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Background and Purpose

There is an increasing use of natural peptides and proteins as

therapeutics. For example, eight different protein or peptide drugs have

been registered in Switzerland in the last two years1. In several cases such

proteinacious2 therapeutics are to be applied for long-term treatments.

Despite the growing interest in alternative routes of delivery the most

popular and desirable method of drug administration remains the oral

route. This, however, implies major challenges for the pharmaceutical

development and necessitates the invention of efficient and safe delivery

systems for peptides and proteins. In addition to the problems which are

encountered by all drugs administered perorally, e.g., hepatic first pass

metabolism, proteinacious drugs are subjected to the proteolytic activity in

the intestine, low intrinsic permeability in the intestinal epithelium and to a

certain extent the mucus layer on the intestinal epithelium and the

involvement of a secretion pumps, i.e., P-glycoprotein. To overcome these

barriers various approaches have been proposed:

* targeting to a particular segment of the gastrointestinal tract in

which there is lower enzymatic activity (e.g., the colon)

* using specialised drug carrier systems which shuttle the peptide

or protein to its absorption site (e.g., mucoadhesive chitosan-

coated liposomes, azo-polymercoated drugs)

* lowering the proteolytic activity (e.g, use of enzyme specific

inhibitors)

* improving the resistance to breakdown by structural

modification (e.g., cyclisation of peptides)

* inhibition of P-glycoprotein (e.g., verapamil, Tween 80)

To assess the feasibility of peroral delivery of a peptide and/or

protein dosing the compound in vivo in an animal model or in humans

certainly is the method of choice for determination of bioavailability.

Elowever, the mechanistic interpretation of the results may be difficult due

to the complexity of this model which is mostly due to the overlay of

1
IKS 1Q99. personal communications

2
Hereafter the term "proteinacious" is used as a synonym fbi "peptide and protein"
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various absorption-controlling factors. Therefore, in order to study the

influence of each factor involved in the overall absorption process, the use

of in vitro and in situ methods is essential. Various in vitro and in situ

models are applied, each encompassing different phases of the intestinal

absorption process. Thus, the choice of a suitable model has to be in

accordance with the specific questions of each investigation. For example,
the influence of both luminal and brush border membrane bound enzymes

on the stability of a proteinacious compound may be determined by a

combination of various in vitro models, e.g., incubation studies in the

presence of pancreatic extract, purified enzymes, perfusates collected from

the intestine, brush border membrane vesicles or incubation studies using

excised intestinal mucosa.

Well characterised in vitro and in situ intestinal models for

intestinal transport studies are e.g., the Caco-2 cell culture model, excised

intestinal mucosa and single-pass perfusion techniques. The excised

mucosa represents a more complex model than the homogeneous Caco-2

cell monolayer with respect to the variety of epithelial cells, the mucus

layer, the brush border associated enz) mes and membrane associated

luminal enzymes. In addition, for the assessment of the effective

permeability in different intestinal segments, the excised mucosa model

may be the first choice. However, in order to investigate the influence of a

specific transport carrier or secretion process such as P-glycoprotein on the

membrane permeability the Caco-2 cell model might be more adequate

since it is easier to characterise and, thus, specific mechanisms can be

defined more easily. In contrast to both, excised mucosa and Caco-2 cell

model, the in situ single-pass perfusion with concurrent blood sampling

from the portal vein allows to investigate solute uptake from the intestine

into the blood circulation. Thus, this model is suitable when the assessment

of the overall absorption of a compound is the primary focus of interest. In

this work, the feasibility of peroral delivery was assessed for IGF-I and,

with respect to P-gp, also metkephamid as therapeutically relevant peptide.

The influence of the main absorption barriers - enzymatic cleavage, mucus

and epithelial transport - on the uptake of proteins was studied by means of



stability and transport studies. This work is divided into 4 chapters as

shown below:

• An extended introduction about the assessment of barriers for

proteinacious drug uptake, such as enzymatic cleavage, mucus

and epithelial transport as related to the feasibility of IGF-I

absorption.

• The characterisation of P-glycoprotein-mediated efflux in Caco-

2 cell monolayers focusing on the influence of culturing
conditions and drug exposure on P-gp expression levels.

• Stability of IGF-I in the gastrointestinal tract of various species
in relation to typical substrates of pancreatic proteases.

» Transport of IGF-I across the intestinal epithelium: permeation

rates and mechanisms relative to permeability markers.

Each of these aspects will be dealt with in separate chapters.
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Abstract

lire kinetics and pathways of intestinal absorption and enzymatic

cleavage of therapeutic proteins upon peroral delivery are the subject of

this work. More specifically, Insulin-like growth factor I (IGF-I) was

particularly focussed on. There is a rapidly growing interest in the

therapeutic use of natural peptides in medicine, since several endogenous

peptides play an important role in the regulatory processes of body

functions as enzymes, hormones, neuropeptides or neurotransmitters and

cytokines. In various cases these proteinacious drugs are applied for long-

term treatments. For these chronic therapies the most convenient method of

drug administration is via the oral route. This route, however, presents big

challenges to the development of effective delivery systems for peptides
and proteins, mainly due to enzymatic degradation in the lumen, the mucus

layer on the intestinal epithelium and the low permeability. Chapter I gives

an extensive overview of the influence of these three main barriers with

special focus on IGF-I.

Low absorption of peptides may result from their high

hydrophilicity and molecular weight, respectively. Secretion processes

may contribute to the limited absorption of various drugs. An important

example for an efflux-pump is P-glycoprotein (P-gp). P-gp is known to

secrete various peptide drugs. Caco-2 cells are a relevant in vitro model to

study the influence of such a secretion process on the permeability of

drugs. Therefore, the influence of cell culture conditions and previous drug

exposure on P-gp expression levels in Caco-2 cells was determined

(Chapter II). In this study, the expression of P-gp is demonstrated (i)

visually by confocal laser scanning microscopy (CLSM), (ii) functionally

by transport studies with substrates of the efflux pump and (iii)

quantitatively by flow cytometry (FCM) analysis using specific

monoclonal antibodies (anti P-gp MRK16 as an external antibody and

C219 P-GlycoCheck as an internal antibody). fr>psinisation of the cells

post confluency led to a decrease of P-gp expression levels, while prior

trypsinisation led to an increase after long term cultivation. Culturing the

cells on polycarbonate filters did not elicit a significant change of P-gp
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expression over time in culture, whereas in plastic flasks (polystyrene) a

decrease was detected. Using CLSMa strong fluorescence on the apical
side of Caco-2 cell monolayers was observed, as a result of incubation with

MRK16 as primary and IgG Cy5 as secondary antibody. Previous drug

exposure of the cells showed that verapamil, Celiprolol and vinblastine

induced the P-gp expression, while metkephamid (MKA) decreased the P-

gp expression level as compared to the control. Permeation studies

consolidated the immunohistochemical results that P-gp is expressed in the

Caco-2 cells, albeit at variable concentrations which requires careful

control when this model is to be used in quantitative structure/secretion

studies (Chapter II). For talinolol and MKA a higher transport from

basolateral to apical than in the reverse direction was found. Incubation of

the cell monolayer with MRK16 reduced the secretory process to the

apical side, but did not influence the Tl-mannitol flux.

IGF-I is a 7648 Da protein consisting of 70 amino acids and is

considered among others as a long-term treatment for type II diabetes.

In order to investigate the peroral route of administration as an

alternative to the parenteral injection treatment, the metabolism of IGF-I in

the gut was investigated in the presence of crude porcine pancreatic

enzymes (CPPE) from pig and flushings of the small and large intestine

from pig, rat and dog. Moreover, incubation studies with purified

pancreatic enzymes which are present in the intestine, such as

aminopeptidase M, carboxypeptidase A, cc-chymotrypsin and trypsin, were

performed in order to determine the most active enzymes responsible for

the metabolism of IGF-1 (Chapter III).

IGF-I was degraded in the jejunum, ileum and colon. Significant

intra- as well as inter-species differences of IGF-I stability were observed.

IGF-I was less stable in the ileum as compared to jejunum and colon of all

species examined. It could be shown that IGF-l was mainly degraded by

chymotrypsin (t, 2
= 2.7 min) and trypsin (t| 2

= 34.6), whereas in the

presence of aminopeptidase Mand carboxypeptidase A it was stable within

90 min. Instability could be improved by adding serineprotease inhibitors

such as aprotinin, soybean trypsin inhibitor and Na-p-tosyl-L-lysine
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chloromethyl ketone (TLCK) or casein. While casein strongly increased

the stability of IGF-I in all segments of the three species, the stability of N-

acetyl-L-tyrosin ethyl ester and N-benzoyl-L-tyrosin ethyl ester, both

typical substrates for chymotrypsin, was only partially increased.

Interaction studies with casein and IGF-I elucidated that under the

conditions used - 70 % of IGF-I was bound to casein leading to the

conclusion that the specific protection of IGF-I occurred due to interaction

with casein.

It could be shown that IGF-I was mainly degraded by

chymotrypsin- and trypsin-like enzymes and that the stability in the

intestine could be clearly increased by adding a mixture of chymotrypsin
and trypsin inhibitors or casein. We assessed the stability of IGF-I in

relation to substrates of the pancreatic enzymes. A degradation rate of 35

nmol ml/1 min"1 in human jejunal fluid was predicted. Additionally, the

stability of IGF-I showed a significant inter-species difference.

The influence of the permeability barrier in the intestine for IGF-I

bioavailability was investigated. The transport of IGF-l across intestinal

epithelium was characterised with respect to its permeation mechanism and

also its magnitude in relation to permeability markers. Two systems were

applied in order to study IGF-I absorption; permeation studies across rat,

human and porcine excised mucosa in Cssing chambers and single-pass

perfusion studies in rats (Chapter IV).

Across porcine, human and rat mucosa of the colon and jejunum,

only a low permeability of IGF-I was observed. Addition of casein

increased IGF-I permeability significantly, yet permeabilities were still

lower than PEG4000 permeability, which is known as a non-absorbable

drug. There was no significantly different permeation across rat, porcine

and human mucosa. Through a mixture of chymotrypsin- and trypsin-

inhibitors IGF-I permeability increased clearly, but in contrast to casein

this mixture damaged the integrity of the mucosa indicated by the

increased flux of PEG 4000. Saturable permeation kinetics was observed

for IGF-I across porcine mucosa. IGF-I plasma concentrations were not

significantly increased after single-pass perfusion compared to endogenous

plasma concentrations, moreover, casein did not seem to have an
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enhancing effect when this system was applied, which was in accordance

with the permeation studies.

This study thus elucidated the permeation kinetics of IGF-1 in

relation to permeability markers. Moreover, the influence of various

enhancers on the permeability of IGF-I was demonstrated. Also, the

influence of target site in the gut on the IGF-1 absorption was shown.

Generally, peroral delivery of IGF-I is clearly limited by its

enzymatic stability and its low absorption. Flowever, we could show

several approaches to increase the stability and permeability of IGF-I.
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Zusammenfassung

Diese Arbeit befasst sich mit Kinetiken und Transportmechanismen
der intestinalen Absorption therapeutischer Peptide, sowie deren

enzymatischem Abbau. Das wachsende Interesse am therapeutischen
Einsatz natürlicher Peptide basiert auf der Schlüsselrolle endogener

Peptide (Enzyme, Hormone, Neurotransmitter und Zytokine) in der

Regulation von Körperfunktionen. Ihr therapeutischer Einsatz erfolgt

häufig über einen längeren Zeitraum. In der Therapie chronischer

Erkrankungen ist nach wie vor die perorale Finnahme die vom Patienten

bevorzugte Form der Applikation. Dies führte zu intensiven Bemühungen

in der Weiterentwicklung therapeutischer Systeme, die durch Überwinden

der intestinalen Absorptionsbarrieren eine effiziente Wirkstofffreigabe

ermöglichen. Zu den wichtigsten limitierenden Faktoren zählen die

proteolytischen Enzyme, der das Epithel bedeckende Schleim sowie die

durch das Epithel bedingte geringe Absorptionsrate. Kapitel I gibt einen

detaillierten Überblick über den Einfiuss dieser drei Faktoren auf die orale

Absorption von Peptiden unter besonderer Berücksichtigung von IGF-I

(Insulin-like growth factor 1).

Die geringe Absorption von Peptiden kann vor allem auf deren

stark hydrophilen Charakter und auf ihr vergleichsweise grosses

Molekulargewicht zurückgeführt werden. In einigen Fällen führen

intestinale Sekretionsprozesse zu einer zusätzlichen Verringerung der

Absorptionsrate. Ein wichtiges Beispiel eines solchen Effluxsystems ist

das P-glycoprotein (P-gp), das für die Sekretion zahlreicher

therapeutischer Peptide verantwortlich ist. Das Caco-2 Zellkulturmodell

wurde als in-vitro System gewählt, um den Einfiuss derartiger

Sekretionsprozesse auf die Peptidabsorption zu untersuchen. Neben dem

Einfiuss der Zellkulturbedingungen auf die Expression von P-gp wurde

auch der Effekt verschiedener Wirkstoffe (z. B. Vinblastin) untersucht. Die

P-gp Expression wurde (i) visuell mittels konfokaler Eichtmikroskopie, (ii)

funktionell mittels Transportstudien mit Substraten der Effluxpumpe und

(iii) quantitativ mittels Flusszytometrie unter Verwendung P-gp-

spezifischer Antikörper untersucht. Das Trypsinisleren nicht-konfluenter
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Zellen führte zu einer Zunahme der P-gp Expression. Hingegen nahm sie

nach Langzeitkultivierung ab, d.h. wenn die Zellen nach Erreichen der

Konfluenz trypsinisiert wurden. Dies war besonders deutlich bei der

Kultivierung in Polystyrol-Flaschen zu beobachten. Im Gegensatz dazu

wurde bei der Kultivierung auf Filtern über einen längeren Zeitraum keine

signifikante Veränderung der quantitativen P-gp Expression beobachtet.

Nach immunohistochemischer Anfarbung mit MRK16, einem externen P-

gp Antikörper, als primärem Antikörper und IgG Cy5 als sekundärem

Antikörper wurde mittels CLSMdas P-gp an der apikalen Membranseite

lokalisiert. Im Vergleich zur Kontrolle führte vorheriger Kontakt der

Zellen mit Verapamil, Celiprolol und Vinblasfin zu einer erhöhten, mit

Metkephamid jedoch zu einer verringerten P-gp Expression. Des weiteren

bestätigten Permeationsstudien die P-gp Fxpression in den verwendeten

Caco-2 Zellen. Bei Talinolol und dem Pentapeptid Metkephamid konnte

eine höhere Transportrate in sekretorischer Richtung beobachtet werden.

