
but anyhow, the determined values for the ICso of TPGS are in the same range. Interestingly,
Wignot and co-workers describe that the inhibition of pancreatic lipase by TPGS could be
reversed by the addition of excess colipase to the test solution. They suggest that TPGS mi-
mics the binding of the colipase and thereby blocks the association of colipase with pancre-
atic lipase [31]. Orlistat, on the other hand, has been proposed to build a stoichiometric en-
zyme-inhibitor complex of an acyl-enzyme type due to covalent binding which therefore is
irreversible [32]. The ICso of Orlistat is 100-1000-fold less than the ICso of the non-ionic surfac-
tants tested in our study. However, the inhibitory activities can not be compared directly, as
different experimental setups concerning the substrate and the composition of the medium

have been used.
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Figure 2 shows the Michaelis-Menten plots of the enzyme inhibition by polysorbate 80. It can
be deduced, that at low concentration (0.01 mM) of polysorbate 80 the inhibition is competi-
tive, because the maximum rate of the reaction (Vmax) can be reached whereas the Michaelis-
Menten constant (Km) increases. At higher concentrations the type of inhibition is unclear,
however it seems to be uncompetitive since both values of Vmax and Ku decrease (Table 2).

Table 2: Values Vmax and Kum calculated from Michaelis-Menten plots of various polysorbate 80
concentrations.

concentration (mM) 0.000 0.010 0.080 0.160
Vmax  (Hmol/min) 46.3 47.9 25.9 6.6
Kvm  (ul/ml) 10.0 26.5 14.4 6.2

Polysorbate 80 is a substrate of pancreatin itself, but inhibits also the lipolysis of triglycerides
as in an uncompetitive way. Therefore, an exact mechanism of inhibition can not be defined.
We suggest that at higher concentrations of the surfactant the inhibitory effect presumably
prevails with an uncompetitive mechanism, whereas at small concentrations the substrates

polysorbate 80 and the triglyceride compete for access to the active binding site of the lipase.

50 -

rate of lipolysis (umol/min)

0 20 40 60 80 100
concentration olive oil (ul/ml)

without inhibitor

0.010 mM polysorbate 80
0.080 mM polysorbate 80
0.160 mM polysorbate 80

O O e

Figure 2: Effect of different substrate concentrations (olive oil) on the reaction rate at different
concentrations of the inhibitor polysorbate 80.
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3.2 DEGRADATION OF SURFACTANTS BY PANCREATIC ENZYMES

It was shown that polysorbate 80 and both Cremophor EL and Cremophor RH 40 are suscep-
tible to digestion by pancreatic enzymes. All three compounds feature polyethylene glycol
(PEG) fatty acid esters which are hydrolyzed followed by the release of the fatty acids. The
extent is presented in Table 3 and was determined by the decrease in pH and therefore con-

sumption of NaOH. The release of fatty acids is shown as a function of time in Figure 3.

0.050 -
0.040 -
0.030 H
0.020 -

0.010 H

released fatty acids (mmol)

0.000 - ) : 0—
0 15 30 45 60 75 90

time (min)

—e— (.23 mmol polysorbate 80
—o— 0.23 mmol TPGS

—4— 0.23 mmol sucrose laurate
—o— 0.06 mmol Cremophor EL
—v— 0.06 mmol Cremophor RH 40

Figure 3: Degradation of non-ionic surfactants polysorbate 80, TPGS, sucrose laurate, Cremo-
phor EL and Cremophor RH 40 by pancreatic enzymes within 90 min (mean + SD, n = 3).

The concentrations of Cremophor EL and Cremophor RH 40 were set to be higher, as due to
their structure a higher amount of released fatty acid equivalents can be expected. In all cases
the resultant concentrations were far above the CMC, the resultant concentration of polysor-
bate 80 was set to 7.67 mM, whereas the concentration of both types of Cremophor was
2.00 mM. PEG fatty acid ester bonds of Cremophor EL and polysorbate 80 are hydrolyzed in
a related magnitude of 14.0% (+1.0%) respectively 14.4% (+3.3%), whereas Cremo-

phor RH 40 is hydrolyzed to a lower extend of 6.1% (+ 2.8%). Hence, these surfactants were
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accessible for hydolization by lipases although they were present as micelles and less as
monomers. Incubation of TPGS and sucrose laurate did not affect a decrease in pH, thus the
carboxyl ester of sucrose lauric acid ester has not been hydrolyzed, and the PEG succinic acid

ester bond of TPGS has also not been affected.

Table 3: Percentage of digestion calculated from the estimated amount of titratable fatty acids.

. equivalent fatty acid released fatty
estimated . mass . S .

fatty acid equivalents acid within hydrolysis

surfactant ~molecular surfactant . o
] per mol per mass 90 min (%)
weight (mmol)

surfactant? surfactant (mmol)
PS 80 1309 1 0.299 0.299 0.042 +0.003 14.0+1.0
CrEL 2472 3 0.060 0.180 0.026 + 0.006 144+3.3
CrRH 40 2698 3 0.060 0.180 0.011 + 0.005 6.1+2.8

“The molecular weights were estimated from the sum of the molecular weight of the trigly-
ceride reactant, respectively sorbitol component and the declared number of mol PEG present in the
final product.

UThe fatty acid equivalent per mol of surfactant was determined assuming that the triglyceride
compounds release three fatty acids whereas polysorbate 80, which is declared to be a monoester,
potentially release only one fatty acid .

Data suggest that PEG fatty acid esters which are structural part of the non-ionic surfactants
polysorbate 80, Cremophor EL and Cremophor RH 40 are hydrolyzed by pancreatic enzymes
(Figure 3). Although the pancreatic lipase-colipase complex is responsible for the main
lipolytic activity of pancreatic juice on dietary triglycerides, there are several enzymes pre-
sent that also might hydrolyze carboxyl esters of various other compounds. Two pancreatic-
lipase-related proteins (PLRP1 und PLRP2) are produced by human pancreas [33-35]. Whilst
in case of PLRP1 no lipolytic activity has been reported until now, it has been shown that
PLRP2 acts on various esters [36]. In addition, an unspecific carboxyl ester hydrolase (CEH)
contributes to overall gastrointestinal lipolytic activity. CEH represents 4% (of total proteins)
of the digestive enzymes of human pancreatic juice [37]. Unlike pancreatic lipase, which
represents 10% of the digestive enzymes [37], it also hydrolyzes water-soluble carboxyl esters
and shows a broad substrate specificity [3, 38]. And in fact, recent studies indicate that CEH

and PLRP2 show higher activity on PEG esters than pancreatic lipase [34].
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Pancreatin is an extract from porcine pancreatic glands which therefore should contain all
lipolytic enzymes as well as proteases and amylases. Accordingly, it is assumed that CEH
and PLRP2 are contained in the digestive medium we used in the assay. It can be concluded
that these are most probably the main enzymes responsible for the digestion of surfactants,

which contain PEG fatty acid esters.

Interestingly, Cremophor EL is more susceptible to digestion than the structurally similar
compound Cremophor RH 40 which is in agreement to the observations of Cuiné et al. They
determined a 4.5 fold higher liberation of fatty acids during 1 h in vitro digestion of Cremo-
phor EL when compared with Cremophor RH 40 [17]. The reasons for that remain unclear.
One explanation might be the hydrogenation of the castor oil utilised in Cremophor RH 40.
This is in accordance to the observation of Tagiri and co-workers. They observed that hydro-
genated castor oil shows less susceptibility towards digestion by pancreatic lipase than un-
treated castor oil with unsaturated fatty acids [39]. Another factor might be the strong inhibi-
tory effect of Cremophor RH 40 on pancreatic lipase which presumably also diminishes the

degradation of the surfactant itself.