Inkubationen der Caco-2 Monolayer mit MRK 16 verminderte die

Sekretion zur apikalen Seite, während der Mannitol-Flux unverändert

blieb. Aufgrund der grossen Variabilität der P-gp Expression in

Abhängigkeit von den Kulturbedingungen, ist eine vorherige

Standardisierung des für quantitathe Sekretionsuntersuchungen

eingesetzten Zellkulturmodells erforderlich (Kapitel II).

IGF-I ist ein aus 70 Aminosäuren aufgebautes Protein (7648 Da),

das unter anderem für die Langzeitbehandlung von Diabetes Typ II in

Erwägung gezogen wird. Umdie Möglichkeit einer peroralen Applikation

als Alternative zur subkutanen Injektion abzuklären, wurde die

metabolische Stabilität von TGF-I in Gegenwart von Enzymen des

Schweinepankreas und Spülungen des Dick- und Dünndarms vom

Schwein, von der Ratte und vom Hund überprüft. Daneben wurden

Inkubationsstudien mit reinen Pankreasenzymen, z.B. Aminopeptidase M,

Carboxypeptidase A, a-Chymotrypsin und Trypsin, durchgeführt, um die

für den Abbau von IGF-1 verantwortlichen Enzyme zu bestimmen (Kapitel

TU).
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IGF-I wurde im Jejunum, Ileum und Kolon abgebaut. Signifikante
Intra- und Inter- Spezies-Unterschiede der IGF-I Stabilität wurden

beobachtet. In allen drei Spezies war IGF-1 im Ileum weniger stabil als im

Jejunum und Kolon. Es konnte gezeigt werden, dass IGF-I hauptsächlich
von Chymotrypsin (th2 = 2.7 min) und Trypsin (t1/2 = 34.6 min) abgebaut

wird, während es in der Anwesenheit von Aminopeptidase M und

Carboxypeptidase A innerhalb von 90 min stabil war. Durch Zusatz von

Serinproteasen-Inhibitoren wie z. B. Aprotinin, Sojabohnentrypsin-
Inhibitor und Na-p-Tosyl-L-lysin-chloromethylketon (TLCK) oder Kasein

konnte die Stabilität merklich verbessert werden. Während Kasein die

Stabilität von IGF-I in allen Abschnitten des Darms von allen Spezien
stark verbesserte, wurde die Stabilität \on N-Acetyl-L-tyrosinethylester
und N-Benzoyl-L-tyrosinethylester, beides Substrate von Chymotrypsin,

nur teilweise verbessert. Proteinbinduncssludien von IGF-I an Kasein

zeigten, dass unter den verwendeten Bedingungen ~70 %IGF-I an Kasein

gebunden waren. Dies führte zu der Annahme, dass Kasein IGF-I

möglicherweise aufgrund einer Komplexbildung spezifisch schützt.

Es konnte gezeigt werden, dass IGF-1 hauptsächlich durch

Chymotrypsin- und Trypsin-ähnliche Enzyme abgebaut wurde und dass

der Zusatz von Chymotrypsin- und Trypsin-Inhibitoren und von Kasein die

Stabilität im Darm signifikant erhöhte. Der Vergleich der Stabilität von

IGF-I mit Substraten der Pankreasenzyme im Magen-Darm-Trakt

ermöglichte die Berechnung einer Abbaurate von 35 nmol mL"1 min"1 im

menschlichen Darmsaft des Jéjunums. Daneben wiesen die

Stabilitätsuntersuchungen von IGF-I in verschiedenen Spezien einen

signifikanten Unterschied auf. Zusammenfassend konnte gezeigt werden,

dass die perorale Absorption von IGF-I vor allem durch die ausgeprägte

enzymatische Degradation im Magen-Darm-Trakt verhindert wird.

In Transportstudien wurde der Einfiuss der Absorptionsbarriere des

Magen-Darm-Trakts auf die Absorption nach peroraler Applikation von

IGF-I untersucht. Neben in-vitro Permeationsstudien mit humaner

Dickdarm-Mukosa und Mukosa von Schwein und Ratte wurden in-situ

Perfusionsstudien an der Ratte durchgeführt (Kapitel IV). Dabei wurden
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die erhaltenen Permeabilitätswerte von IGF-I zu Permeabiltäten von

Markersubstanzen in Relation gesetzt, sowie zur Aufldärung beteiligter

Transportmechanismen verwendet. Obwohl die Permeation von IGF-I

durch die Mukosa sowohl des Dünn-, als auch des Dickdarms nur sehr

gering war, konnte sie jedoch signifikant durch Zusatz von Kasein erhöht

werden. Jedoch erreichte die IGF-I Permeabilität nie den Wert der

Permeabilität von PEG4000, eine Substanz, weiche als nicht absorbierbar

gilt. Die Permeation von IGF-I zeigte keine signifikanten Unterschiede in

den unterschiedlichen Spezies. Der Zusatz einer Mischung von

Chymotrypsin- und Trypsin-Inhibitoren erhöhte signifikant die

Permeabilität von IGF-I. Im Gegensatz zu Kasein wirkte sich der Zusatz

dieser Inhibitoren jedoch negativ auf die Integrität der Darmschleimhaut

aus. Penneationen in der Schweinemukosa folgten einer Sättigungskinetik.

Sowohl Perfusionen des Dünn-, als auch des Dickdarms führten nicht zu

einer Erhöhung der Plasmakonzentration von IGF-I im Vergleich zum

endogenen Plasmaspiegel des Peptids. Der Zusatz von Kasein hatte keinen

Einfiuss, was eigentlich in Übereinstimmung mit den Resultaten der

Permeabilitätsstudien ist.

Durch Bestimmung der Permeationskinetik und durch den

Vergleich der Permeabilität mit Permeabilitätsmarkern konnten in der

vorliegenden Arbeit Anhaltspunkte für die resorbierte Menge an IGF-I

gewonnen werden. Weiterhin konnte der absorptions fördernde Einfiuss

bestimmter Inhibitoren gezeigt werden.

Allgemein muss man schliessen, dass die peroral Applikation von

IGF-1 stark limitiert ist, sowohl aufgrund dessen Stabilität als auch

geringen Permeabilität. Jedoch konnten wir einige Methoden zeigen,

welche die Stabilität und Permeation von IGF-I signifikant erhöhten.



S W?%t,Jk 1 |



Chapter I

Assessment of Barriers for Proteinacious Drug Uptake
in the Intestine: Enzymatic Cleavage, Mucus and

Epithelial Transport as Related to the Feasibility of

IGF-I Absorption.
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Because endogenous proteinacious compounds play a predominant
role in the regulatory processes of almost all body functions as enzymes,

hormones, neuropeptides or neurotransmitters and cytokines, there is a

rapidly growing interest in the therapeutic use of these compounds.

Frequently such therapies require long-term treatments. For chronic

therapies, however, the most convenient way for drug administration

remains the oral route. Flowever, in particular for peptide and protein

drugs, this route poses major challenges for the development of efficient

delivery systems. The enzymatic degradation in the lumen and brush

border membrane, the low effective permeability of the involved

epithelium, and to some extent the mucus la>er are considered to represent

the main barriers (cf. figure 1). B} reducing the impact of these three

barriers on the absorption of a selected compound, a higher absorption rate

may be achieved.

A potentially interesting protein for oral drug delivery is insulin¬

like growth factor I (IGF-I) due to its demonstrated low liver metabolism

(Kimura et al. 1994, Hill et al. 1997). IGF-I belongs to the family of the

growth hormones (Stewart and Rotwein 1996) and carries chemical

similarities to insulin (Rinderknecht and Humbel 1978; cf. figure 2).

Luminal enzmyes Enzymatic barrier

Mucus Diffusive barrier

Membrane

bound enzmyes

Enzymatic barrier

Epithelium Absorptive barrier

Figure 1 : An overview of the barriers encountered by peptide and protein

drugs upon oral administration (TJ = tight junction)
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Figure 2: Amino acid sequence of IGF-I, pi 8.64, Mr 7648. Arrows show

potential cleavage pattern caused by trypsin (—> ) and chymoytrypsin (—>)

according to Stryer (1990).

Because of its potentially chronic use, the feasibility of oral delivery of

IGF-I is currently under investigation.

Based on multiple physiological effects (cf. figure 3) the potential

of IGF-1 for the treatment of a number of diseases is currently being

discussed, e.g., for type II diabetes (Savage and Dünger 1996, Froesch

1994), Lou Gehrig's disease (Piascik 1996, Festoff 1996) and for the

treatment of growth hormone receptor deficiency in children (GueVara-

Aguirreetal. 1995).

In this study we investigated the influence of the three typical

intestinal barriers, the enzymatic cleavage barrier, the mucus barrier and

the epithelial barrier, on the absorption of IGF-I in order to assess the

feasibility of oral IGF-I delivery.

Barriers to IGF-I absorption

The enzymatic barrier

Various models have been established to test the stability of

therapeutics in the gastrointestinal tract, reflecting the qualitative and

quantitative composition of the digestive enzymes in the different

intestinal segments.
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cancer
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Figure 3: Multiple physiological functions for IGF-I according to Stewart

and Rotwein 1996.

Enzyme distribution in the gut

Lee (1988) describes the enzymatic barrier as by far the most

important of the multitude of barriers limiting peptide and protein

absorption from the gastrointestinal tract, as confirmed by other studies

(Langguth et al. 1997).

By pancreatic excretion, chymotrypsin, trypsin, elastase and

carboxypeptidase A and B are released into the duodenum. These enzymes

are active throughout the small intestine, and partially also in the large

intestine, and reach their highest activity at pfl values around 8 (Lee 1988,

Gibson et al. 1989, Langguth et al. 1997). The main metabolic activity in

the large intestine is due to the activity of the colonic microflora which

plays an important role in the degradation of peptides and proteins

(Macfarlane et al. 1986, Tozaki et al. 1997). Proteolytic activity may either

be found extracellularly, or associated to bacterial cells or due to

disruption of bacterial cells (Gibson and Macfarlane 1988). The proteolytic

activity of the colon is qualitatively different from that of the small

intestine (Gibson and Macfarlane 1988).

In addition to luminal enzymes, the influence of cell bound

proteases has to be considered. Langguth et al. (1997) gave an extensive
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overview of important brush border membrane peptidases and their

substrate requirement.

Based on the findings of other authors (Bai 1995, Kimura et al.

1997) it may be foreseen that IGF-I is degraded by chymotrypsin- and

trypsin-like enzymes. The stability of IGF-1 in the presence of cytosolic

and luminal enzymes could be clearly increased by using chymotrypsin
and trypsin inhibitors.

Models to study enzymatic activity' in the gut

Various models have been described to determine the activity of

luminal enzymes in the gut, such as incubations with pancreas extract,

perfusate, extract of faecal slurries, brush border membrane vesicles,

everted rings, excised mucosae and cell culture systems.

Pancreas extract and purified pancreatic enzymes: The

physiologic effect of pancreatic enzymes on the stability of IGF-I is best

assessed in incubation studies with crude pancreatic extract. Flowever, this

system is not useful to study specific enzyme kinetics because only

apparent Kmand vmax values can be determined. Therefore, isolated and

purified enzymes are employed to assess the enzyme specific kinetic

parameters such as Km and vniav Since the methods of extraction and

purification may change the composition of pancreatic extract,

standardisation of the extracts is essential due to variable enzyme activities

of the components.

Perfusates of the small intestine and faeces extract: Since the

composition of the enzymes changes qualitatheh and quantitatively along
the intestine (Lee 1988, Gibson et al. 1989), therefore, it is important to

use appropriate test systems which take the distribution of intestinal

enzymes in the lumen into account. The incubation with perfusates is a

convenient test system and offers the opportunity to study the degradation

of peptides and proteins in different intestinal segments. Routinely, the

intestine is removed immediately after sacrifice of the animal, and rinsed

with an appropriate volume of buffer. The perfusates are standardised with

respect to the total protein concentration. In case of the large intestine an

appropriate sample of colonic content is diluted with physiological buffer
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at pH 4 and extracted for 30 min. After centrifugation the supernatant is

used for incubation studies. The metabolism may be studied under

anaerobic (Tozaki et al. 1997) or aerobic conditions (Kimura et al. 1997).
An additional set-up was described by Breves et al. (1991) which permits
to study specifically the anaerobic microbial metabolism. Under aerobic

conditions the activities of pancreatic enzymes rather than the microbial

metabolism (Macfarlane et al. 1986) can be investigated.
Brush border membrane vesicles (BBMV1: Brush border membrane

vesicles are used for both absorption (Bohner 1996) and enzymatic

stability studies (Langguth et al. 1997). BBMVmight be problematic due

to the rather unphy Biologically (Ganapatfry and Leibach 1983) high
enrichment of brush border enzymes (Biber et al. 1981) and high

variability in vesicle preparations (Osiecka et al. 1985). However, they are

useful to investigate the influence of brush border membrane enzymes

(Langguth et al. 1997, Heizmann et al. 1997) on the degradation of

peptides and proteins and allow studies on the distribution of membrane

bound enzymes along the various sites of the intestine. The BBMV

technique, however, lacks the possibility to study the influence of mucus

bound enzymes (Desai et al. 1991).

Ussing chamber studies using excised mucosa and cell culture

inserts: Ussing chambers are an established lool to study metabolism. Cell

culture inserts or excised mucosae might be used (Grass and Sweetana

1993). On-line electrical resistance measurements are applied to test the

integrity of the cell membrane. Thus, with respect to metabolism this

system allows the investigation of the influence of enzymes bound to the

brush border membrane or to the epithelial mucus (Desai et al. 1991). Drug

transport has to be taken into account because the decrease of drug

concentration in the donor compartment is the net result of both enzymatic

degradation and epithelial Iransport.

A simpler system is the technique of everted rings. Advantages of

this models are the technical simplicity and, in contrast to the BBMV, the

preservation of the epithelial barrier, i.e. its anatomical and functional

polarisation, and a highly reproducible performance (Osiecka et al. 1985).
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Intestine

Luminal

Enzymes

Bound

Enzymes

Methods

Duodenum Jejunum Ileum Colon

chymotrypsin, trypsin, carboxypeptidase A/B, elastase

cytosolic bacterial enzmes

aminopeptidase M/A/P/W,

carboxypeptidase A/P/M, endopeptidases

cysteine-, metalloproteases

(bound to bact. cell membrane)

pancreatic porcine extract, purified pancreatic enzymes

BBMV

perfusates, excised mucosa

Figure 4: Distribution of various proteases along the intestine and methods

to study the enzymatic stability of IGF-1 in the gut (Woodley 1994,

Macfarlane et al. 1986, Gibson et al. 1989, Tee 1988, Langguth et al.