In this assay TPGS and sucrose laurate do not undergo any detectable hydrolysis by pancre-
atic enzymes, although it is described in literature that both surfactants are degraded in the
gastrointestinal tract. It has been shown that TPGS remains unaffected in the lumen of the
small intestine and is taken up by cells as an intact molecule without receptors, binding pro-
teins, or other modes of molecular transport. The decomposition of TPGS is based on cellular
enzymatic hydrolysis by cytoplasmatic esterases that liberate free a-tocopherol to entero-
cytes [40, 41]. In conclusion, TPGS appears to remain unaffected by digestive enzymes dur-
ing the passage through the intestinal lumen and is therefore completely available for solubi-
lization of the poorly water-soluble drug. This will be important, if the dissolution of a
poorly water-soluble API administered as a self-emulsifying lipid-based formulation is

mainly the function of the added surfactant.

Metabolic studies in vitro and in vivo have shown that sucrose esters of fatty acids are exten-
sively hydrolyzed in the gastrointestinal tract into food constituents prior to absorption, that
only small amounts of intact monoesters are absorbed, and that incompletely hydrolyzed
sucrose esters appear to be excreted in the faeces [42]. However, more than 30 drugs have

been identified as substrates for intestinal bacteria [43], therefore such excipients can also be
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substrates of microorganisms in the gastrointestinal tract. However, this surfactant has not
been hydrolyzed by enzymes, which are contained in the pancreatic juice, but it is suppos-
able that sucrose fatty acid esters are degraded by bacterial enzymes which are also present

in the small intestine.

4 CONCLUSION

Triglyceride digestion products like monoacylglycerides and fatty acids are necessary for
solubilizing co-administered poorly water-soluble drugs. In conclusion, when developing
self-emulsifying lipid-based formulations containing high amounts of the non-ionic surfac-
tants investigated in this study, it has to be taken in consideration that triglyceride digestion
is partly inhibited and digestion products might be not available for the building of mixed
micelles and therefore drug solubilization. As a result, bioavailability may decrease. In addi-
tion, the digestion of the surfactant itself also may lead to precipitation of the poorly water-
soluble drug and therefore limited oral bioavailability. This will have to be monitored during
formulation development, if the surfactants applied in a self-emulsifying lipid-based formu-
lation are susceptible towards enzymatic degradation in the gastrointestinal tract like poly-

sorbate 80, Cremophor EL and Cremophor RH 40.

Knowledge of such effects supports the identification of relevant formulation parameters
and is key for a successful formulation development of SEDDS and further research efforts
should focus on the evaluation of the effects and stability of commonly used surfactants un-

der physiological conditions.

77



KAPITEL 3 — INTERAKTIONEN PANKREASLIPASE

REFERENCES

[1]

[2]

[3]

[4]

[5]

[6]

[7]

[8]

(9]

[10]

[11]

[12]

H. Lennernds, B. Abrahamsson, The use of biopharmaceutic classification of drugs in
drug discovery and development: current status and future extension, J. Pharm.
Pharmacol. 57 (2005) 273-285.

C.A. Lipinski, Drug-like properties and the causes of poor solubility and poor perme-
ability, J. Pharmacol. Toxicol. Methods 44 (1) (2000) 235-249.

A.J. Humberstone, W.N. Charman, Lipid-based vehicles for the oral delivery of
poorly water soluble drugs, Adv. Drug Deliv. Rev. 25 (1) (1997) 103-128.

N.R. Gursoy, S. Benita, Self-emulsifying drug delivery systems (SEDDS) for improved
oral delivery of lipophilic drugs, Biomed. Pharmacother. 58 (3) (2004) 173-182.

K.J. MacGregor, J.K. Embleton, J.E. Lacy, E.A. Perry, L.J. Solomon, H. Seager, C.W.
Pouton, Influence of lipolysis on drug absorption from the gastro-intestinal tract,
Adv. Drug Deliv. Rev. 25 (1) (1997) 33-46.

N.H. Zangenberg, A. Miillertz, H.G. Kristensen, L. Hovgaard, A dynamic in vitro
lipolysis model II: Evaluation of the model, Eur. J. Pharm. Sci. 14 (3) (2001) 237-244.

G.A. Kossena, B.J. Boyd, C.J.H. Porter, W.N. Charman, Separation and characteriza-
tion of the colloidal phases produced on digestion of common formulation lipids and

assessment of their impact on the apparent solubility of selected poorly water-soluble
drugs, J. Pharm. Sci. 92 (3) (2003) 634-648.

J.9. Christensen, K. Schultz, B. Mollgaard, H.G. Kristensen, A. Miillertz, Solubilisa-
tion of poorly water-soluble drugs during in vitro lipolysis of medium- and long-
chain triacylglycerols, Eur. J. Pharm. Sci. 23 (3) (2004) 287-296.

A. Dahan, A. Hoffman, Use of a Dynamic in Vitro Lipolysis Model to Rationalize Oral
Formulation Development for Poor Water Soluble Drugs: Correlation with in Vivo
Data and the Relationship to Intra-Enterocyte Processes in Rats, Pharm. Res. 23 (9)
(2006) 2165-2174.

A. Kaukonen, B. Boyd, W. Charman, C. Porter, Drug Solubilization Behavior During
in Vitro Digestion of Suspension Formulations of Poorly Water-Soluble Drugs in
Triglyceride Lipids, Pharm. Res. 21 (2) (2004) 254-260.

C.J.H. Porter, A.M. Kaukonen, B.J. Boyd, G.A. Edwards, W.N. Charman, Susceptibil-
ity to Lipase-Mediated Digestion Reduces the Oral Bioavailability of Danazol After
Administration as a Medium-Chain Lipid-Based Microemulsion Formulation, Pharm.
Res. 21 (8) (2004) 1405-1412.

B.K. Kang, ].S. Lee, S.K. Chon, S.Y. Jeong, S.H. Yuk, G. Khang, H.B. Lee, S.H. Cho,
Development of self-microemulsifying drug delivery systems (SMEDDS) for oral
bioavailability enhancement of simvastatin in beagle dogs, Int. J. Pharm. 274 (1-2)
(2004) 65-73.

78



KAPITEL 3 — INTERAKTIONEN PANKREASLIPASE

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

N. Subramanian, S. Ray, S.K. Ghosal, R. Bhadra, S.P. Moulik, Formulation Design of
Self-Microemulsifying Drug Delivery Systems for Improved Oral Bioavailability of
Celecoxib, Biol. Pharm. Bull. 27 (12) (2004) 1993-1999.

M. Devani, M. Ashford, D.Q.M. Craig, The emulsification and solubilisation proper-
ties of polyglycolised oils in self-emulsifying formulations, J. Pharm. Pharmacol. 56
(2004) 307-316.

P. Li, A. Ghosh, R.F. Wagner, S. Krill, Y. M. Joshi, A.T.M. Serajuddin, Effect of com-
bined use of nonionic surfactant on formation of oil-in-water microemulsions, Int. J.
Pharm. 288 (1) (2005) 27-34.

J.E. Cuiné, W. Charman, C. Pouton, G.A. Edwards, C.J.H. Porter, Increasing the Pro-
portional Content of Surfactant (Cremophor EL) Relative to Lipid in Self-emulsifying
Lipid-based Formulations of Danazol Reduces Oral Bioavailability in Beagle Dogs,
Pharm. Res. 24 (4) (2007) 748-757.

J.E. Cuiné, C.L. McEvoy, W.N. Charman, C.W. Pouton, G.A. Edwards, H. Benameur,
C.J.H. Porter, Evaluation of the impact of surfactant digestion on the bioavailability of
danazol after oral administration of lipidic self-emulsifying formulations to dogs,
J. Pharm. Sci. 97 (2) (2008) 995-1012.

S. Fernandez, S. Chevrier, N. Ritter, B. Mahler, F. Demarne, F. Carriére, V. Jannin, In
Vitro Gastrointestinal Lipolysis of Four Formulations of Piroxicam and Cinnarizine
with the Self Emulsifying Excipients Labrasol® and Gelucire® 44/14, Pharm. Res. 26 (8)
(2009) 1901-1910.

B. Borgstrom, The Action of Bile Salts and other Detergents on Pancreatic Lipase and
the Interaction with Colipase, Biochim. Biophys. Acta 488 (1977) 381-391.

M.M. Nerurkar, N.F. Ho, P.S. Burton, T.]. Vidmar, R.T. Borchardt, Mechanistic roles of
neutral surfactants on concurrent polarized and passive membrane transport of a
model peptide in Caco-2 cells, J. Pharm. Sci. 86 (7) (1997) 813-821.

A.P. Villalobos, SR. Gunturi, G.A. Heavner, Interaction of Polysorbate 80 with
Erythropoietin: A Case Study in Protein-Surfactant Interactions, Pharm. Res. 22 (7)
(2005) 1186-1194.

L.S.C. Wan, PES. Lee, CMC of polysorbates, ]. Pharm. Sci. 63 (1) (1974) 136-137.

L.J. Solomon, J.K. Embleton, C.W. Pouton, Inhibition of lipolysis of medium-chain
triglycerides by non-ionic surfactants, a structure/activity study. In: P. Couvreur, D.
Duchéne, I. Kalles, (Eds.), Formulation of poorly-available drugs for oral administra-
tion (Minutes of the European Symposium), Editions de Santé, Paris, 1996, pp. 437-
440.

Y. Gargouri, R. Julien, A.G. Bois, R. Verger, L. Sarda, Studies on the detergent inhibi-
tion of pancreatic lipase activity, J. Lipid Res. 24 (10) (1983) 1336-1342..

T.P. Johnston, 1.J. Goldberg, Inhibition of pancreatic lipase by poloxamer 407 may
provide an adjunct treatment strategy for weight loss, J. Pharm. Pharmacol. 58 (2006)
1099-1105.

79



KAPITEL 3 — INTERAKTIONEN PANKREASLIPASE

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

J. Hermoso, D. Pignol, B. Kerfelec, I. Crenon, C. Chapus, ].C. Fontecilla-Camps, Li-
pase Activation by Nonionic Detergents, J. Biol. Chem. 271 (30) (1996) 18007-18016.

J. Nishiyama, Y. Shizu, T. Kuninori, Inhibition of Soybean Lipoxygenase-1 by Sucrose
Esters of Fatty Esters, Biosci. Biotech. Biochem. 57 (4) (1993) 557-360.

D.C. Clark, PJ. Wilde, D.R. Wilson, R. Wustneck, The interaction of sucrose esters
with b-lactoglobulin and b-casein from bovine milk, Food Hydrocolloids 6 (2) (1992)
173-186.

E.C. Niizu, Food Deterioration Inhibitor, Japanese Patent No. 03112473 A, 14" May,
1991.

J.B. Harp, An assessment of the efficacy and safety of orlistat for the long-term
management of obesity, . Nutr. Biochem. 9 (9) (1998) 516-521.

T.M. Wignot, R.P. Stewart, K.J. Schray, S. Das, T. Sipos, In Vitro Studies of the Effects of
HAART Drugs and Excipients on Activity of Digestive Enzymes, Pharm. Res. 21 (3)
(2004) 420-427.

P. Hadvary, W. Sidler, W. Meister, W. Vetter, H. Wolfer, The Lipase Inhibitor Tetrahy-
drolipstatin Binds Covalently to the Putative Active Site Serine of Pancreatic Lipase,
J. Biol. Chem. 266 (4) (1991) 1021-1027.

J.K. Embleton, C.W. Pouton, Structure and function of gastro-intestinal lipases, Adv.
Drug Deliv. Rev. 25 (1) (1997) 15-32..

S. Fernandez, V. Jannin, J.-D. Rodier, N. Ritter, B. Mahler, F. Carriere, Comparative
study on digestive lipase activities on the self emulsifying excipient Labrasol®, me-
dium chain glycerides and PEG esters, Biochim. Biophys. Acta 1771 (5) (2007) 633-640.

T. Giller, P. Buchwald, D. Blum-Kaelin, W. Hunziker, Two novel human pancreatic
lipase related proteins, hPLRP1 and hPLRP2. Differences in colipase dependence and
in lipase activity, J. Biol. Chem. 267 (23) (1992) 16509-16516.

J. de Caro, B. Sias, P. Grandval, F. Ferrato, H. Halimi, F. Carriere, M.S. Donald, Char-
acterization of pancreatic lipase-related protein 2 isolated from human pancreatic
juice, Biochim. Biophys. Acta 1701 (2004) 89-99.

O. Guy, C. Figarella, The proteins of human pancreatic external secretion, Scand. J.
Gastroenterol. 16 (67) (1981) 59-61.

D. Lombardo, J. Fauvel, O. Guy, Sudies on the substrate specificity of a carboxyl ester
hydrolase from human pancreatic juice, Biochim. Biophys. Acta 611 (1980) 136-146.

M. Tagiri, Y. Endo, K. Fujimoto, T. Suzuki, Hydrolysis of Triglycerides of Branched-
chain Fatty acids and Castor Oil Derivatives by Pancreatic Lipase, Biosci. Biotech.
Biochem. 56 (9) (1992) 1490-1491.

M.G. Traber, C.A. Thellman, M.]. Rindler, H.J. Kayden, Uptake of intact TPGS (d-a-
tocopheryl polyethylene glycol 1000 succinate) a water-miscible form of vitamin E by
human cells in vitro, Am. J. Clin. Nutr. 48 (3) (1988) 605-611.

80



KAPITEL 3 — INTERAKTIONEN PANKREASLIPASE

[41]

[42]

[43]

B.M. Folmer, D. Barron, E. Hughes, L. Miguet, B. Sanchez, O. Heudi, M. Rouvet, L.
Sagalowicz, P. Callier, M. Michel, G. Williamson, Monocomponent hexa- and dode-
caethylene glycol succinyl-tocopherol esters: Self-assembly structures, cellular uptake
and sensitivity to enzyme hydrolysis, Biochem. Pharmacol. 78 (12) (2009) 1464-1474..

A. Anton, S. Barlow, D. Boskou, L. Castle, R. Crebelli, W. Dekant, K.-H. Engel, S.
Forsythe, W. Grunow, M. Heinonen, J.C. Laarsen, C. Leclercq, W. Mennes, M.-R. Mi-
lana, I. Pratt, I. Rietjens, K. Svensson, P. Tobback, F. Toldra, Opinion of the Scientific
Panel on Foods Additives, Flavourings, Processing Aids and Materials in Contact
with Food on Sucrose esters of fatty acids, E 473 and sucroglycerides, E 474 based on
a Request from the Commission related to Sucrose Esters of Fatty Acids (E 473), The
EFSA Journal 106 (2004) 1-24..

T. Sousa, R. Paterson, V. Moore, A. Carlsson, B. Abrahamsson, A.W. Basit, The gastro-
intestinal microbiota as a site for the biotransformation of drugs, Int. J. Pharm. 363
(1-2) (2008) 1-25.