1996). Shading signalises the intensity of enzymatic activity.

However, the short life time of the tissue limits the use of this model

(Fleisher 1995).

Therefore, in order to study the influence of luminal and brush

border membrane bound enzymes on the enzymatic stability of IGF-I, we

will combine incubation studies using pancreatic extract, purified enzymes,

and perfusates collected from the intestine, with BBMV studies and

incubation studies using excised intestinal mucosa (cf. figure 4).

Mucus barrier

Mucus forms a continuous \iscoelastic gel layer covering the

intestinal epithel ia. It has been suggested that the mucus layer has

important physiological functions, such as lubrification, protection of the
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mucosa and maintenance of pH gradient (Saitoh et al. 1986, Forstner

1978). In particular, the mucus constitutes a barrier to diffusion of certain

nutrients and, more importantly, may limit the access of therapeutic agents

to the absorptive epithelial surface (Desai et al. 1992). The thickness of the

mucus layer has been estimated to be 100 - 500 u\m. Its major constituent is

a 2 x 106 Da glycoprotein subunit (Carlstedt and Sheehan 1984), with a

high amount of a carbohydrate component, mainly in the form of

oligosaccharides. Additionally, DNA, inorganic material and plasma

proteins are present in the mucus resulting from the metabolic breakdown

of epithelial cells (cf. table 1).

The glycoprotein mentioned is thought to be responsible for both

the physical and the structural properties of mucus (Slomiany, et al. 1983).

Yet, Wikman Larhed et al. (1997) showed that lipids, rather than mucin

glycoproteins, are the major components which contributes to reduced

diffusion of lipophilic drugs in native intestinal mucus. Nevertheless, the

authors also reported that protein binding effects may have to be taken into

account when the influence of mucus on the diffusion of proteins is

investigated. Flowever, it seems undisputed that gel-forming and viscosity

increasing agents which are important for the action of mucus as lubricant,

mixing barrier and particle trap (Lee and Nicholls 1987 and Crowther et al.

1984) are more significant barriers to the diffusion of larger drugs such as

peptides and proteins.

Various studies have demonstrated the influence of mucus on the

diffusion of various drugs (Saitoh et al. 1996. Desai et al. 1992, Winne and

Verheyen 1990). To what extent mucus represents a rate-limiting barrier in

the sequence of drug absorption remains to be established. In order to

overcome the mucus barrier in the framework of mechanistic studies on

drug absorption, breakdown of the mucus gel might be the first choice.

Livingstone et al. (1990) illustrated the influence of N-acetyi-L-cysteine on

the cleavage of disulfide-bridge based cross-linkage of purified mucus

glycoprotein.
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Table 1: Components of the intestinal mucus layer according to Wikman et

al. (1997). The contents were analysed by weighing the lyophilised
fractions obtained after density gradient centrifugation.

Component %(w/w) of dry weight

mucin

lipids

proteins

DNA

other

Absorption barrier

The transport of peptide and protein drugs across the intestinal

epithelium per se may occur via different pathways. Various model

systems are available to assess the intrinsic permeability of IGF-I and its

potential transport mechanisms.

Transport mechanisms

Various mechanisms may be involved in the transport of

proteinacious drugs through the intestinal epithelium. A schematic

overview on the preferential pathways for peptide and protein absorption

are given in figure 5. Passive transport mechanisms via the paracellular or

transcellular route, carrier-mediated and endocytotic/transcytotic

mechanisms have been described. Bohner extensively reviewed (1996) a

number of feasible transport routes for peptides, e.g., via the di- and tri-

peptide transporter, passive transcellular and passive paracellular routes. A

previous review by Burton et al. (1992) focused mainly on the passive

aspects of transcellular peptide and protein absorption, whereas Nellans

(1991) elaborated on the modulation of absorption via the paracellular

pathway. Regarding transcxtosis and endoc\tosis Shen et al. (1992)

described in detail the aspects of enhancing peptide and protein absorption
via these routes, and Rodmann and Mercer (1990) gave a comprehensive

overview considering the cell biological aspects of these processes.

5

37

39

6

13
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In case of IGF-I the endocytotic and transcytotic pathways are

potential absorption routes. Many studies have shown the presence of IGF-

1 receptors in the gastrointestinal tract (Rouyer-Fessard et al. 1990, Young

et al. 1990, Schober et al. 1990, Pillion et al. 1989) which led to the

speculation of receptor-mediated transcytosis and/or receptor-mediated

endocytosis. Moreover, receptor-mediated endocytosis and transcytosis of

IGF-1 have been described for fibroblasts and rat astrocytes (Zapf et

al. 1994, Auletta et al. 1992). However, other active transport routes such

as fluid-phase (Shen et al. 1992) and absorpth e-mediated (Kimura et al.

1997) endocytosis also need to be taken into account.

Based on their typical saturation behaviour there is a distinction

between receptor-mediated endocytosis on the one hand, and fluid-phase

and absorptive-mediated endocytosis on the other hand. This difference is

due to the fact that at therapeutic doses the two latter routes are less

saturable than the former one (Shen 1990). While Quadros et al. (1994)

reported a non-saturable transport of IGF-I across rat mucosa only at high

concentrations, Kimura et al. (1997) demonstrated a saturable transport

mechanism even at IGF-1 concentrations that were lower than those

applied by Quadros et at. (1994).

Though the range of the molecular weight cut-off in the intestine

via the paracellular pathway is still hypothetical the possibility that IGF-I

(7468 Da) might be passively transported via the paracellular pathway is

very low. The cut-offs described in the literature range between 400 and

2000 Da (Artursson et al. 1993, Donovan et al. 1990, Pappenheimer 1993,

Bowers et al. 1970, Lundin and Vilhardt 1986).

Many studies have been performed to investigate the factors

responsible for passive transcellular transport. It has been shown that the

permeability of water-soluble peptides depends mainly on their potential to

form hydrogen bonds with their aqueous environment rather than on their

lipophilicity (Conradi et al. 1992, Kim et al. 1993, Burton et al. 1992). In

other words, poor absorption generali} found with polypeptides is at least

partly due to the large number of hydrogen bonding groups found in such

molecules. Additionally, charge seems to have a significant impact on

peptide permeability. Because of the passive and non-saturable character
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of this pathway, mechanistic permeation kinetics studies may elucidate

whether passive transport is involved in the transport of IGF-I across the

epithelial mucosa.

More recent investigations have focused on the influence of a

secretion transport mechanism in the gut, namely the P-glycoprotein (P-gp)

pathway, which may affect the bioa\ailability of drugs (Hunter and Hist

1995). For many peptides the interaction with P-gp was demonstrated,

such as the pentapeptide metkephamid (Bohner et al. 1996), the cyclic

undecapeptide cyclosporin A (Ford et al. 1990, Flicker et al. 1996, Fricker

and Drewe 1996) AcPhe(N-MePhe)2NH2 (Nerurarkar et al. 1996) or

acetyl-leucyl-leucyl-norlucinal (ATTN; Sharma et al. 1992). Positive

charge at neutral pFI and a certain hydrophobicity are general molecular

requirements for P-gp substrates (ITiggins and Gottesman 1992). In

addition, some water solubility is required for the recognition by P-gp

(Kesseletal. 1989).

Transport models

To assess the oral bioavailability of a certain compound in vivo

studies remain the ultimate method. Flowever, due to the complexity of

biovailability, in vitro and/or in situ models provide important auxiliary
information regarding the feasibility of oral absorption. Figure 6 shows

relevant models which are listed in a pyramid with increasing complexity
from bottom to top.

Octanol/water partition coefficient: The partitioning behaviour of a

solute between n-octanol and water is a reasonable predictor of its

permeability across a variety of cell membranes in case of passive and/or

paracellular transport, and, thus, serves as a traditional reference (Smith ct

al. 1975, Austel et al. 1983). Flowever, the n-octanol/water partition

coefficient is a poor predictor for peptides and proteins. Therefore other

models may be preferred in order to estimate the absorption of IGF-I.
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Figure 6: Absorption models displayed with increasing complexity (from
bottom to top).

Membrane vesicles, everted rings and everted sacs: The usage of

membrane vesicles allows the investigation of the uptake of peptides and

proteins uncoupled from their intracellular metabolism. Also

discrimination between the different sites of the intestine and distinction

between the apical and basolateral composition of the cell membranes are

feasible in order to account for regional and polarisation-related
differences of the epithelia involved (Bohner 1996, Del Castillo and

Robinson 1982). However, the membrane vesicle model is inappropriate to

study paracellular transport mechanism and, moreover, may pose problems
for quantitative predictions when solutes undergo carrier-mediated

transport (Matthews 1991). Additionally, the high enzymatic activity due

to the artificial enrichment of membrane bound enzymes (Biber et al. 1981,

Bohner et al. 1996) may limit the use of membrane vesicles. Thus, this

model may be inappropriate to study transport mechanisms involved in

IGF-l absorption. Everted rings and everted sacs completely preserve the

structural integrity of the mucosal barrier. On the one hand, their technical

simplicity and high reproducibility are ad\antages of these models

(Osiecka et al. 1995); on the other hand, the time limited viability (-10
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min) of these preparations restricts their value as absorption model

(Fleisher 1995). There are other limitations. In case of everted sacs, the

mucosal compartment is large, whereas the serosal compartment small and

poorly oxygenated; and in case of everted rings both the serosal and the

mucosal membrane are exposed to the drug. Such unphyslological
conditions may restrict the use of the two models to study the absorption of

IGF-I.

Cell culture systems: Audus et al. (1990) reviewed in detail the

advantages of cell culture systems over other techniques such as:

• rapid assessment of the potential permeability and metabolism of

a drug

• opportunity to elucidate the molecular mechanisms of drug

absorption under controlled conditions

• rapid evaluation of strategies for achieving drug targeting,

enhancing drug transport, and minimising drug metabolism

• benefit of using human rather than animal tissue

• the opportunity to minimise time-consuming, expensive and

sometimes controversial animal studies

Several cell lines have been described (Audus et al. 1990), among

them Caco-2 and HT 29 as the most commonly used ones. Table 2 shows

some characteristics of these two cell lines. Permeation studies can be

easily performed in Ussing chambers (Grass and Sweetana 1993). On-line

measurements of the transepithelial resistance ( PEER), short circuit current

(Isc) and the use of radio-labelled markers, such as manni to I or PEG 4000

(Artursson et al. 1993, Grass and Sweetana 1993) allow to monitor the

integrity of the monolayers throughout the permeation process.

The rational choice of a cell line has to be in accordance with the

specific issue of each investigation. Because of the potential for over- or

under-expression of a specific transporter in a cell line versus the natural

tissue, cell culture systems need to be thoroughly validated when used for

transport studies involving specific carrier-mediated pathways. A major

problem of cell culture systems may also be the differences between
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Table 2: Comparison of two intestinal cell lines, Caco-2 and HT 29

Characteristics Caco-2 cells HT 29 cells

IGF-1 receptors

Endocytotic transport of

vitamin B12

Endocytotic transport of

transferrin

Receptor-mediated transport
of epidermal growth factor

Fluid-phase endocytosis of

horseradish peroxidase

P-glycoprotein expression

Origin

Brush border

Morphology

Metabolism

Differentiation

Mucus

Disadvantages

Advantaaes

+J

2, ^

14

unknown

unknown

15

15

unknown
15

unknown
15

7. \2
unknown

15

Human colon carcinoma Humancolon carcinoma
Q Q

cell line cell line

-+9 unknown1''

Multilayer in presence
of glucose

Lower levels of

aminopeptidases than

Caco-2 cells8

"

Monolayer, small

intestinal enterocy tes

Higher levels of

aminopeptidases than

FIT 29*
l/

Spontaneous
differentiation'. f\ pe 1

'

No mucus
' '

Interclonal

differences1'l4

Broad data base, brush

border. P-gp expression.
IGF- receptors, type 1

8 9

Type 2'

Mucus producing cells1

Multilayer, Type 2

Mucus layer

'Hocflich ct al. 1994, 2Wilson et al. 1990, 'Miller et al. 1995, 'Hughson and

Hopkins 1990, Tlidalgo et al. 1989.6Wils et a. 1993. Hunter al. 1993, 8Audus et

al. 1990, 9Artursson 1991. ^Classification according to Chantrct ct al. 1988,

"Conradi et al. 1993. 12Hidalgo and li 1996. r,Caro et al. 1995, l4Hcrold ct al.

1994, h'No data available.

passage numbers, and the development of sub-clones (Caro et al. 1995,

Delie and Rubas 1997). in addition, one has to take into account that Caco-

2 cells and FIT 29 cells are derived from malignant tissues and thus may

carry unwanted features. Additionally, both cell lines are derived from
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colonie tissue which may imply regional differences to small intestinal

tissue, e.g., with respect to brash border associated hydrolases (Artursson

1991). Also culture conditions might have an influence. In contrast to

normal tissue, cultured monolayers are not in contact with luminal

enzymes or mucus (Conradi et al. 1992) with whatever consequences this

may have on the relevance of the applied cell culture model. More

recently, Chou and Rubas (1998) introduced an immortalised human small

intestinal cell which might be an alternative.

In contrast to normal intestinal tissue the influence of M-cclls and

non-differentiated crypt cells cannot yet be studied in cell culture. In a

novel approach, Kerneis et al. (1997) recently described a promising co-

culture of Caco-2 and lymphocytes which allows to transform Caco-2 into

M-cell like cell cultures. Moreover, the Caco-2 cell line is an already

established model to study the influence of P-gp related excretion on the

transport of drugs. On the one hand, cell culture systems allow long-term

studies, e.g., the influence of drugs on cell differentiation, growth and

morphology. On the other hand, due to its greater cellular complexity

excised mucosa might be a more suitable model to estimate drug

absorption than by an uncritical use of homogenous cell culture

monolayers.

Excised mucosa model: This model represents a more complex

model than the homogeneous cell monolayer systems with respect to the

physiological and regional variability of the epithelial layer, the mucus

layer, and the brush border associated and membrane associated luminal

enzymes. In case of IGF-I absorption, for which mucus interaction and

luminal enzymes may play a major role, excised mucosa might be a more

suitable in vitro system to estimate the IGF-1 absorption in the intestine

than cell culture systems. Additionally, excised mucosa allows absorption

studies in different segments of the intestine. Typically, permeation studies

across the excised tissue are performed under airlift in Ussing chambers

(Grass and Sweetana 1993). Since electrophysiological measurements are

insufficient to check the integrity of the mucosa (Rubas et al. 1996), the

additional use of paracellular transport markers is requested.
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Perfusion studies: Single-pass perfusion studies allow to

investigate solute uptake from the intestine into the blood circulation. The

single-pass perfusion set-up supplies a constant-input drug concentration,

C0, that can maintain initial conditions over the time course of the

experiment. Following a short (depending on flow- and absorption rate)

non-steady-state period over which the intestinal segment is filled and drug

absorption equilibrates, a constant output concentration, Cm, will be

achieved, and will permit the calculation of steady-state permeabilities

(Fleisher 1995).