81



KAPITEL 4

ZUSAMMENFASSUNG

In Kapitel 4 wird die inhibitorische Aktivitit von nichtionischen Tensiden auf den Arz-
neistoffmetabolismus durch Cytochrom P450 Enzyme (CYP) untersucht. Getestet wurden
Polysorbat 80, TPGS, Saccharoselaurat, Cremophor EL und Cremophor RH 40, welche zu
diesem Zweck mit Lebermikrosomen inkubiert wurden, denen ein Modellsubstrat zugesetzt
worden ist. Die Isoenzyme CYP3A4 und CYP2C9 spielen beim intestinalen Metabolismus die
bedeutendste Rolle, deshalb wurden ICso-Werte fiir die Hydroxylierung der jeweiligen Mo-
dellsubstrate Testosteron und Diclofenac bestimmt. Im Folgenden sind die Tenside nach ab-
steigender inhibitorischer Aktivitat angeordnet. Inhibition von CYP3A4: TPGS > Saccharose-
laurat > Polysorbat 80 > Cremophor EL > Cremophor RH 40. Inhibition von CYP2C9: Cre-
mophor EL = Cremophor RH 40 > Polysorbat 80 > Saccharoselaurat > TPGS. Bei allen Tensi-
den konnte bereits unterhalb der kritischen Mizellbildungskonzentration eine konzentrati-

onsabhéngige Inhibition festgestellt werden.
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Effects of non-ionic surfactants on cytochrome P450-mediated

metabolism in vitro

ABSTRACT

The purpose of the study was to investigate the impact of commonly used non-ionic surfac-
tants on Cytochrome P450 (CYP) 3A4-mediated metabolism of testosterone and the CYP2C9-
mediated metabolism of diclofenac. Polysorbate 80 (PS 80), D-a-tocopheryl polyethylene
glycol (1000) succinate (TPGS), sucrose laurate, Cremophor EL (CREL) and Cremo-
phor RH 40 (Cr RH 40) were incubated with human liver microsomes at different concentra-
tions to determine the ICso of the reduced metabolism of the model substrates. Inhibitory
potential in case of all tested compounds could be observed already below their critical mi-
celle concentrations (CMC) and in concentration-dependant manner. The ICs of the CYP
3A4-mediated 6B-hydroxylation of testosterone has been determined as 0.40 mM (PS 80),
0.15 mM (TPGS), 0.20 mM (sucrose laurate), 0.60 mM (Cr EL), and 0.80 mM (Cr RH 40). The
ICs0 concerning the CYP 2C9-mediated 4-hydroxylation of diclofenac has been calculated to
be 0.04 mM (PS 80), 0.30 mM (TPGS), 0.07 mM (sucrose laurate), 0.03 mM (Cr EL), and
0.03 mM (Cr RH 40). The results indicate that these non-ionic surfactants are in vitro inhibi-
tors of CYP-mediated metabolism and might have the potential to modify the pharmacoki-
netics of co-administered drugs, which are substrates of CYP, and thereby enhance their

bioavailability.

submitted for publication in European Journal of Pharmaceutics and Biopharmaceutics
September 7t 2010
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1 INTRODUCTION

Surfactants are historically considered to act as pharmacologically inert excipients in formu-
lations and show no effects on transporters or enzymes. Hence, for a long time formulation
developers had focused exclusively on their technological functions such as to facilitate dis-
integration of solid dosage forms or enhance drug solubilization. This assumption is dis-
proved, because it has been shown in vitro and in vivo that several non-ionic surfactants in-
teract with intestinal efflux transport systems like P-glycoprotein (P-gp), breast cancer resis-
tance protein (BCRP) and the multidrug resistance associated protein 2 (MRP2) which can
lead to an increased absorption rate of drugs that are substrates of these efflux transporters
[1-3]. Furthermore, recent studies point to the ability of excipients like surfactants to interfere
as well with metabolic enzymes like cytochrome P450 (CYP) which can lead to a diminished
degradation and therefore enhanced bioavalability of drugs [4, 5]. In case of amphiphilic ex-
cipients there is at present only marginal knowledge about their influence on metabolic en-
zymes after oral administration. However, it is generally recognized that inhibition or induc-
tion of the CYP-mediated metabolism of an API should be considered to optimize oral

bioavailability and to decrease variability at the absorption site [6-8].

Cytochrome P450 enzymes comprise a superfamily of haemoproteins and function as
monooxygenases which are mainly present in both intestine and liver, furthermore in lung,
brain and skin. CYP enzymes are localized intracellularly bound to the membrane of the
endoplasmatic reticulum (ER) where they catalyze various biochemical reactions of the
Phase I metabolism, e.g. hydroxylation, N-demethylation or epoxidation of hydrophobic sub-
strates. The subfamily cytochrome P450 3A (CYP3A) with CYP3A4 as the most abundant iso-
enzyme in small intestine and liver is responsible for the oxidative metabolism of nearly 50%
of all drugs that are currently on the market [9, 10]. There is increasing evidence indicates
that also CYP2C9 represents an isoenzyme of major importance in human drug metabolism.
Amongst others phenytoin, S-warfarin and numerous non steroidal anti-inflammatory drugs
(NSAID) are substrates of CYP2C9 [11]. This isoenzyme is also found to a significant per-
centage of more than 10% of total immunoquantified cytochrome P450 content in the human

small intestine [10].
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However, human small intestine epithelial cells (enterocytes) provide the first site for CYP-
catalyzed degradation of orally administered drugs. Actually, it has been shown that intesti-
nal cytochrome P450 3A-mediated metabolism plays a significant role in overall first-pass
metabolism [12]. Consequently, interactions of excipients like non-ionic surfactants with
these metabolic enzymes have to be elucidated, because inhibition can lead to an increased
absorption rate or in the worst case overdose of the co-administered drug. To date very few

studies have been conducted on the effects of amphiphilic excipients on cytochrome P450.

Amongst others non-ionic surfactants are commonly applied to improve the water solubility
of active pharmaceutical ingredients (API) and thus possibly enhance their oral bioavailabi-
lity [13]. It is well-known that molecular dispersion in the gastrointestinal tract (GIT) is a pre-
condition for the absorption of drugs across biological membranes, but unfortunately many
of the new drug entities (NDE) show poor aqueous solubility and therefore limited bioavail-
ability might occur depending on the dose [14]. Considering the fact that the oral route is still
the preferred route for drug administration, new formulation strategies were needed to im-

prove the solubility of such APIs [15].

Besides the solubilization of poorly water-soluble drugs, non-ionic surfactants can also alter
the composition and character of the gastrointestinal fluid [16]. In recent years research ef-
forts focused on the development of lipid-based formulations with particular emphasis on
self-emulsifying drug delivery systems (SEDDS) which are isotropic mixtures of oils, surfac-
tants, solvents and co-solvents/surfactants forming a fine oil emulsion under gentle agitation
upon dilution with aqueous medium or in vivo administration [17]. These lipidic formula-
tions and their digestion products form a range of vesicular and micellar species with en-
dogenous bile salts and phospholipids which leads to an enhanced solubilization capacity for
the API in the intestinal lumen [16]. Formulations of Type II-IV according to the Lipid For-

mulation Classification System (LFCS) contain high amounts of non-ionic surfactants [18].

The compounds tested in this study are widely used non-ionic surfactants, which are poly-
ethoxylated except sucrose laurate. Polysorbate 80 (PS 80) and Cremophor EL (Cr EL) as well
as Cremophor RH 40 (Cr RH 40) contain fatty acid esters of polyethylene glycol (PEG). Poly-
sorbate 80 is an oleate ester of sorbitol and its anhydrides copolymerized with 20 moles
PEG for each mole of sorbitol and sorbitol anhydrides. Cremophor EL is manufactured by

reacting 35 mole of ethylene oxide with castor oil. It contains mainly the tri-ricinoleate ester
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of ethoxylated glycerol, with smaller amounts of polyethylene glycol ricinoleate and the
corresponding free glycols. The composition of Cremophor RH 40 is similar, but it is ob-
tained by the reaction of 40 mole of ethylene oxide with hydrogenated castor oil. D-a-
tocopheryl polyethylene glycol (1000) succinate (TPGS) is a mixture formed by the esterifica-
tion of D-a-tocopheryl acid succinate and polyethylene glycol. The Surfhope® sugar ester
D-1216 is produced by esterification of saccharose using the methyl ester of lauric acid ob-

taining primarily monoesters of sucrose laurate.

The aim of the study was to examine the capability of these non-ionic surfactants to interact
with enzymes of the cytochrome P450 superfamily in vitro. Human liver microsomes were
utilized to examine their inhibitory effects on the isoenzymes cytochrome P450 3A4
(CYP3A4) and 2C9 (CYP2C9), which appear to be the most important enzymes for drug me-
tabolism in liver and intestine. Previous studies have demonstrated that the sequences of
intestinal and hepatic cytochrome P450 3A4 cDNAs (complementary deoxyribonucleic acids)
are identical [19]. Testosterone and diclofenac are specific substrates of the isoenzymes
CYP3A4 (testosterone) and CYP2C9 (diclofenac). The extent of metabolism of these model
compounds was determined after incubation with various concentrations of the surfactant in

order to define the ICso values.

2 MATERIALS AND METHODS

2.1 MATERIALS

Polysorbate 80 (HX)™ was purchased from NOF Corporations (Tokyo, Japan). D-a-toco-
pherol polyethylene glycol (1000) succinate (TPGS) was provided by Eastman Chemical
Company (Kingsport, USA) and Surfhope® sugar ester D-1216 (sucrose laurate) was donated
by Mitsubishi-Kagaku Foods Corporation (Tokyo, Japan). Cremophor EL and Cremo-
phor RH 40 were contributed by BASF (Ludwigshafen, Germany).

Pooled human liver microsomes were purchased from Cytonet (Weinheim, Germany). Con-
trol inhibitors ketoconazole and sulfaphenazole as well as the substrate diclofenac sodium
salt were aquired from Sigma-Aldrich (Steinheim, Germany). Testosterone was synthesized

by Bayer Schering Pharma AG (Berlin, Germany). The internal standard [“*C]4-hydroxy-
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diclofenac was synthesized by the Isotope Chemistry Laboratory of Bayer Healthcare AG
(Wuppertal, Germany). [*H]Testosterone was obtained from GE Healthcare (Munich, Ger-
many). Components of the NADPH-generating system, potassium chloride and magnesium
chloride, were purchased from Merck (Darmstadt, Germany), B-glucose-6-phosphate and
NADP were obtained from Sigma-Aldrich (Steinheim, Germany), and glucose-6-phosphate

dehydrogenase was purchased from Roche Diagnostics (Mannheim, Germany).

2.2 INHIBITION OF CYTOCHROME PP450-MEDIATED METABOLISM

The inhibitive potential of non-ionic surfactants on CYP3A4 and CYP2C9 was evaluated as
follows: The surfactants were tested in duplicate at various dosing levels. Therefore they
were pre-incubated with human liver microsomes for 20 min at 37°C together with a control
sample containing no surfactant. The incubation mixture (final volume 250 ul) consisted of
91.25 ul potassium phosphate buffer 100 mM (pH 7.4), 6.25 ul NADPH-generating system
(38 mM potassium chloride, 8 mM 3-glucose-6-phosphate, 1.2 mM NADP, 5 mM magnesium
chloride, 1.4 U/ml glucose-6-phosphate dehydrogenase), 100 ul protein dilution, and 50 ul
surfactant solution. The resulting concentration of protein in the incubation mixture was
0.5 mg/ml (CYP3A4-assay) and 0.132 mg/ml (CYP2C9-assay). Subsequently, 2.5 ul dilution of
the selective substrate of CYP3A4 (mixture of [*H]testosterone/testosterone 50 uM) and
CYP2C9 (diclofenac sodium salt 10 uM) was added and incubated for 30 min at 37°C. For
positive control inhibitors ketoconazole (CYP3A4) and sulfaphenazole (CYP2C9) at different
concentrations were tested as well. The reaction was terminated upon 125 pl cold methanol
containing an internal standard in case of MS-detection of 4-hydroxydiclofenac. After cen-
trifugation for 5min at 13 000 UpM the supernatants were collected and transferred into

HPLC vials for analysis.

2.3 HPLC ANALYSIS

The hydroxylation of radio-labelled testosterone into 63-hydroxytestosterone was quantified
via HPLC (HP 1100 series from Agilent Technologies; Waldbronn, Germany) coupled with a
tlow scintillation analyzer (Radiomatic 525TR from Perkin-Elmer; Waltham, USA). A Hyper-
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sil Gold (5 um; 125 x 3.0 mm) C18 column from Ercatech (Bern, Switzerland) was used. Elu-
ents were acetonitrile and water with 0.2% trifluoroacetic acid/acetonitrile 95:5. For gradient
analysis the ratios of the mobile phases were varied to 3:97, 50:50, 95:5 (staying isocratic for
one minute) and 3:97 at 0, 20, 21 and 23 min. Flow was set to 0.5 ml/min at 40°C. For data

analysis the software Chromeleon 6.5.0 (Dionex; Sunnyvale, USA) was applied.

The metabolite 4-hydroxydiclofenac was determined via HPLC-MS (API3000 from Applied
Biosystems; Foster City, USA). A Synergi Polar-RP (4 um; 75 x 2.0 mm) from Phenomenex
(Aschaffenburg, Germany) and an Atlantis dC18 (3 um; 2.1 x 10 mm) from Waters (Milford,
USA) as pre-column were applied for analysis. Mobile phases were acetonitrile with 0.1%
formic acid and water with 0.1% formic acid. For gradient analysis the ratios of the mobile
phases were varied to 3:97, 50:50, 70:30 (remaining isocratic for 0.7 min) and 3:97 at 0, 1.8, 1.9
and 2.9 min. For data analysis the software Analyst 1.4.1 (Applied Biosystems; Foster City,
USA) was utilized.

3 RESULTS AND DISCUSSION

The impact of the non-ionic surfactants polysorbate 80, TPGS, sucrose laurate, Cremo-
phor EL and Cremophor RH 40 on CYP isoenzymes has been studied in vitro. It was shown
that all tested non-ionic surfactants inhibit cytochrome P450 3A4 and 2C9-mediated metabo-
lism of the substrates testosterone (CYP3A4) and diclofenac (CYP2C9) in concentration-

dependant manner (Fig. 1-2).
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Figure 1: Effect of increasing concentrations of surfactants CYP3A4-mediated 6B-hydroxylation of
testosterone (mean + SD, n = 2).
a) Polysorbate 80; b) TPGS; c) Sucrose laurate; d) Cremophor EL; e) Cremophor RH 40.
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The ICs0 of the CYP 3A4-mediated metabolism has been determined as 0.40 mM (PS 80),
0.15 mM (TPGS), 0.20 mM (sucrose laurate), 0.60 mM (Cr EL), and 0.80 mM (Cr RH 40). The
ICso of the control inhibitor ketoconazole was 0.25 uM in this assay (Table 1). The extent of
inhibitory action implying the ICso is ranked in downward order as follows: TPGS > sucrose

laurate > polysorbate 80 > Cremophor EL > Cremophor RH 40.

Table 1: Values ICso concerning the inhibition of cytochrome P450.

surfactant PS 80 TPGS sucrose Cr EL CrRH40 ketoconazole sulfa-
laurate phenazole

cYr3A4 040mM 015mM  020mM 0.60mM  0.80 mM 0.25 uM -
cYr2¢9 004mM 030mM 007mM 0.03mM 0.03 mM - 0.20 uM

The ICso of the CYP 2C9-mediated metabolism has been calculated to be 0.04 mM (PS 80),
0.30 mM (TPGS), 0.07 mM (sucrose laurate), 0.03 mM (Cr EL), and 0.03 mM (Cr RH 40). The
ICso of the control inhibitor sulfaphenazole was 0.20 uM in this assay (Table 1). The extent of
inhibitory action implying the ICso is ranked in downward order as follows: Cremophor EL =
Cremophor RH 40 > polysorbate 80 > sucrose laurate > TPGS. In case of the control inhibitors

lower ICso values of two to three orders of magnitude were determined in both assays.