The quantitative evaluation of perfusion data is based on the

following theory (Elliott et al. 1980, Langguth et al. 1994) assuming that

no significant metabolism in the lumen occurs: Briefly, the effective

resistance Rcir to solute transport through the intestinal wall can be written

as a sum of the individual resistances of the wall and the aqueous

resistance.

Ret, =R. + Rk1 (I)

where RCff is the effective resistance, Rw the wall resistance and Raq the

aqueous resistance. Because of the reciprocal relationships of resistance R

and permeability P:

1 1
,

Pen Pw \\

- Rl(1 (2)

The dimensionless intrinsic wall permeability, I\ ,
is estimated by

a modified boundary layer approach. The dimensionless effective

permeability, Pct-f (effective permeability), can be expressed as:

C
V r

1-
m

Co

4G/

where C0 is the inlet solute concentration, Cm the outlet concentration

corrected for water absorption and for secretion, and the G7 the Graetz

number, which is a function of the perfusion flow rate, the aqueous

diffusion coefficient of the solute and the length of the perfused segment.
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The dimensionless Paq can be expressed as:

AGl/r
(4)

z

The dimensionless wall permeability is thus calculated from

p^JV^L (5)
P.,,-Pdi

Paq is a 1 unction of perfusion How rate. Hydrodynamically, the

faster the flow rate, the higher Pdq (permeability of the aqueous boundary

layer) for drug transport. In fact, if drug wall permeability is low which is

the case of IGF-I (Rubas et al. 1996, Quadros et al. 1994), P^ will

dominate Paq regardless of flow conditions. In this case, effective

permeability approximates wall permeability. However, the effective

permeability might be under-estimated if the drug is degraded in the

intestine, e.g., by luminal enzymes, which will result in high difference

between C0 and Cm.

Conclusions

For peroral IGF-I absorption all three barriers described are

important to consider. Therefore, in the subsequent chapters we will study

the influence of luminal and membrane bound en/ymes on the stability and

the influence of the mucus on the diffusion of IGF-I across the mucus layer

(Chapters III, IV). Additionally, we will focus on an investigation of the

permeation mechanism and, moreover, quantify the transport of IGF-I

relative to permeability markers (Chapter IV). Various in vitro and in situ

models with different degrees of complexity will be applied to achieve a

high degree of adaptation to the in vivo conditions. However, only in vivo

studies can fully elucidate the clinical feasibility of peroral IGF-I delivery.
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Introduction

Recent observations on intestinal absorption of drugs with peptide

and non-peptide structure suggest that the bioavailability of some drugs

after peroral administration may be limited by an intestinal secretion

process that is mediated by P-glycoprotein (P-gp) (Saitoh and Aungst

1995). P-gp is a 170 kDa protein originally found to cause multidrug

resistance in cancer chemotherapy upon treatments with anticancer drugs

such as vinblastine, actinomycin D and daunomycin (Hunter et al. 1993a,

Hunter et al. 1993b, Horio et al. 1989, Bartels et al. 1996). But also

noncytostatic drugs are reported to be affected by the P-glycoprotein

transporter, such as ß-receptor antagonists (Karlsson et al. 1993, Wetterich

et al. 1993) and peptides (Burton et al. 1993, Toppmeyer et al. 1994,

Sarkadi et al. 1994). In the gastrointestinal tract the P-gp transporter may

secrete drugs at low concentrations out of the epithelium back into the

intestinal lumen. At high intestinal concentrations the secretion may be

saturable, leading to an apparent increase in bioavailability. In addition to

the gastrointestinal tract, P-gp is expressed in the liver, the pancreas, the

kidneys and in reproductive organs as well as in the endothelia of the

brain, testes and adrenal glands.

Previous studies showed that P-glycoprotein is also expressed in

Caco-2 cells, a well established cell line for drug transport studies in the

gastrointestinal tract (Hunter et al. 1993b). Since Caco-2 cells are

frequently used to estimate the fraction of drug absorbed based on a

compound's permeability in this culture system, P-gp expression has to be

taken into account. It may be foreseen that in the case of a much higher P-

gp expression in Caco-2 cells as compared to the human intestine, the risk

of underestimation of human intestinal permeability by this in vitro test

system may exist. In addition, since the P-gp expression level in Caco-2

cells is depending on the time in culture (Llosoya et al. 1996) as well as on

the culturing conditions (Hoskins et al. 1993), variable expression levels

must be taken into account. As interlaboratory differences, such as passage

number, composition of the medium including the use of antibiotics,

passaging procedure etc. may affect P-gp expression, there is a need for a

rigorous standardisation of the Caco-2 model with respect to P-gp

expression levels.
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The aim of this investigation was to localise and quantify the

expression of P-gp in Caco-2 cells and to identify factors that affect P-gp

expression in Caco-2 cells, namely by con focal laser scanning microscopy

(CLSM), flow cytometry (FCM) and drug permeation studies.

Material and Methods

Dulbecco's Modified Eagle's medium (DMEM) containing 5 pg

mL"1 (34.2 uM) L-glutamin and 4.5 mg ml/1 D-glucose (25.0 mM), non

essential amino acids (NEAA) solution, foetal calf serum (FCS), 5 pg ml/1

trypsin/2.5 pg mL"1 (7.4 pM) ethylenediaminetetraacetic acid (EDTA)

solution (trypsin/EDTA solution, trypsin activity standardised by

manufacturer by cell lift activity test), 2.5 pg ml/1 (7.4 pM) EDTA

solution, penicillin/streptomycin solution (penstrep) (10000 IJ mL"1

penicillin and 10000 pg mL"1 streptomycin), Hanks' balanced salt solution

(FIBSS), phosphate buffered saline (PBS; 0.9 mMcalcium chloride

dihydrate, 2.6 mMpotassium chloride, 1.5 mMpotassium dihydrogene

phosphate, 0.5 mMmagnesium chloride hexahydrate, 13.7 mMsodium

chloride, 6.5 mMdi-sodium hydrogenphosphate) were obtained from Life

Technologies (Basle, CH). Transwell Snapwell cell culture inserts, area of

1.13 cm
,
mean pore diameter of 0.4 pm and Transwell cell culture inserts,

area of 4.7 cm" were supplied by Costar (Basle, CH). Triton X-100,

glycine, n-propyl-galate and glycerol, vinblastine sulfate and 2-

morpholinoethane-sulfonic acid (MES) were from Fluka Chemie AG

(Buchs, CH), Hoechst 33342 from Hoechst (Frankfurt, D), Rhodamin-

phalloidin from Molecular Probes (Eeiden, NL) and goat anti-mouse TgG

Cy5 antibody (affinity purified FfAb'): secondary antibody) from

Chemicon (Leiden, NL). The anti P-gp MRK16, a monoclonal lgG2ct

mouse (150 pg mL"1 in PBS, 1 pg ml/1 NaN, (15.4 pM), 10 pg mL"' BSA,

reacting specifically with a surface epitope of human mdrl P-gp) was

supplied by Kamiya Biomedical Company. As a negative control to MRK

16 (MRK 16 NC) a purified myeloma protein mouse lgG2a (I nig ml/ in

0.02M Tris-buffered saline, pH 8.1, Organon Teknica) was used. Goat anti-

mouse Ig F1TC (specific to purified mouse IgG|, IgG2u, IgG2p, IgGf) was

obtained from Becton Dickinson. P-GlycoCheck C219, a ITTC labelled

murine monoclonal antibody lgG2 (reacting with an internal epitope of P-
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gp) and P-GlycoCheck C219 negative control, a FITC labelled murine

monoclonal antibody IgG2, were purchased from CIS bio international

(GIF-sur-Yvette Cedex, France). Fluorescamine and sodium dodecyl

sulfate (SDS) were obtained from Sigma Chemical and Co. (St. Louis,

USA). ^H-mannitol was from Du Pont de Nemours International S.A.

(Regensdorf, CH) and Ultima Gold from Packard (Croningen, NL).

Trospium was a gift from Madaus AG(Köln, Germany). Talinolol, losartan

and its metabolite EXP 3174 and Celiprolol were a gift from the Martin-

Luther University (Halle, Germany), metkephamid (MKA) was donated by

Eli Lilly and Co. (Indianapolis, USA) and latex particles, Immuno-Biite

Level II were obtained from Instrumentation Laboratory AG (Schlieren,

Switzerland). Caco-2 cells, passage 22 were obtained from ATCC

(Rockville, USA), passage 46 from ECACC(London, GB) and passage 68

from the Department of Physiology (University of Zurich, Switzerland).

Cell culture

Caco-2 cells passage 22-38, 46 - 59 and 68 - 83 were cultured in

cell culture medium (DMEM, with 4.5 mg mL"1 (25.0 mM) D-glucose

which was supplemented with 0.165 mL ml/1 FCS, nonessential amino

acids (1 mL mL"1), 5 pg mL"1 (34.2 pM) L-glutamine). Confluent

monolayers were subcultured every 7 days by treatment with trypsin/EDTA

solution (trypsinisation) and seeding at a density of 2 x 103 cells/25 cm"

into plastic flasks. Cultures were incubated at 37 °C in a humidified

atmosphere of 5 %/95 %C02/02. Special treatments of the cells will be

covered in the subsequent paragraphs.

Flow cytometry (FCM)

Caco-2 cells were cultured in 80 cm" flasks at 37 °C in a 5 %C02

atmosphere using cell culture medium. Caco-2 cells were grown as

monolayers by seeding 4 x \(f cells/80 cm"" bottle. For passaging and/or

Immunolabelling confluently or approx. 70 % confluently grown cell

monolayers were trypsinised and suspended. Alternatively, con fluently

grown cell monolayers were trypsinised, suspended and seeded onto

polycarbonate filters (Transwell cell culture inserts, area of 4.7 cm", mean

pore diameter of 0.4 pm) at a density of lOO'OOO cells cm"2. For labelling 4
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x 106 cells/100 pL FCS/PBS (100 pL mL"1) were incubated for 30 min

with 5 pL anti P-gp MRK16 per I mL PBS or with 2.5 pL MRK16

negative control per 1 mL PBS, respectively. Thereafter, the cells were

incubated with FITC labelled. For labelling with P-GlycoCheck C219 or P-

GlycoCheck C219 negative control the cells were fixed with 36 pL ml/1

formaldehyde solution (in PBS), permeabilised with acetone at 0 °C and

incubated with the antibody for 60 min at 4 °C under light exclusion. After

washing with PBS (3 times) the cells were suspended in 1 mL

formaldehyde solution (3.6 pL ml/1 in PBS) and measured. lO'OOO cells

were counted on the average by an EPICS Profile Analyser of Coulter

(Miami, USA). Excitation was at 488 nm and emission at 520 nm. As an

internal standard latex particles, Immuno-Biite Level II, were used.

Confocal Laser Scanning Microscopy (CLSM)

Caco-2 cells (passage 70) were cultured in 80 cm2 flasks at 37 °C

in a 5 %C02 atmosphere using cell culture medium. Caco-2 cells were

grown as epithelial layers by seeding 4 x 10' cells/80 cm2 bottle.

Confluently grown cell monolayers were trypsinised, suspended and

seeded onto polycarbonate filters (Transwell Snapwell cell culture inserts,

area of 1.13 cm", mean pore diameter of 0.4 pm) at a density of lOO'OOO

cells cm"" for 28 days using cell culture medium and 0.011 pMvinblastine

sulfate. The cell layers were washed with PBS, pH 7.4, which was also

used for all subsequent washing steps. Fixation and labelling were

performed at room temperature. The following standard protocol was

applied: Cells were fixed in formaldehyde solution (36 pL mL"1 in PBS)

for 15 min and treated with 0.1 Mglycine for 5 min. After washing three

times they were permeabilised with Triton X-100 (1 pg mL" ) for 15 min

and washed again three times. Cell nuclei were labelled with Hoechst

33342 stain (1:100) and actin was labelled with rhodamine-labelled

phalloidin (1:10). For labelling with antibodies the sandwich technique

was used. Preparations were incubated for I h with the primary antibody

(1:4), i.e. the specific anti P-gp MRK16, or the non specific MRK16

negative control. As a secondary antibody Cy5-labelled anti IgG (1:50)

was applied for 1 h. After washing again (three times) the cells were
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mounted in a mixture of 7 mL glycerol 100 %, 3 mL 0.1 N Tris-HCl, pEI

9.5, and 0.5 g n-propyl-galate.

Transport studies

Caco-2 cells were grown in 80 cm2 flasks at 37 °C in a 5 %C02

atmosphere using cell culture medium. Caco-2 cells were grown as

epithelial layers by seeding 4x10" cells/80 cm2 bottle. Confluently grown

cell monolayers were trypsinised and suspended, and seeded onto

polycarbonate filters (Transwell Snapwell cell culture inserts, area of 1.13

cm2, meanpore diameter of 0.4 pm at a density of lOO'OOO cells cm"2) for

15 to 16 days.

The integrity of the cells was checked before and after the

experiment by measuring the TEERs. F he permeation studies were

performed by 5 %C02/02 airlift (15 mL/min) in Ussing type chambers

(Precision instruments, Costar, NL). The diffusion cells were maintained at

37 °C by a water-heated jacket.

As a marker for the passive transport Tl-mannitol with an activity

of I pCi ml/1 was used. The activity of the stock solution was 15-30 Ci

mmol"1.

After washing twice with HBS S the inserts were placed into the

diffusion cells; 5.0 mL transport buffer containing 1 mMMKA or

talinolol, respectively, was filled either into the apical (apical to basolateral

permeation direction; a -> b) or the basolateral compartment (b —» a); and

5.5 mL of transport buffer (10 mMMES in HBBS, pH 6.5) was filled

either into the basolateral (a -» b) or apical (b -> a) compartment. For the

studies with anti P-gp MRK16 the inserts were first incubated for 15 min

at 37 °C with 40 pL of 30 pL MRK16/300 pL HBSS and treated as

described above. At time zero, samples of 100 pL for the determination of

the ^H-mannitol concentration and 400 pL for the determination of the

drug concentration were taken from the donor and receiver compartment

and 0.5 mL immediately replaced by transport buffer in the receiver

compartment. Samples of 500 pi were taken after 15, 30, 45 and 60 min

from the receiver compartment and immediately replaced, and one sample

of 500 pi was taken after 60 min from the donor compartment. For 1H-

mannitol analysis, samples (3.0 mL or 3.5 mL) were also taken after 60
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min. AU samples for the H-mannitol transport studies were continuously

mixed with 7.5 mL or 4 mL of scintillation fluid (Ultima Gold). The

samples from the drug transport studies were analysed by HPLC analysis

according to Bohner et al. (1996, MKA) or to Wetterich et al. (1996,

talinolol). The 'H-mannitol samples were counted in a multipurpose

scintillation counter Beckman type LS 6500 (Beckman Instruments Inc.,

Fullerton, USA).