The inhibitory activity of the surfactants appears to be dependant on the type of isoenzyme.
TPGS exhibits the strongest effect on CYP3A4, but the lowest on CYP2C9-mediated hydroxy-
lation of the specific substrate. Cremophor EL and Cremophor RH 40 show the strongest
effect on CYP2C9, but the lowest on CYP3A4-mediated metabolism. In both assays polysor-
bate 80 and sucrose laurate range in the middle of the ranking list. However, ICs0 values of
the two enzyme assays can not be compared among each other, because the liver microsomes
which were used in both assays possessed unequal enzyme activities. The activity on testo-
sterone (substrate of CYP3A4) was determined as 3345 pmol/(mg - min), and in case of di-
clofenac (substrate of CYP2C9) an activity of 2219 pmol/(mg - min) was measured. Moreover,
a lower concentration of total protein was chosen in the CYP2C9 assay. Consequently, lower

ICso values concerning the CYP2C9-mediated metabolism are anticipated anyway.
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Figure 2:  Effect of increasing concentrations of surfactants CYP2C9-mediated 4-hydroxylation

of diclofenac (mean + SD, n = 2).

a) Polysorbate 80; b) TPGS; c) Sucrose laurate; d) Cremophor EL; ) Cremophor RH 40.
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All tested non-ionic surfactant show inhibitory activity towards CYP-mediated metabolism
at concentrations below their critical micelle concentration (CMC). Consequently, inhibition
is not only caused by incorporation of the co-incubated substrate into micellar structures
which also could be a reason for diminished metabolism, but is also entailed by interactions
of the surfactant monomers with the enzyme. The extent of inhibition appears to be inde-
pendent from the CMC (Table 2). In case of polysorbate 80 and TPGS the CMC is below the
ICso, in case of sucrose laurate the CMC is greater than the ICso, and in case of Cremophor EL
and Cremophor RH 40 it differs in the type of isoenzyme. Anyhow, it is worth noting that it
is quite challenging to define exact values of the CMCs of polyethoxylated surfactants and
that the values reported in literature show remarkable deviations [20-22]. A likely reason for

this can be found in their heterogeneous and variable composition.

Table 2: Critical micelle concentrations (CMC) of the surfactants.

surfactant PS 80 TPGS sucrose CrEL Cr RH 40
laurate

CMCa 0.01 mM 0.13 mM 0.36 mM 0.08 mM 0.10 mM

aThe critical micelle concentrations (CMC) of TPGS, Cr EL and Cr RH 40 are specifications
from the manufacturers Eastman Chemical Company and BASF. The CMC of PS 80 and sucrose lau-
rate are obtained from measurements at Analytical Development Physicochemistry, Bayer Schering

Pharma AG (data not shown).

Furthermore, a direct translation of these concentrations into the in vivo situation is critical,
and diverse factors like degradation and dilution, but also local accumulation of the surfac-
tant have to be considered. Contrary to the in vitro situation, after oral administration the
surfactant composition is altered due to the activity of degrading enzymes in the gastrointe-
stinal tract such as pancreatic and gastric lipases or unspecific esterases contained in the pan-
creatic juice. Previous studies have shown that surfactants, which comprise PEG fatty acid
esters, namely polysorbate 80, Cremophor EL and Cremophor RH 40 in this study, are sus-
ceptible to pancreatic enzymes in vitro [23, 24]. In addition, we recently showed that sucrose
laurate [25] and polysorbate 80 (unpublished data) undergo some degradation during incu-
bation in acidic medium (hydrochloric acid solution pH 1.0) at 37°C simulating the harsh

gastric conditions. Accordingly, the extent of decomposition as well as the inhibitory activity
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of the formed degradation products have to be investigated separately and compared with

the original compounds to estimate an effect under physiological in vivo conditions.

Free polyethylene glycols (PEG) are already present in the original product as impurities and
can also be released by the degradation of polyethoxylated surfactants. Low molecular
weight PEGs are orally bioavailable and excreted in the urine [26]. As a consequence, an up-
take of this compound into the enterocyte can be assumed which is a prerequisite for a direct
interaction with intracellular membrane-bound cytochrome P450 enzymes. It has been re-
ported that PEG 400 has a significant inhibitory effect on CYP3A-mediated N-demethylation
of verapamil in isolated rat jejunal mucosa and during in vitro microsomal incubation [27,

28].

Furthermore, free fatty acids as possible products of thedigestion of polysorbate 80, Cremo-
phor EL and Cremophor RH 40 may interfere with intracellular enzymes. Studies point to
the ability of oleic acid and polyunsaturated fatty acids (PUFA) to show inhibitory effects on
CYP enzymes. Although the saturated fatty acids, palmitic acid and stearic acid, were re-
ported to show no inhibitory effects on the activities of six human CYP isoenzymes at con-
centrations up to 200 uM, all five examined polyunsaturated fatty acids linoleic acid, lino-
lenic acid, arachidonic acid, eicosapentaenoic acid and docosahexaenoic acid competitively
inhibited CYP-catalyzed metabolic reactions [29]. It has also been described that oleic acid
which is a degradation product of polysorbate 80 shows inhibitory action on the CYP3A4-
mediated hydroxylation of the model substrate 7-benzyloxy-4-(trifluoromethyl)-coumarin in
vitro [5]. However, oleic acid is a monounsaturated fatty acid as well as ricinoleic acid wich is
the fatty acid component of Cremophor EL. It is worth noting that the non-ionic polyethoxy-
lated surfactant polyoxyethylene (40) stearate which is composed of polyethylene glycol and
a saturated fatty acid was also reported to show inhibitory effects on six major CYP isoen-

zymes during incubation with human liver microsomes [30].

Direct interactions of the non-ionic surfactants with intracellular enzymes would rely on an
uptake of the excipient into the enterocyte which is unlikely, respectively possible only to a
small extent in case of the most surfactants. Metabolic studies in vitro and in vivo have shown
that sucrose esters of fatty acids are extensively hydrolyzed in the gastrointestinal tract into
food constituents prior to absorption and that only small amounts of intact monoesters are

absorbed. The incompletely hydrolyzed sucrose esters appear to be excreted in the faeces
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[31]. In contrast to the sucrose ester, it has been shown that TPGS remains unaffected in the
lumen of the small intestine and is taken up by cells as an intact molecule. The decomposi-
tion of TPGS is based on intracellular enzymatic hydrolysis by cytoplasmatic esterases that
liberate free a-tocopherol to enterocytes [32, 33]. Accordingly, an inhibitory effect on intracel-
lular cytochrome P450 enzymes may be rather induced by released free polyethylene glycol

or D-a-tocopherol succinate than by the intact molecules of TPGS.