Calculation of permeability

Effective permeability coefficients, Pdl [em s"'j were calculated

according to:

P
=fâ -i- d)

n,t
UtJ,A-C\

K)

where (dC/dt)ss is the steady-state change of concentration over time

[pg ml/1 s"1], A is the diffusion area [cm2]. V is the volume of the receiver

compartment [mL] and Co the initial concentration in the apical (a -> b) or

basolateral (b —»a) compartment [pg mL"1]. Data are presented as means ±

SD of n = 3-5 Caco-2 cell monolayers.

Statistics

Standard F-tests and Student's unpaired t test (two-tailed) were

used to compare means of flow cytometry and permeability data. P < 0.05

was considered statistically significant.

Results

Flow cytometry (FCM)

With both antibodies, MRK 16 as an external antibody and P-

GlycoCheck C219 as an internal antibody, P-gp expression is recognised.

Based on FCMof Caco-2 cells incubated with P-GlycoCheck C219 only a

small shift of the fluorescence intensity was measured (data not shown).

When incubated with MRK16 antibody clearly two populations

are apparent: one population show ing P-gp expression, whereas the other

does
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Figure 1: P-gp expression in Caco-2 cells. FCMof passage 73, incubated

with the external antibody, anti P-gp MRK16. Shown is the formation of

two populations and the overall shift of the positive sample to higher

fluoresence intensity as compared to the negative control. MRK16 NC=

negative control.

not, having the same mean fluorescence as the negative control (cf. figure

1). For all subsequent studies MRK16 labelling was therefore preferred.

Influence of the cell culture conditions

In our preliminary studies we have found that no systematic effect

of trypsinisation (trypsin/EDTA solution) versus EDTA alone (EDTA

solution) and of incubation time (20 versus 40 min), respectively, on P-gp

expression was detectable. Therefore, trypsinisation over 10-20 min was

not expected to have any influence on the P-gp expression level. In order

to evaluate the influence of the time in culture on P-gp expression, the

starting passages 29, 49 and 72, after reaching confluence, were

trypsinised, suspended and seeded for 9 or 10 times, respectively, resulting

in passages 38, 59 and 82, respectively.

Starting with passage 72 passage 73 was also evaluated. In all cases

a significant drop of the P-gp expression levels was observed (cf. figure 2).

MRK16 NC

MRK16
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Figure 2: P-gp expression in Caco-2 cells, 7 days after seeding in bottles of

80 cm" area; incubated with anti P-gp MRK16; starting passages, _

later

passages. Throughout the cells were trypsinised after reaching confluence

(means ± SD, n = 3).

However, trypsinising the cells before reaching confluence (ca. 70

%confluence) resulted in a significant increase of the P-gp expression

levels (cf. figure 3).
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Figure 3: P-gp expression in Caco-2 cells, 4 days after seeding in bottles of

80 cm2 area; incubated with anti P-gp MRK16; Mstarting passages, I later

passages, i'hroughout the cells were trypsinised before reaching

confluence (approx. 70 %confluence) (means ± SD, n = 3).
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Figure 4: Influence of time in culture on P-gp expression in passages 71

() and 73 ( ). Cells were trypsinised at 10. 13, 16 and 21 days or 3, 7, 10

and 14 days, respectively, after seeding in bottles of 80 cur area; incubated

with anti P-gp MRK16 (means ± SD, n = 3).

The time in culture was a major determinant for the P-gp

expression level as demonstrated with passages 73 and 71 (following

trypsinisation). The results are shown in figure 4.

Additionally, the P-gp expression as a function of time in culture

starting with passage 71 was studied treating the cells with EDTAsolution.

The amount of measurable fluorescence declined significantly over time in

culture, both upon trypsinisation of the cells and upon EDTA treatment

alone (data not shown).
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Figure 5: Influence of the time in culture on P-gp expression in passage 73.

Cells were trypsinised 6, 13 and 21 days after seeding on polycarbonate

filters; incubated with anti P-gp MRK16 (means ± SD, n = 3).
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On the other hand, cultivation of the cells on polycarbonate filters

did not result in any statistically significant effect on P-gp expression

levels over time (cf. figure 5).

Influence of previous drug exposure on P-gp expression levels

The influence of previous drug exposure on P-gp expression levels

was tested. Cells were always trypsinised. The results are shown in table 1.

The P-gp expression levels were found to increase, decrease or

remain constant depending on the drug added and its concentration in the

medium. Vinblastine sulfate (0.01 IpM) added to the culture medium

increased the P-gp expression by a factor of seven, i.e. from a fluorescence

of 0.84 V ± 0.40 (mean ± SD) without \inblastine sulfate and 6.25 V ±

0.41 when vinblastine sulfate was added. On the other hand, when

trospium (1 mM) was added to the culture medium no increase in P-gp

expression (0.65 V ± 0.08) was observed. Effects of previous drug

exposure were also tested for several other drugs including talinolol,

losartan and EXP3174 (a metabolite of losartan), Celiprolol, verapamil and

MKAin concentrations of 10 pM and 100 pM. Only verapamil and MKA

showed a significant effect on the P-gp expression level. Verapamil

increased the P-gp expression level compared to control. The same was

observed for Celiprolol, though at the borderline of statistical significance.

In contrast, MKAdecreased P-gp expression in a concentration-dependant

manner. Cells cultured in medium containing 100 pM verapamil did not

proliferate.

Confocal laser scanning microscopy

Cell monolayers of passage 71 were grown for 28 days on a

polycarbonate filter in pure medium containing vinblastine sulfate (0.011

pM). Cultures were fixed and processed for CLSMas described in the

experimental section. A triple labelling was performed: for actin, for cell

nuclei, and for P-gp, the latter with specific MRK16 antibody. As a

control the same protocol was applied except that the negative control

antibody, MRK16 negative control, was used instead of MRK16. As

illustrated in figure 6, Caco-2 cells form monolayers as judged from the

arrangement of the cell nuclei in the x,z sections and the y,z sections.
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Table 1 : Influence of the culture medium on P-gp expression. Cells were

trypsinised after reaching confluence having been seeded in bottles of 80

cm". Immunolabelling with MRK16. Caco-2 cells were cultured with pure

Dulbecco's modified medium, after adding trospium, vinblastine, talinolol,

losartan, EXP 3174 or metkephamid (MKA), penstrep, Celiprolol, and

verapamil (means ± SD, n = 3).

Medium Concentration of drug Passage Fluorescence [%]
in medium [pM|

Control 71 100.0 ±30.9

Trospium 10 71 78.3 ± 11.6

Vinblastine'7 0.011 71 747.9 ± 6.5

Control 72 100 ±33.2

Talinolol 10 72 151.2 ± 11.4

Losartan 10 72 109.1 ±25.3

EXP3174 10 72 90.5 ± 27.3

Control 72 100 ±32.3

Talinolol 100 y*> 90.8 ± 19.6

Losartan 100 72 115.8 ± 18.6

EXP3174 100 ji 153.8 ±44.0

Control 72 100 ±8.5

MKA0 10 72 76.4 ± 13.0

MKAfl 100 *jn 61.6 ± 16.1

Control 72 100 ±9.8

Penstrep 100U 72 112.9± 134.0

Celiprolol 10 72 190.8 ±21.0

Celiprolol" 100 72 322.1 ±55.4

Verapamil'1 10 72 299.7 ± 7.5

"Previous exposure of these drugs had a significant influence on the P-gp

expression compared to the control.
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Figure 6: Expression of P-gp at the apical membrane of Caco-2 cell

monolayers. Caco-2 cell monolayers were grown for 28 days in culture

medium containing vinblastine sulfate (0.011 pM) and processed for

CLSMas described in the experimental section. The confocal data sets are

represented as xy-, xz-, and yz-projections. A, C: labelling for actin

(rhodamin-phalloidin) and cell nuclei (Hoechst 33342 stain); B: same data

set as A showing the cell nuclei (Hoechst 33342 stain) and the specific

labelling with anti P-gp MRK16; D: same data set as in C showing the

labelled nuclei and the labelling with the negative control antibody (MRK

16 negative control). Bar indicates 10 pm.
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The outlines of the cells are strongly marked with actin (cf. figure 6A and

C). P-gp could clearly be localised in the apical membrane of the cells (cf.

figure 6B). The specificity of this labelling was demonstrated with the

negative control antibody which only resulted in a very weak and diffuse

fluorescence (cf. figure 6D).

Permeation studies

The transport of MKAand talinolol across Caco-2 cell monolayers
in the apical to basolateral direction and in the basolateral to apical
direction with and without MRK 16 antibody was investigated. As a

control JH-mannitol was used.

The transport of MKA and talinolol from the apical to the

basolateral side was significantly slower than in the reverse direction.

Binding of MRK 16 antibody significantly increased the effective

permeability of both drugs from apical to basolateral. In the case of MKA,

the presence of MRK16 antibody reduced slightly the difference of Pcif

apical -> basolateral and Pcly basolateral -> apical, whereas in the case of

talinolol, a stronger reduction of the difference of the two Peff values was

observed (cf. table 2).

Discussion

On the basis of the significant expression of P-glycoprotein in

Caco-2 cells, this cell line appears to be suitable for the investigation of

intestinal, P-gp dependant secretion processes which may be relevant for

the intestinal absorption and bioavailability of drugs. For the elucidation of

quantitative structure/secretion and structure/transport relationships,

however, the variability of the P-gp expression level as a function of Caco-

2 cell passage number, culturing conditions and previous drug exposure

needs to be carefully monitored and possibly standardised. Only when

standardised for reproducible P-gp expression can the Caco-2 model be

applied for quantitative studies. In our study, the expression of P-gp in

Caco-2 cells is demonstrated (i) visually by CLSM, (ii) functionally by

transport studies with substrates of the efflux pump and (iii) quantitatively
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by FCMusing specific monoclonal antibodies. In addition, the variability

of the expression level was investigated as a function of culturing

conditions and exposure to drugs which are potential substrates of P-gp.

Flow cytometry: After immunolabelling of Caco-2 with P-

GlycoCheck C219, the shift of fluorescence intensity as compared to the

negative control was much smaller than after immunolabelling with MRK

16. Since MRK16 binding to human mdrl (multidrug resistance protein 1)

(Lehel et al. 1993, Thiebaut et al. 1989) is very specific, but P-GlycoCheck

C219 reacts additionally with human mdr3 and its murine analogues

(Georges et al. 1990), and the shift of the fluorescence intensity using

MRK16 immunolabelling was more significant than with P-GlycoCheck

C219, we applied MRK16 for all subsequent studies.

Influence of culturing: No practically relevant differences were

observed between treatments with trypsin/EDTA (trypsinisation) and with

EDTAalone, from which can be concluded that trypsin does not seem to

interact with the P-gp epitope reacting with the external (MRK 16) or

internal (P-GlycoCheck C219) P-gp specific antibodies.

The time in culture, however, has a major influence on the P-gp

expression in Caco-2 cells. P-gp expression decreased in higher passages

compared to the starting passages when the cells were trypsinised after

reaching confluence. On the contrary, the P-gp expression level increased

significantly in higher passages compared to the starting passages when the

cells were trypsinised before reaching confluence. It was also apparent that

there may be a difference depending on whether the cells have been

cultured in plastic flasks or on polycarbonate filters. When the cells were

cultured in plastic flasks a significant decrease of the P-gp expression level

was apparent whereas cultivation on polycarbonate filters lead to an

increase of the P-gp expression level.

Using Western blots, LIosoya et al. (1996) demonstrated that the

order of P-gp expression over a period of 4 weeks was 4w > 1 w > 2w >

3w, while in permeation studies the function of P-gp as a transporter

protein increased significantly from day 17 to day 27 when the cells were

seeded on polycarbonate filters. In contrast to Hosoya et al. (1996),

however, Wils et al. (1994a and b) using immunoblotting reported that no
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increase of P-gp expression from day 4 to 22 occurred when Caco-2 cells

were cultured in plastic flasks. Additionally, the authors observed that the

capacity to express P-gp may be lost during long-term cultivation.

Obviously, P-gp expression in Caco-2 cells strongly depends on the

individual culturing conditions. The time in culture and the material used

for the culture primarily have an important influence on the P-gp

expression levels. Certain conditions, e.g., trypsinisation after reaching
confluence may even provoke a loss of P-gp expression after certain times

of cultivation (cf. figure 2).

Influence of previous drug exposure on P-gp expression levels: It is

well known that the transport of certain drugs across Caco-2 cells is

affected by P-gp expression, e.g., with Celiprolol (Karlsson et al. 1993),
talinolol (Wetterich et al. 1996), vinblastine (Hunter et al. 1993a, Wils et

al. 1994a) and MKA(Bohner et al. 1996). From all of the examined drugs
in this study only some drugs, such as verapamil, Celiprolol, vinblastine

and MKA, influenced the P-gp expression levels. Culturing Caco-2 cells in

medium containing verapamil, Celiprolol and vinblastine induced the P-gp

expression, whereas it was reduced by exposure to MKAas compared to

the control. The penstrep combination studied did not have an effect on the

P-gp expression levels.

In accordance with our studies, Hoskins et al. (1993) showed an

induction of P-gp expression in Caco-2 cells which were previously

exposed to desacetylvinblastine. Contran to our findings indicating a

stimulation of P-gp expression in Caco-2, when previously exposed to

verapamil-containing medium, Muller et al. (1994) reported a reversible

decrease of P-gp expression in human leukemic cell lines. No explanation
is available to interpret this conflicting evidence.

Permeation studies: The permeation studies elucidated the

sensitivity of talinolol and MKAtransport to P-gp in Caco-2 cells. For

both drugs a higher transport from the basolateral to the apical side as

compared to the reverse direction could be measured. Incubation of the cell

monolayer with the P-gp specific monoclonal antibody MRK16 reduced

the secretion process to the apical side, but did not influence 'Fl-mannitol

(lux. This result is in line with previously reported data (Rubas et al. 1993).
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Both MKAand talinolol permeation across Caco-2 were previously

reported to be affected by P-gp (Wetterich et al. 1996, Bohner et al. 1996).

Corresponding to Flunter et al. (1993a) and in agreement with our studies,

binding of MRK16 seems to inhibit P-gp. Since there was no induction of

the P-gp expression observed when Caco-2 cells were cultured in medium

containing talinolol or MKA - for MKA even a decrease of P-gp

expression could be detected - high concentrations might help to saturate

the P-gp mediated secretion and increase bioavailability.

Further studies using immunoblotting should help to elucidate the

relationship of various factors studied in this work on the level of P-gp

expression monitored by FCManalysis. This question may also be studied

on the basis of mRNAtranslation from the multidrug resistance gene.

Other potential influences on secretion processes such as, e.g., expression

of multidrug resistance associated protein (Endo et al. 1996) must not be

neglected.

The observed variability of P-gp expression as a function of cell

culture conditions and previous drug exposure raises several questions and

issues. First, one may consider to de\elop a standard P-gp substrate that

can serve as a reference in a transport study7, but it has to be taken into

account that by measuring transport activity with a standard P-gp substrate

one determines only the overall functional expression. Second, P-gp

expression may be normalised with respect to an internal standard, e.g., by

monitoring mdrl mRNAtaking into account that variability can result

from altered transcription, processing, stability and translation of mRNA,

and functional insertion of the protein into the plasma membrane. Third, a

stable transfected cell line may show less variation, but eventually lead to a

change of expression levels due to selection pressures. And finally,

changes of cell regulation may also be profitable. At this point, however,

this aspect remains speculative.
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Introduction

Insulin like growth factor I (IGF-I) is a 7648 Da growth hormone

of 70 amino acid residues in a single chain containing three disulphide

bridges. It shows homology with proinsulin but exerts its biological actions

through specific IGF-I receptors (Rinderknecht et al. 1978, Kadowaki et al.

1986). It is predominantly produced in the liver and released into the

circulation, but it is also produced locally in many tissues where it exerts a

paracrine effect. IGF-I plays important roles in somatic growth, cellular

proliferation, in development, differentiation and cell death as well as in

different kinds of cancer (Stewart et al. 1996).

In clinical studies, IGF-I was found to lower blood glucose in

insulin-resistant diabetic patients and, thus, might be of therapeutic value

to patients with poorly controlled blood glucose levels (Schalen et al.

1991). It may also offer therapeutic advantages over insulin in terms of

lipid metabolism. Many long-term complications seen in diabetes may be

related to hyperinsulinemia, and the use of IGF-I may obviate these effects,

particularly since the IGF-1 binding proteins (BP) serve to modulate

plasma levels of IGF-I (Stewart et al. 1996, Baxter 1993).

IGF-I is considered for treatment of various diseases, such as type

II diabetes (Savage et al. 1996, Froesch et al. 1994), Lou Gehrig's disease

(Piascik 1996, Festoff 1996) and to treat growth hormone receptor

deficiency in children (GueVara-Aguirre et al. 1995). Because of the

chronic nature of these diseases, an alternative to subcutaneous injection,

preferably the peroral delivery route is desirable. However, the peroral

application of peptides and proteins encounters various problems such as

low intrinsic permeability of the membrane and high metabolic cleavage

(Langguth et al. 1997, Lee 1988, Woodley 1994) in the gastrointestinal

tract. Different strategies to overcome the proteolytic barrier have been

proposed such as (i) targeting to a particular part of the gut with low

enzymatic activity, mainly the colon (Lee 1988, Yamamoto et al. 1994,

Langguth et al. 1994a and b, Saffran et al. 1986), (ii) using specialised

drug carrier systems which shuttle the peptide to its absorption site

(Takeuchi et al. 1996, Tozaki et al. 1997, Damgé et al. 1988), (iii) lowering

the proteolytic activity (Langguth et al. 1997, Yamamoto et al. 1994), or
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(iiii) enhancing the enzymatic resistance to breakdown by structural

modification (Pauletti et al. 1997).

Because of the low enzymatic activity of the colon, colonic drug

delivery may be an interesting approach for peptides and proteins,

although the enzymatic activity of colonic contents can play an equally

important role in protein metabolism (Tozaki et al. 1997, 1995). Whereas

in the small intestine mainly serine proteases, e.g., trypsin and

chymotrypsin, are active, cysteine- and metallo-proteases are

predominantly present in the colon and the faeces. Moreover, as residues

of pancreatic secretion, and as remnants of colonic degradation of bacteria

(Gibson et al. 1989, Bai et al. 1995), chymotrypsin- and trypsin-like

enzymes are present in the colon. Based on the chemical structure of IGF-1

one would expect this polypeptide mainly to be degraded by serine

proteases (Chapter I, Schilling and Mitra 1991).

The enzymatic cleavage of IGF-I in the gut has been examined in

vivo as well as in vitro in rat gut flushings (Xian et al. 1995). Their studies

reported that IGF-I was rapidly degraded in vitro in jejunal and ileal

flushings. Additionally, the metabolic cleavage of IGF-I is much faster in

rat jejunal and ileal contents than in colonic content (Kimura et al. 1997).

Similarly, IGF-I was degraded in duodenal and stomach flushings, albeit at

lower degradation rates. In all segments the stability of IGF-I could be

significantly increased when casein or serine protease inhibitors, namely

aprotinin and soybean trypsin inihibitor were added (Kimura et al. 1997,

Xian et al. 1995). In contrast, IGF-I seems to be stable in flushings from

newborn rats (Koldovsky et al. 1992), which probably reflects the poorly

developed luminal digestion in the neonatal period (Britton and Koldovsky

1989) and the presence of natural protease substrates in the milk, such as

casein (Rao et al. 1993).

The aim of the present investigation was to assess the feasibility of

oral IGF-I delivery. For this purpose, we examined the stability of IGF-I

throughout the intestine. Inter- and intra-species differences will be

particularly emphasised. Furthermore, the half-li\es of IGF-I in the various

segments of the gastrointestinal tract were compared and, moreover,

related to the half-lives of substrates of pancreatic and membrane bound

enzymes. For comparison, N-acetyl-L-tyrosine ethyl ester (ATEE) and N-
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benzoyl-L-tyrosine ethyl ester (BTEE) were also used as chymotrypsin
substrates. Both represent established standards for measuring the

chymotrypsin activity in vivo and in vitro (Sinko 1992, Kai et al. 1982,

Kay et al. 1983, Senger et al. 1981, Interdelta 1997, personal

communications). Finally, various serine protease inhibitors and casein

were tested regarding their ability to protect IGF-I from cleavage by

pancreatic enzymes.

Materials and Methods

N-acetyl-L-tyrosine ethyl ester (ATEE), N-acetyl-L-tyrosine (AT),

N-benzoyl-L-tyrosine ethyl ester (BTEE), N-benzoyl-L-tyrosine (BT), p-

nitroaniline, soybean trypsin inhibitor, puromycin dihydrochloride,

aprotinin, Na-p-tosyl-L-lysine chloromethyl ketone hydrochloride

(TLCK), leucine-aminopeptidase (microsomal, 5.6 mg protein mL"', 34
i

units mg" protein) were purchased from Sigma (Buchs, CH). A

combination of aprotinin, soybean trypsin inhibitor and TLCKwas used as

an enzyme inhibitor cocktail (GenMix, Genentech Inc., South San

Francisco CA, USA). L-leucine-4-nitroanilide (ENA), casein sodium salt,

ethylenediaminetetraacetic acid disodium salt (EDTA), trypsin from

bovine pancreas, a-chymotrypsin from bovine pancreas, carboxypeptidase

A, material for the buffers and material for Na ,K*ATPase determination

were obtained from Fluka Chemie AG (Buchs, CH). Tbymopentin (TP5)

was a gift from Schwabe (Karlsruhe, D). Crude porcine pancreas extract

(CPPE, Eurobiol(R1) was supplied by Interdelta AG(Fribourg, CH). DCBio-

Rad protein assay Kit and the Bio-Rad protein assay with IgG as a standard

was purchased from Bio-Rad (Munich, D). Acetate buffer consisted of

99.9 mMsodium chloride, 42.8 mMsodium acetate trihydrate, 7.1 mM

acetic acid, 2 mg mL'1 Tween 20 (peroxide free, < 0.1 °/00, by Fluka,

Buchs, CH), adjusted with I N sodium hydroxide to pH 6.5. TRIS buffer

contained 49.9 mMtris(hydroxymethyl)aminomethane (TRIS) and 1.6 M

calcium chloride dihydrate, adjusted to pH 7.9 with acidic acid. Krebs'

phosphate buffer consisted of 95.1 mM sodium chloride, 4.8 mM

potassium chloride, 2.5 mM calcium chloride dihydrate, 1.2 mM

magnesium sulfate septahydrate, 24.8 mMsodium hydrogencarbonate, 1.2
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mMpotassium dihydrogenphosphate and 40 mMglucose, adjusted with 1

N acidic acid to pH 7.0. Recombinant human IGF-I (IGF-I) was a gift from

Genentech Inc. (South San Francisco CA, USA). All materials used for

HPLCwere of analytical grade.

Standardisation of crude porcine pancreatic extract (CPPE)

Chymotrypsin activity of CPPE was determined in TRIS buffer

(25 °C) according to the instructions given by Interdelta (1997). As IGF-I

is more stable in pH 6.5 acetate buffer than in pH 7.9 TRIS buffer

(Fransson 1996, Fransson and Hagman 1996), acetate buffer was the

preferred buffer in our studies. For validation we compared the

chymotrypsin activity of CPPEin both buffer systems, always using ATEE

as substrate. The investigated factors were: buffer system, incubation

temperature, and CPPEand ATEEconcentrations (cf. table 1).

Furthermore, the influence of CPPE filtration on the proteolytic
activity of the extract was examined. CPPE in TRIS buffer or acetate

buffer, respectively, was incubated for 30 min at 25 °C or 37 °C. The

extract was either used directly (untiltrated extract) or after filtration

through a 0.45 pm filter (filtrated extract). The extract was then incubated

for another 15 min at 25 °C or 37 °C, respectively. ATEE was added to

yield a final concentration as given in table 1. Samples of 200 pL were

taken at various times until 60 min. Enzymatic activities were stopped by
addition of 200 pL perchloric acid (1 M) followed by centrifugation (at
800 x g for 3 minutes) and storage at -23 °C until HPLCanalysis.

Despite the differences in pFI, electrolyte concentrations and

temperature there was no influence of the buffer system on the

chymotrypsin activity. Filtration did not seem to influence the

chymotrypsin activity, which shows that dissolution of the proteolytic

enzymes was complete after 30 min. Also adsorption to the filter could be

excluded. Only in the FRIS buffer system at 25 °C a significant but modest

influence of filtration on chymotrypsin acthity w?as observed, which,

however, was not considered to be relevant for this studv.
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'fable 1: Experimental parameters for crude porcine pancreas extract

(CPPE) standardisation by enzymatic cleavage of N-acetyl-L-tyrosine ethyl

ester (ATEE) under various conditions.

25 °C 37 °C

TRÏS buffer" Acetate buffer TRIS buffer Acetate buffer

ATEE[pgml/ll/[pMl 5000/20325 5000/20325 1.6/6.5 1.6/6.5

CPPE[pg mL"'] 200 200 10 10

''According to incubation conditions oflnterdelta (1997)

Throughout and at all conditions, the chymotrypsin activities found were

significantly lower than the activity of 150 pkatal post activ. in 2 g CPPE

(cf. table 2) as specified by the manufacturer.

Cleavage of IGF-I in the presence of CPPE

The cleavage kinetics of IGF-I in the presence of CPPE was

investigated. ATEEand Bjgp; were studied as controls. 10.0 mg of CPPE

was suspended in 10 mL acetate buffer (pll 6.5) at 37 °C. To maintain the

chemical stability of IGF-I all studies were performed in acetate buffer

containing peroxide free Tween 20 (FLO? ^ 0.1 %0). After a 30 min

enzyme activation period the extract was diluted with buffer to a final

concentration of 10 pg ml/1 CPPEafter filtration through a 0.45 pm filter.

The mixture was pre-incubated for another 15 min at 37 °C and then IGF-1

or the controls, respectively, were added to yield final concentrations of

1.5 pg ml/1 to 152.9 pg mL"1 (0.2 pM to 20 pM) IGF-I, 0.1 pg ml/1 to

391.6 pg ml/1 (0.6 pMto 1560 pM) ALEE and 31.3 pg mL"1 to 306.7 pg

mL"' (10 pM to 980 pM) BTEE. Final volume was 3 mL. The objective

was to assess a stability profile under conditions relevant for the intestinal

transit. Samples (200 pL) were taken at various time points until 60

minutes. In the case of IGF-1 the enzymatic activity was concluded by

cooling in ice-water for 10 min, as verified in preliminary studies. After

centrifugation (800 x g for 3 min) the samples were stored at -23 °C. The

enzyme reaction was terminated by adding 3 mL of 1 Mperchloric acid.
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"fable 2: Standardisation of chymotrypsin activity of crude porcine

pancreas extract (CPPE) by enzymatic cleavage of N-acetyl-L-tyrosine

ethyl ester (ATEE) in TRIS buffer and acetate buffer at 25 °C versus 37

°C. After an activation period of 30 min both filtrated and unfiltrated

extract was used. Data related to 2 g CPPE(n = 3, mean ± SD).

Chymotrypsin activity of CPPE[pkatal in 2 g CPPE]

25 o/~< 37 °C

TRIS buffer Acetate buffer TRIS buffer Acetate buffer

filtrated extract 30.3 ± 1.4 28.2 + 8.1 23.4 + 0.8 25.7 + 0.5

Unfiltrated extract 37.6 + 2.7 29.6 + 2.9 21.0 + 5.1 25.0+ 1.8

Precipitates were spun down (4 °C, 3 min, 800 x g) and stored at -

23 °C until HPLCanalysis.

All samples were analysed by HPLC. Peak areas were related to

freshly prepared calibration curves of IGF-I, ALEE or BTEE, respectively,

in acetate buffer covering ranges of 0.2 pg ml/1 to 198.8 pg ml/' (0.026

pMto 26 pM), 0.1 pg mL"1 to 459.3 pg mL"1 (0.22 pMto 1830 pM) or 0.5

pg ml/1 to 481.1 pg mL"1 (1.6 pMto 1537 pVl), respectively.

To characterise enzyme kinetics, the apparent Michaelis-Menten

parameters were calculated by non-linear regression using Table Curve 2D

(Jandel Scientific, AISN Software, 1989-1994, Corte Madera CA, LISA).

The total protein concentration of each CPPEbatch was determined using

the DCBio-Rad protein assay.