There have been only a few studies on interactions of excipients with CYP-mediated metabo-
lism. Mountfield et al. tested several formulation ingredients, amongst others TPGS, poly-
sorbate 80 and polysorbate 20, concerning their potential inhibitory effects on cytochrome
P450 3A4-mediated metabolism of the model substrate 7-benzyloxy-4-(trifluoromethyl)-
coumarin. The most dramatic inhibition curves were produced by both polysorbates, in
which an ICso of 0.0038 mM had been determined in case of polysorbate 20, whereas TPGS
showed a considerably lower inhibitory activity towards CYP3A4 [5]. In another study
TPGS, polysorbate 80 and Cremophor EL were shown to moderately reduce verapamil-
N-demethylase activity, a marker of rat CYP3A4 function [28]. Johnson and co-workers com-
pared the inhibitory effects of TPGS with Pluronic P85 and PEG 400 regarding the
N-demethylation of verapamil. TPGS was reported to show only marginal effects whilst
PEG 400 as well as Pluronic P85 showed significant inhibitory effects [27]. Comprehensive in
vitro investigations on the effects of polysorbate 80 and Cremophor EL on cytochrome
P450 3A enzymes were made by Bravo Gonzdlez et al. using rat hepatocytes and micro-
somes. Their results suggest that both surfactants significantly prevent CYP3A-mediated
metabolism of midazolam in concentration-dependant manner at concentrations above
0.03%, in case of polysorbate 80 incubated with liver microsomes already at 0.003% [34]. To
date, effects of sucrose laurate and Cremophor RH 40 on cytochrome P450 enzymes have not
been described in literature yet. The former results on the non-ionic surfactants polysor-
bate 80, TPGS and Cremophor EL using other model compounds and different experimental

settings appear to be consistent with our findings.

The mechanisms of inhibition remain unclear and appear to be of a mixed type. It has been
suggested that interactions of solubilizing agents on metabolic enzymes and transporters are
largely due to surfactant-induced membrane fluidization, resulting in perturbation of the

local environment and thereby decreasing protein function [35-37]. A reduced P-gp function
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due to cellular depletion of adenosine triphosphate (ATP) has also been described in case of
Pluronic P85 which could also be the cause of a diminished CYP function [38]. Gonzalez and
co-workers additionally tested cytotoxic impacts of the surfactants on the hepatocyte
monolayers as well as potential interactions with biological membranes. Neither a cytotoxic
effect like alteration in the intracellular ATP content or release of lactate dehydrogenase
(LDH) nor a disruption of the membrane integrity could be revealed in case of polysor-
bate 80 and Cremophor EL [34]. Nevertheless, a direct interaction with the metabolizing en-
zymes, an alteration in the membrane properties, as well as a molecular interaction with the
microsomes have to be taken into account when interpreting the observed inhibitory poten-
tial of surfactants on CYP-mediated metabolism. Certainly, these effects may be unique to the
substrates and future studies are required to determine, if the metabolism of other substrates
will be similarly affected. A quantity of excipients and their degradation products will re-
quire further investigations, whereas it has also be elucidated, if the observed effects would

exhibit any clinically significance.

Considering that many amphiphilic compounds also have the potential to inhibit
P-glycoprotein, addition of surfactants to a formulation for oral delivery in order to effect a
systematic inhibition may be an interesting approach for increasing the oral bioavailability of
APIs, which are substrates of transporters and cytochrome P450 enzymes [39]. The system-
atic use of a second API as an inhibitor of CYP3A4 was applied in the pharmaceutical prod-
uct Kaletra® (protease inhibitor containing lopinavir and low-dose ritonavir) which is ap-
proved for the treatment of HIV infections. The extensive first-pass metabolism of lopinavir
in the liver is mediated primarily by cytochrome P450 3A4 and 3A5 isoenzymes. The co-
administered ritonavir inhibits the activity of CYP3A4 in concentration-dependant manner

in human liver microsomes resulting in an increased plasma concentration of lopinavir [40].
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4 CONCLUSION

Interactions of cytochrome P450 enzymes with common formulation ingredients like non-
ionic surfactants have been evaluated. It was found that all tested surfactant act as inhibitors
of the CYP-mediated hydroxylation of testosterone and diclofenac, whereas the mechanism
by which these compounds exert their influence on metabolizing enzymes appears to be
mixed and elucidation requires further investigations. Direct inhibition of the metabolic en-
zyme, as well as indirect actions on the cellular function such as alterations in membrane

fluidity and ATP depletion have to be taken in consideration.

This study reveals that pharmaceutical industry should act with caution when applying
these solubilizing agents in preclinical dosing studies. Such interactions may potentially lead
to artificially increased plasma levels of the co-administered drug and diminished plasma
levels of CYP-mediated metabolites which entails the risk of assessing incorrect pharmacoki-
netic parameters for new drug entities. On the other hand, the systematic use of an excipient
as an inhibitor of CYP-mediated metabolism might be used in order to increase the oral

bioavailability of co-administered drugs which are substrates of cytochrome P450 enzymes.
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In der heutigen Arzneimitteltherapie stellt die orale Verabreichung die bevorzugte Applika-
tionsart dar, folglich ist die orale Bioverfiigbarkeit der Wirkstoffe fiir den Therapieerfolg von
grofier Bedeutung. Eine Vielzahl der neuen Arzneistoffe ist lipophil und schlecht wasserlos-
lich, da sie mithilfe moderner Screening-Verfahren entwickelt werden, die eine Optimierung
der pharmakologischen Eigenschaften zum Ziel haben. Somit weisen sie oftmals schlechte
Voraussetzungen fiir die orale Therapie auf. Gleichermaflen konnen biologische Barrieren,
insbesondere intestinaler Metabolismus und Efflux-Transporter wie P-Glykoprotein, die sys-

temische Verfiigbarkeit selbst von gut resorbierbaren Arzneistoffen stark vermindern.

Pharmazeutische Hilfsstoffe wie nichtionische Tenside beeinflussen die orale Bioverfiigbar-
keit von Arzneistoffen auf verschiedene Weise. Sie kommen unter anderem als Solubili-
satoren zur Anwendung mit dem Ziel, die Loslichkeit in der gastrointestinalen Fliissigkeit zu
verbessern und so eine hohere Absorptionsrate zu erreichen. Lange Zeit herrschte die An-
nahme, dass Hilfsstoffe wie Tenside pharmakologisch inert sind, und ihr Einsatz erfolgte
ausschliefilich in klassisch technologischem Sinn. Nur wenige Studien sind derzeit publiziert,
in denen die Stabilitdt von nichtionischen Tensiden im Gastrointestinaltrakt oder Interaktio-
nen dieser Hilfsstoffe mit Enzymen untersucht wurde. Uberdies ist die Zahl an geeigneten
analytischen Methoden begrenzt, wahrend sich Spezifikationen identischer Verbindungen in
ihren Qualitdtsanforderungen haufig unterscheiden, obwohl vereinheitlichende Monogra-

phien in vielen Fallen existieren.

Ein Ziel dieser Arbeit war es, pharmazeutisch genutzte nichtionische Tenside unterschiedli-
cher Struktur hinsichtlich ihrer Stabilitdt unter physiologischen Bedingungen zu untersu-
chen. Ausgewadhlt wurden die ethoxylierten Verbindungen Polysorbat 80 und D-a-Tocophe-
rol Polyethylenglykol (1000) Succinat (TPGS) sowie der Saccharosefettsaureester Surfhope®
SE D-1216 (Saccharoselaurat).

Kapitel 1 beschreibt die Entwicklung einer analytischen Methode fiir Polysorbat 80, die auf
chromatographischer Trennung mittels HPLC (High Performance Liquid Chromatography)
basiert. Die Verbindung zeigt aufgrund des Auftretens von Strukturisomeren und unter-
schiedlichen PEG-Kettenldngen eine sehr heterogene Zusammensetzung. Da sie aufierdem

keinerlei Chromophore aufweist, wurde die Detektion mit einem Charged Aerosol-Detektor
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(CAD) sowie einem massenselektiven Detektor (MSD) angewendet. Die Inkubation in HCI-
Losung (pH 1.0) bei 37°C, wodurch die physiologischen Bedingungen im Magen dargestellt
werden sollen, ergab einen Abbau von 9.5% (+ 3.0%) innerhalb von 8 h und einen geringfii-
gigen Abbau von 3.8% (+2.7%) innerhalb von 4 h. Nach Inkubation bei 37°C in Wasser war

kein Abbau nachweisbar.