Enzyme inhibition studies

The influence of enzyme inhibitors and casein on the stability of

IGF-I in the presence of CPPE was imestigated. ATEL/ ENA and TP5

were used as positive controls for a-chymotrypsin, aminopeptidase Mand

carboxypeptidase A activities, respectively. 10.0 mg of CPPE was

suspended in 10 mL acetate buffer (pH 6.5) at 37 °C. After a 30 minute

enzyme activation period the extract was diluted with buffer to yield a final

concentration of 10 pg ml/1 CPPEin buffer after filtration through a 0.45

pm. For inhibition, puromycin (108.9 pg ml/1 = 0.2 mM), EDTA(675.4

pg ml/1 = 2 mM), casein (5 mg mL"1) or GenMix (8.3 pg mL"1 aprotinin,
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7.6 pg mL"1 soybean trypsin inhibitor and 8.0 pg mL"1 = 8.0 pM TLCK),

respectively, were added and the mixture incubated for 20 min. IGF-1 or

the controls, respectively, were added to yield final concentrations of 6.5

pM. The final volume was 3 mL. Samples (200 pL) were taken at various

times until 90 minutes after the addition of IGF-I or controls, respectively.

The enzymatic activity of the samples containing IGF-1 was stopped by

cooling for 10 min in ice-water. For the studies with ATEE, LNA and TP5

the reaction was stopped by adding an equal volume of chilled IM

perchloric acid. Sample preparation for HPI C was performed as described

in the last section.

Cleavage of IGF-I in the presence of purified pancreatic enzymes

IGF-I, and ATEE, LNA and TP5 as positive controls, were studied

in the presence of either aminopeptidase M, carboxypeptidase A, a-

chymotrypsin or trypsin, respectively. The purified pancreatic enzymes

were added (447 ng mL"1 aminopeptidase M, 19.8 ng mL"1

carboxypeptidase A, 1020 ng mL"1 a-chymotrypsin, 980 ng mL"1 trypsin)

to the buffer, and after a 30 minute incubation period the substrates were

spiked to yield final concentrations of 6.5 pM. Samples of 200 pL were

taken at various times until 90 minutes after addition of the protein or the

positive controls, respectively. Termination of the enzymatic activity and

sample preparation for HPLCwere performed as described above.

Cleavage of IGF-I in the presence of jejunal and ileal flushings, faeces

extract, brush border membrane vesicles (BBMV) and excised mucosa

Preparation of flushings, BBMVand faeces extract

Preparation of flushings: Intestinal flushings were prepared

according to Kessler et al. (1978). Brief!}, specimens from porcine

midjejunum, canine midjejunum and ileum (a = beagle and b - labrador),

and rat midjejunum and ileum, respective]}, were taken immediately after

the animals were euthanised. 50 cm segments of porcine and canine tissue,

or 10 cm segments of rat tissue were rinsed with 40, 50, or 10 mL,

respectively, of ice-cold Krebs' phosphate buffer. During transport to the

laboratory the flushings were kept on ice, and then centrifuged (4 °C, 10

min and 2700 x g). Supernatants were used either immediately or stored at
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-80 °C until further use. Rinsed intestinal specimens were stored in Krebs'

phosphate buffer (on ice) for subsequent BBMVpreparation.

Preparation of porcine BBMV: Jejunal specimens of three animals

were rinsed separately with chilled isotonic salt solution to remove

intestinal contents and opened along their mesenteric border. BBMV

preparation was according to Kessler et al. (1978) using mucosal

scrapings, Ca2+-precipitation and preloading with a solution containing 25

mMV-2-hydroxyethylpiperazine-V-2-ethanesulfonic acid (LIEPES), 118

mMsodium chloride, 1.2 mMmagnesium sulfate, 1.2 mMmonobasic

potassium hydrogenphsphate, 2.5 mMcalcium chloride, adjusted to pLI 7

with TRIS; osmolality was adjusted to 300 mOsm/L by addition of

adequate amounts of D-mannitol. Enzyme enrichment of BBMV was

examined by determination of leucine-aminopeptidase activity in BBMV

suspension and compared with the enzymatic activity in the ho mögenate.

The test is based on the formation of p-nitroaniline from L-leucine-4-

nitroanilide measured at 410 nm. Lhe enrichments of the specific activity

of leucine-aminopeptidase in the three parallel BBMVpreparations were

27-, 18-, and 24-fold, respectively, with respect to the original

homogenates. The specific activity of the basolateral membrane marker

enzyme, Na'/K'-adenosintriphosphatase (Na ,K ATPase), was determined

by the method reported by Berner and Kinne (1976) in which the

resynthesis of the ATP split by ATPase is coupled via the pyruvate kinase

and lactic dehydrogenase reaction to NADU oxidation. Cross-

contamination with basolateral membranes was negligible as shown by the

reduction (67 %, 25 % and 65 % reduction for the three vesicle

preparations) of Na'/K* ATPase (Biber et al. 1981).

Preparation of faeces extract: Faecal material from the colon of

pig, rat and dog was taken immediately after the animals were euthanised.

5 g was suspended in 30 mL chilled Krebs' phosphate buffer and kept on

ice for 30 min while being shaken every 5 min (10 strokes). The

suspension was centrifuged (10 min, 2700 x g and 4 °C) and the

supernatant was used immediately.
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Incubation studies in the presence of flushings, BBMVand faeces extract

under aerobic conditions

Total protein concentrations of flushings, BBMVand faeces extract

were determined using the Bio-Rad protein assay. The preparations were

diluted in Krebs' phosphate buffer to yield a final protein concentration of

1 pg ml/1. After 30 min pre-incubation at 37 °C, IGF-I, ALEE or BTEE

(as positive controls), respectively, were added to yield final

concentrations of 6.5 pM(final volume 3 mL). The subsequent incubation

studies with (1 mg mL"' in Krebs' phosphate buffer) and without casein,

termination of enzymatic activity and sample preparation for HPLC were

performed as described above.

Loss of IGF-I after incubation in Ussing chambers

It is a common characteristics of proteins to adsorb irreversibly to

surface materials (Oeswein and Shire 1991). Therefore, prior to using the

Grass-Sweetana Ussing chamber studies we addressed protein recovery

under experimental conditions but in the absence of tissue. The initial IGF-

I concentration tested was 50 pg mL"1 (6.5 pM) in Krebs' phosphate

buffer. Ussing chambers were maintained at 37 °C by a water-heated

jacket. 1 mL of IGF-I in pre-warmed (37 °C) Krebs' phosphate buffer was

added to each compartment. Stirring and oxygen supply was achieved by

5% C02/02 airlift at 15 mL/min. Samples of 100 pL were taken at time

zero and after 10, 20, 30, 45 and 60 min. Lhe samples were analysed by

HPLC.

Cleavage of IGF-I in the presence of excised mucosa

Proteins which might be released from the tissues could potentially

display peptidase and protease activities and, therefore, obscure the true

stability of IGF-I in the presence of the tissue. Thus, to validate the

stability studies in the presence of excised mucosae, the amount of protein

released over time into the apical and basolateral chamber was determined

using the Bio-Rad assay. The cleavage of IGF-1 in the presence of excised

mucosa from fresh porcine colon and midjejunum was tested. Fresh

porcine colon and midjejunum (suis scrota domestica) were obtained from

the local slaughterhouse in Zurich. The intestine was rinsed with chilled
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water (aqua potabilis) and kept for transport at 4 °C in Krebs' phosphate

buffer. After a -40 min transport, intestinal specimens of ~4 cm2 were

stripped off their serosae and adjacent muscuiaris layers with a bent scalpel

and used immediately for incubation studies. The mucosae were mounted

in Ussing chambers (Physiologic Instruments, Inc., San Diego CA, USA)

and 1 mL of prewarmed (37 °C) Krebs' phosphate buffer was added to

each side. Stirring and oxygen supply was achieved by a 5 %CO2/O2 airlift

at 15 nxL/min. The diffusion cells were maintained at 37 °C by a water-

heated jacket. After 30 min equilibration the buffer on each side was

replaced by 1.1 mL of IGF-I/Krebs' phosphate buffer (50 pg ml/1 - 6.5

pMIGF-I in buffer at 37 °C), samples of 100 pL were taken immediately

and after 10, 20, 30, 45 and 60 min. Protein release was determined after

10 and 60 min from buffer Incubations only. Removed volumes were

replaced with fresh Krebs' phosphate buffer. All samples were maintained

on ice during the stability studies and stored at -23 °C until FIPLC analysis.

Calculation of kinetic parameters

Flalf-lives (t,/2) were calculated according to first order kinetics,

with k [min"1] as degradation rate constant.

Interaction of IGF-I and casein

Several methods, such as equilibrium dialysis, ultrafiltration,

gelfiltration and ultracentrifligation are commonly applied to determine

protein binding. The potential interaction of IGF-I and casein was

examined using ultrafiltration. Solutions of IGF-I in Krebs' phosphate

buffer with final concentrations of 50 pg ml/1 (6.5 pM) and casein at a

I 1

concentration range between 10 pg mL" and 1000 pg mL" in Krebs'

phosphate buffer were prepared and incubated overnight at 4 °C and

afterwards at room temperature for 2 hours. This protocol was designed to

provide enough time for the establishment of equilibrium conditions and to

limit possible instabilities of IGF-I. After incubation, 400 pL samples were

ultracentrifuged for 30 min (4 °C, 8000 x g; fixed angle rotor system)

through a filter with a molecular cut-off of 10'OOO Da (Centrisart-C4, Dr.

Vaudaux, Basle, CH).
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Furthermore, the potential loss of IGF-I in the filtrate due to non¬

specific adsorption to the device was determined and compared to the

stock solution (cf. equation 1). For this purpose, solutions in a

1 1

concentration range of 6.25 pg mL" to 50 pg mL" (0.8 pMto 6.5 pM) of

IGF-I in Krebs' phosphate buffer were freshly prepared. Their IGF-I

concentrations (Cpie) were compared to the concentrations of the same

solutions after ultracentrifugation (CpoA. IGF-I concentrations in

supernatants and filtrates were analysed by HPLC. Peak areas were related

to a freshly prepared calibration curve of IGF-I in Krebs' phosphate buffer

at a range of 0.54 pg ml/1 to 100 pg/L (0.1 pMto 13.1 pM). Non-specific

adsorption [%] was calculated according to:

NSA[%] =
^^osl

x 100% (I)
V- post

where Cptc is the igf-I concentration before ultracentrifugation, and Cpost

the IGF-I concentration after ultracentrifugation in the filtrate.

The fraction of IGF-1 bound [%] at various casein concentrations

was calculated according to:

IGF -1 bound P/ol = —^x 100% (2)

where C0 is the IGF-I concentration before filtration, Cm is the IGF-I

concentration in the filtrate, and F is NSA/100%.

Analytical Methods

DCBio-Rad and Bio-Rad protein assays

The concentration of total protein was determined for CPPE after

equilibration period (30 min) and filtration or before dilution with buffer,

respectively, using the DCBio-Rad protein assay. 75 pi samples of CPPE

in acetate buffer were prepared according to standard protocol of the DC

Bio-Rad protein assay. All samples were monitored between 15 min and

one hour. Maximum absorbance was measured at 720 nm using a UV-

spectrophotometer. The absorbances of the samples were compared to a
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freshly prepared calibration curve of IgG in acetate buffer pH 6.5 at a

range of 0.2 mgmL" to 1.35 mgmL" IgG. 1 mgmL" CPPEcorresponded

to 0.12 + 0.04 mgmL"1 of total protein concentration.

Total protein contents of flushings, faeces extract and brush border

membrane vesicles were determined using the Bio-Rad protein assay. 100

pL samples were mixed with 5 mL of Bio-Rad reagent (Bio-Rad protein

assay stock solution diluted with distilled water 1:4), gently vortexed,

incubated for at least 5 min, but not more than 60 min at 25 °C. Maximum

absorbance was measured at 595 nm using a VIS-spectrophotometer. The

absorbances of the samples were compared to a freshly prepared

calibration curve of IgG in distillated water at a range of 0.2 mg mL"1 to

1.35 mgmL"1 IgG.

HPLCconditions

The HPLC system consisted of a L-6200A pump, an AS-2000

autosampler and a L-4250 UV-V1S absorbance detector (Merck-Hitachi,

Darmstadt, D). IGF-I was separated by re\ ersed phase chromatography on

a RP 18 VYDACcolumn, (5 pm, 300 A) 25 cm x 4.6 mm(Buecher, Basle,

CH) at room temperature and UV-detected at 210 nm. The mobile phase

consisted of phosphate buffer (0.02 Msodium dihydrogen phosphate, 0.01

Mpropanesulfonic acid sodium salt, pH 2):acetonitiile, 90:10 (v:v) for A

and phosphate buffer (0.02 M sodium dihydrogen phosphate, 0.01 M

propanesulfonic acid sodium salt, pH 2):acetonitiile, 50:50 (v:v) for B. The

flow rate was 1.0 mL min"1. Elution was by a gradient involving A and B,

running from 64 %to 38 %A in 20 minutes.

ATEE, BTEE, ENA, and TP5 were separated from their

metabolites by reversed phase chromatography on a LiChrospher 100 RP-

18 column, (5 gm, 100 Â, encapped, 12.5 cm x 4 mm, Merck, Basle, CH).

The mobile phases were: (A) 0.1 Mmonobasic sodium phosphate:ortho-

phosphoric acid (85 %), 916:5 (v:v) and (B) 100 %acetonitiile. A flow

rate of 1 mL min"1 and an isocratic system composed of 72% A and 28 %

B, 82 %A and 18 %B, 78 %A and 22 %B, and 93 %A and 7 %B for

ATEE, BTEE, LNA, and TP5, respectively. UVdetection was at 214 nm.
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Size exclusion chromatography (SEC) of IGF-I

A potential complex between IGF-1- and casein should have a

distinctly higher molecular weight as casein alone. Therefore, size

exclusion chromatography was performed. The SECsystem used consisted

of a L-6200A pump, an AS-4000 autosampler and a L-4250 UV-VIS

absorbance detector (Merck-Hitachi, Darmstadt, D). IGF-1 was separated

on a TSK 2000 column (10 pm) 30 cm x 7.5 mm(Buecher, Basle, CH) at

room temperature. Detection was at 210 nm. The mobile phase consisted of

0.2 Mpotassium phosphate monobasic/0.15 Mpotassium chloride, pH 6.5.

Eluent flow was 1.0 mL min"1.

Statistics

Significance between mean values was determined by Student's

unpaired t test (two-tailed), P < 0.05.