In Kapitel 2 werden analytische Methoden, ebenfalls beruhend auf der Trennung mittels
HPLC, fur TPGS und Saccharoselaurat beschrieben. Im Fall von TPGS kann UV-Detektion
angewendet werden, da das Molekiil ein Chromophor aufweist. Die Verbindung zeigt eben-
falls eine vielféltige Zusammensetzung aufgrund unterschiedlicher PEG-Kettenldngen. Nach
achtstiindiger Inkubation in HCI-Losung (pH 1.0) bei 37°C sind 3.4% (+ 0.4%) durch Hydro-
lyse der Esterbindung zwischen der PEG-Kette und D-a-Tocopherol Succinat abgebaut wor-
den. D-a-Tocopherol Succinat konnte mithilfe massenspektrometrischer Daten als Abbau-
produkt identifiziert werden. Die Inkubation in Wasser bei 37°C bewirkte keine Hydrolyse.
Saccharoselaurat unterlag einem starken Abbau von iiber 50% innerhalb von 8 h durch die
hydrolytische Spaltung der Glykosidbindung im sauren Medium, wahrend sich die Verbin-
dung in Wasser stabil zeigte. Die Detektion erfolgte hierbei mangels UV-aktiver Strukturen
im Molekiil mit einem Charged Aerosol-Detektor sowie mit einem massenselektiven Detek-

tor.

In den letzten Jahren erlangten neue Technologien, die schlecht wasserlosliche Wirkstoffe
oral verfligbar machen sollen, immer mehr an Bedeutung. Umfassende Entwicklungsarbeit
kommt dabei selbst-emulgierenden Lipidsystemen zu, die eine erfolgversprechende Formu-
lierungsstrategie darstellen. SEDDS (Self-emulsifying Drug Delivery Systems) sind isotrope
Gemische aus synthetischen oder natiirlichen Lipiden mit lipophilen oder hydrophilen
Emulgatoren sowie Cosolventien, die bei Kontakt mit der wassrigen intestinalen Fliissigkeit
spontan emulgieren und feine O/W-Emulsionen bilden. Sie werden als schnell freisetzende
Arzneiformen in Weichgelatinekapseln angeboten. Diese Darreichungsformen enthalten mit-
unter grofse Mengen an nichtionischen Tensiden. Da der Erfolg dieser Formulierungen maf3-
geblich vom Ausmafs des Triglyceridabbaus sowie Entstehung und Art der Abbauprodukte
abhangt, wurde der Einfluss dieser amphiphilen Verbindungen auf die Aktivitat der Pankre-
aslipase, die hauptsachlich fiir die Verdauung von Nahrungsfetten im Diinndarm verant-

wortlich ist, untersucht.
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In Kapitel 3 wird die inhibitorische Wirkung nichtionischer Tenside auf den Triglycerid-
abbau durch die Pankreaslipase untersucht. Fiir diese Studien wurde Pankreatin verwendet,
welches als Organextrakt ein komplexes Gemisch von Enzymen und Begleitstoffen darstellt.
Als weitere Tenside wurden die hdufig verwendeten Macrogolglycerolfettsaureester Cre-
mophor® EL (Cr EL) und Cremophor® RH 40 (Cr RH 40) hinzugezogen. Fiir die Inhibition
des Triglyceridabbaus wurden die ICso-Werte 0.13 mM (PS 80), 0.08 mM (TPGS), 0.46 mM
(Saccharoselaurat), 0.19 mM (Cr EL) und 0.04 mM (Cr RH 40) bestimmt. Im Folgenden sind
die Tenside nach absteigender inhibitorischer Aktivitit angeordnet: Cremophor RH 40 >
TPGS > Polysorbat 80 > Cremophor EL > Saccharoselaurat. Die Effekte traten bereits unter-
halb der kritischen Mizellbildungskonzentration auf. Polysorbat 80 bewirkte in geringen
Konzentrationen eine kompetitive Hemmung. Weiterhin wurde die Stabilitat der Tenside
selbst gegeniiber Pankreasenzymen getestet, da ein Abbau ebenfalls die Solubilisierungska-
pazitat der gastrointestinalen Fliissigkeit nach Applikation eines SMEDD vermindern kann.
Die Fettsdaureester von Polysorbat 80 sind zu 14% (+ 1.0%) hydrolysiert worden. Im Fall von
Cremophor EL wurden 14.4% (+3.3%) hydrolysiert, wahrend Cremophor RH 40 zu einem
geringerem Anteil von 6.1% (+2.8%) abgebaut wurde. TPGS und Saccharoselaurat zeigten

sich stabil gegeniiber Pankreasenzymen.

Gegenstand neuester Forschung ist ferner die Moglichkeit der Beeinflussung intestinaler
arzneistoffmetabolisierender Enzyme durch nichtionische Tenside, wiahrend eine Modulati-
on von Transportermechanismen im Diinndarm durch grenzflachenaktive Substanzen zuvor

vielfach beschrieben worden ist.

In Kapitel 4 wird eine inhibitorische Aktivitdt von nichtionischen Tensiden auf den Arz-
neistoffmetabolismus durch Cytochrom P450 Enzyme (CYP) anhand der Inkubation dieser
amphiphilen Verbindungen mit Lebermikrosomen untersucht. CYP3A4 und CYP2C9 spielen
beim intestinalen Metabolismus die bedeutendste Rolle, deshalb wurden ICs-Werte fiir die
Hydroxylierung der jeweiligen Modellsubstrate Testosteron und Diclofenac bestimmt. Bei
allen Tensiden konnte eine konzentrationsabhangige Inhibition festgestellt werden. Im Fall
der CYP3A4-vermittelten Hydroxylierung von Testosteron wurden die ICs-Werte 0.40 mM
(PS 80), 0.15mM (TPGS), 0.20 mM (Saccharoselaurat), 0.60 mM (Cr EL) und 0.80 mM
(Cr RH 40) ermittelt. Fiir die CYP2C9-vermittelten Hydroxylierung von Diclofenac konnten
die ICso-Werte 0.04 mM (PS 80), 0.30 mM (TPGS), 0.07 mM (Saccharoselaurat), 0.03 mM
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(Cr EL) und 0.03 mM (Cr RH 40) bestimmt werden. Auch hier trat eine inhibitorische Aktivi-

tat bereits unterhalb der kritischen Mizellbildungskonzentration auf.

Aus diesen Ergebnissen ldsst sich folgern, dass das Kriterium der pharmakologischen Indif-
ferenz von Hilfsstoffen in vielen Féllen nicht gegeben ist. Des Weiteren verdeutlichen sie die
Notwendigkeit, im Rahmen der Entwicklung von komplex zusammengesetzten Formulie-
rungen zundchst eine Untersuchung und quantitative Bewertung des Stabilitatsverhaltens
der Hilfsstoffe durchzufiihren. Insbesondere bei selbst-emulgierenden Lipidsystemen, die
einen grofien Anteil an nichtionischen Tensiden enthalten konnen, muss beriicksichtigt wer-
den, dass sowohl der Abbau der Tenside als auch die inhibitorische Aktivitdt dieser gegen-
tiber der triglyceridabbauenden Pankreaslipase mafigeblichen Einfluss auf die Arzneistoff-
solubilisierung und somit Erfolg solcher Formulierungen haben. Die in der vorliegenden
Arbeit beschriebene Fahigkeit der Beeinflussung von intestinalen Cytochrom P450 Enzymen
durch nichtionische Tenside eroffnet die Moglichkeit, diese Verbindungen zur gezielten Me-
tabolismushemmung einzusetzen. Dadurch kann die Bioverfiigbarkeit von ,Problemarznei-
stoffen”, die Substrate dieser Enzyme darstellen und deshalb eine geringe orale Bioverfiig-

barkeit aufweisen, erhoht werden.
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