Results

Cleavage of IGF-I in the presence of CPPE

Vmav and Km of IGF-I degradation due to pancreas enzymes was

compared to established chymotrypsin substrates such as ATEE' and

BTEE. All substrates were degraded in the presence of CPPE(cf. table 3).

The capacity factor, defined as the ratio \max/Km, indicated a higher

pancreatic clearance of BTEEcompared to ATEEand IGF-L

It appears that IGF-I has the highest affinity to the pancreatic

enzymes followed by BTEE and ATEE. Based on the comparison of Km

and vmax the pancreas enzymes display high affinity/low capacity towards

IGF-1. This contrasts with the observation for ATEE and BTEE. In their

case rather low affinity/high capacity conditions are to be considered.

Comparing the capacity factors of BTEE, ATEE and IGF-1 shows that the

capacities of the CPPEenzyme cocktail for ATEE and IGF-I were similar,

whereas the capacity for BTEEwas five-fold higher.

The initial concentration of 6.5 pM applied in all following

stability studies was lower than the determined Kmvalues of ATEE, BTEE

and IGF-I. Thus, stability studies in acetate buffer were under strictly non-

saturated conditions.
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Table 3: Apparent Michaelis-Menten parameters of N-benzoyl-L-tyrosine

ethyl ester (BTEE), N-acetyl-L-tyrosine ethyl ester (ATEE) and IGF-1 in

the presence of 10 pg ml/ crude porcine pancreas extract (CPPE) in

acetate buffer (pH 6.5; 37 °C)

Drug Vmax Kn Capacity factor'1 r

[ 10' x nmolmin"1 [pMl [10' x mL min"1

mg"1 protein] mg" proteinj

AfFF 6.6 ± 0.6 436.1 + 110.1 0.015 0.966

BITE 5.1+0.3 91.8+ 17.8 0.056 0.958

IGF-I 0.089 ±0.011 8.4 + 2.2 0.011 0.971

avma/Km; Segel (1976)

Inhibition of IGF-I cleavage

The influence of protease inhibitors on the enzymatic cleavage of

IGF-I by CPPEwas tested. ATEE, TP5 and ENAwere included as positive

controls to assess chymotrypsin, aminopeptidase and carboxy-

peptidase/aminopeptidase activities, respectively. EDTA, as a

metalloprotease inhibitor, puromycin as an aminoprotease inhibitor,

GenMix as a mixture of serine protease inhibitors, and casein as a

toxicologically safe nutrient addithe were evaluated. The results are

included in table 4.

The enzymatic stability of IGF-1 was significantly improved when

casein or GenMix were added. The presence of EDTA and puromycin

stabilised both TP5 and LNA, but neither IGF-I nor ATEE were affected

(cf. table 4). In conclusion, IGF-I is a substrate for serine proteases such as

trypsin and chymotrypsin. In contrast, TP5 and LNA are susceptible to

hydrolysis by both carboxypeptidase A and aminopeptidase M.

Interaction of IGF with casein

Wehypothesise that protein binding of IGF-I to casein may explain

the increased stability of IGF-I in the presence of tryptic and chymotrypic

intestinal enzymes (cf. figure 1). The IGF-I fraction bound seems to

depend on the casein concentration, because binding appears to increase

with increasing casein concentrations reaching a plateau value of ~72 %

binding above 1000 pgml/1 casein.
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Table 4: Cleavage half-lives of IGF-I, N-acetyl-L-tyrosine ethyl ester

(ATEE), N-benzoyl-L-tyrosine ethyl ester (BTEE), thymopentin (TP5) and

L-leucine-4-nitroanilide (LNA) in the presence of 10 pg mL"1 crude

porcine pancreas extract (CPPE) in acetate buffer (pH 6.5; 37 °C). Effects

of EDTA(675.4 pg ml/1 = 2mM), puromycin (108.9 pg ml/1 = 0.2 mM),

casein (0.5 %), and GenMix (aprotinin: 8.3 pg ml/1, soybean trypsin

inhibitor: 7.6 pg mL"1 and TLCK: 8.0 pg ml/1 = 0.02 mM), and negative

control. Substrates were studied at a concentration of 6.5 pM (n = 3, mean

± SD).

Half-life [min]

Control EDTA Puromycin GenMix Casein

IGF-I 64.6 + 9.0 71.7 + 3.7 73.4 + 7.2 388.7 + 23.8 stable"

ATEE 32.5 + 7.5 34.2 + 9.4 51.9 + 4.9 137.3 ±20.8 213.2 + 79.8

BTEE 28.4 + 5.0 N.D.b N.l).b N.D.b N.D.b

TP 5 25.7 + 5.7 242.1+61.1 32.6 + 8.7 52.5 ±4.8 129.0 + 30.4

LNA 293.2 + 52.1 stable'1 472.6 + 28.1 355.0 ±145.4 stable"

''No significant degradation observed within 90 min.

bN.D. = not determined

Size-exclusion chromatography (SEC) of the IGF-I/casein mixture

did not provide evidence for binding because no further peak with a higher

molecular weight than casein was detectable under the experimental

conditions (data not shown).

Cleavage of IGF-1 in the presence of purified pancreatic enzymes

Because the incubation studies with pancreas extract cannot reveal

the precise involvement of the respective enzyme(s), studies with purified

pancreatic enzymes were performed to determine unequivocally the

proteases involved in the enzymatic degradation of IGF-I. For comparison

we included substrates such as ATEE, LNA, and TP5 (cf. table 5).

IGF-l was metabolised in the presence of purified a-chymotrypsin

and trypsin. The result is in good agreement with the data in the presence

of standardised CPPE (cf. table 4). In contrast, no significant degradation



79

80

5? 60 -J

T3
n

o 40 I
13

ü
20

200 800 1000

Casein [ug/mL]

1200

Figure 1 : Interaction between IGF-I and casein as a function of casein

concentration (pH 7, room temperature). Throughout, total IGF-I

concentration was 50 pg mL"1 = 6.5 pM. Maximum binding of-72 %was

above 200 mgmL"1 casein (non-mechanistic fit: y
= 72 (1 - e"bx).

of IGF-I took place in the presence of aminopeptidase M and

carboxypeptidase A. As expected the cleavage of ATEE followed the same

pattern, whereas TP5 and LNA were onlyr substrates of aminopeptidase M

and carboxypeptidase A, and were stable in the presence of trypsin and a-

chymotrypsin. This study corroborates the data using EDTA, puromycin,

and GenMix as enzyme inhibitors (cf. table 4).

Cleavage of IGF-I in the presence of porcine flushings, faeces extract,

brush border membrane vesicles (BBMV) and excised mucosa

The cleavage of IGF-I was examined in the presence of porcine

midjejunal flushings, colonic faeces extract, brush border membrane

vesicles (BBMV) and excised mucosa. In control studies the protein

release from tissue into the medium was assessed. Throughout, ATEE and
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Table 5: Cleavage half-lives of IGF-1, N-acetyl-tyrosine ethyl ester

(ATEE), thymopentin (TP5) and L-leucine-4-nitroanilide (LNA) in the

presence of aminopeptidase M(448 ng mL"1, protein), carboxypeptidase A

1 Ï

(19.8 ng mL" protein), a-chymotrypsin (1020 ng mL" ) and trypsin (980

ng mL"1) in acetate buffer (pH 6.5, 37 °C) Throughout the study, substrate

concentration was 6.5 pM. Results are means + SD; (n = 3).

Half-life [min]

Aminoeptidase M Carboxypeptidase A a-Chymotrypsin Trypsin

IGF-I stable'1 stable'1 2.7 + 0.4 34.6 ± 4.2

ATEE stable'1 stable'1 1.7 + 0.1 51.0 +6.7

TP5 58.5 + 5.9 83.9 + 3.4 stable'1 stable'1

LNA 323.6 + 98.5 538.2+193.5 stable'1 832.9+152.3

a

No significant degradation observed within 90 min.

BTEE were used as positive controls for chymotryptic activity.

Flushings, faeces extract and BBMVwere diluted and standardised to final

protein concentrations of 1 pg mL"1. IGF-l was degraded by midjejunal

flushings and faeces extract. In contrast, BBMV did not cause any

degradation of IGF-I. Likewise, BTEE and ATEE were degraded in the

presence of flushings and faeces extract, but not in the presence of BBMV.

Casein enhanced the stability of IGF-l, ATEE and BTEE (cf. table 7). As

expected, BBMV did not contain chymotryptic and tryptic activities

(Langguth et al. 1997) which were only present in flushings and faeces

extract (Lee 1988, Tozaki et al. 1997).

Table 6: Protein release from colonic and jejunal excised porcine mucosa

in LJssing chambers (n = 2-3, mean ± SD)

Protein concentration fpg mL" 1

Colon Jejunum

Time [min] Mucosal side Serosal side Mucosal side Serosal side

10 118 + 30 159 =- 17 669 + 206 387+112

60 170 i 52 192 ^ 78 856 l 925 654 + 84
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Figure 2: Comparison of IGF-I loss in Krebs' phosphate buffer in the

absence of tissue () versus cleavage in the presence of excised colonic

porcine mucosa (•). Qgf-i - IGF-1 concentration in the Ussing chamber

(means + SD, n= 3 - 4). Broken line shows the calculated IGF-I

concentration decrease rate caused by the tissue only.

Protein release from excised porcine mucosa after 10 min and 60

min, respectively, was studied in Ussing chambers and is reported in table

6. Generally, jejunal release was higher than colonic release. Flowever, the

observed protein release over time does not seem to have a major effect on

the degradation rate of IGF-I (cf. Figure 2).

IGF-I loss in Ussing chambers

In the presence of excised porcine mucosa the half-life of IGF-I

was between 20 and 30 min, regardless whether it was added to the

mucosal or serosal sides of the tissue (Table 7). The half-life of IGF-l in

Ussing chambers in the absence of tissue was 164.6 ± 57.4 min (mean ±

SD, n =• 3). The contrast between the loss in Krebs1 phosphate buffer

versus the enzymatic cleavage in the presence of excised porcine colonic

mucosa (mucosal side) is demonstrated in figure 2.
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Cleavage of IGF-I in the presence of flushings and faeces extract of

different species

The cleavage of IGF-1, ATEE and BTEE after incubation with

flushings from jejunum and ileum, faeces extracts from rat, dog and pig

was determined (table 7). IGF-I, ATEE and BTEE degraded in all

intestinal sections studied. Significant intra- and inter-species differences

were observed. The general trends were as follows: The addition of casein

increased the half-lives of all substrates in the presence of porcine and

canine faeces extract, and canine jejunal and ileal flushings. Casein seems

to enhance the stability of IGF-1 much better than the stabilities of ATEE

and BTEE.

Discussion

Two barriers play a major role for the often poor peroral absorption

of therapeutic peptides and proteins: their degradation by intestinal

enzymes in the gut, and their low intrinsic permeability in the intestinal

mucosa (Lee 1988). In this study, we assessed the enzymatic stability of

IGF-I in the various segments of the intestine with the objective to

elucidate the potential for oral IGF-I delivery and absorption. Various in

vitro models were applied to investigate the influence of luminal and

membrane bound enzymes. The degradation of IGF-1 by gastric enzymes

was not studied since various established technologies are available (e.g.,

enteric coating) to protect proteins from their degradation in the stomach.

Cleavage of IGF-1

The cleavage of IGF-1 in the presence of crude porcine pancreas

extract (CPPE) was compared to established chymotrypsin substrates

(Kantorski and Tchorzewski 1992), namely N-acetyl-L-tyrosine ethyl ester

(ATEE) and N-benzoyl-L-tyrosine ethyl ester (BTEE), The data (table 3)

demonstrate that the capacity factors of IGF-I and ATEE were similar.

However, IGF-1 has a 50-fold higher affinity to the pancreas enzymes.

ATEE was considered a useful positive control for the chymotryptic

degradation of IGF-I. For comparison, we also tested the cleavage of

BTEE. The degradation of BTEE in various fluids was reported in the

literature, such as in human and canine fluids (Sinko ct al. 1992,
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Rinderknecht et al. 1978). Thus, BTEE is considered an important

reference to estimate the potential chymotryptic degradation of IGF-1 in

human intestine. In contrast to IGF-I, BFEE seems to be a low

affinity/high capacity substrate for porcine pancreatic enzymes. The

estimated capacity factors of IGF-I and BTEE may suggests that IGF-I

degradation is 5 times slower than BTEE in the presence of human

pancreatic enzymes.

Fasting chymotrypsin activity in humans (in duodenal juice) is

approximately 2 BTEEunits mL"1 (Rinderknecht et al. 1978). In our study,

we found a chymotrypsin activity of 0.005 BTEE units mL"1 in 10 pg mL"1

CPPE in acetate buffer (cf. table 3), i.e. about 400 times lower.

Accordingly we would expect the enzymatic cleavage of IGF-I in human

duodenal juice to be at least 400 times faster (35.6 nmol min"1) than in the

standardised CPPEpreparation used in this study (0.089 ± 0.011 nmol min"

'; cf. table 3). Because of the differences seen for BTEE it is conceivable

that in vivo IGF-I degradation might be faster when compared to in vitro

conditions.

Inhibition studies

To determine the responsible proteolytic enzymes, IGF-I was

incubated with CPPE in the presence of inhibitors such as puromycin

(aminopeptidase inhibitor), EDTA (metalloprotease inhibitor) and

aprotinin, soybean trypsin inhibitor and TLCK (serine protease inhibitor)

(Fritz and Wunderer 1983, Kato et al. 1988, Shaw and Glover 1970,

Heizmann et al. 1996).

Inhibitors of serine protease enhanced the stability of IGF-I

whereas inhibitors of aminopeptidases and carboxypeptidases had no

effect. To verify this observation IGF-I was also incubated with purified

carboxypeptidase A, aminopeptidase M, chymotrypsin and trypsin. Only in

the presence of chymotrypsin and trypsin IGF-1 was degraded, which is

consistent with the data derived from the inhibition studies corroborating

our expectations. Thus, we conclude that chymotryptic and tryptic

activities play a prominent role in the degradation of IGF-I confirming

earlier work by Bai (1995).

As a central aspect of this study, the enzymatic cleavage of IGF-I

was efficiently inhibited by adding casein, a physiologically safe nutrient
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additive. In the presence of casein CPPE caused negligible degradation

within 90 min incubation. The protection by casein could result from (i) a

direct interaction with IGF-I and/or (ii) an interaction with the responsible

enzyme(s) that eleave(s) IGF-I. To this point the possibility of a

casein/IGF-I interaction has been explored. The results so far arc

inconclusive. Protein binding studies at various casein concentrations seem

to support the idea of IGF-I binding to casein. Interestingly, IGF-I binding

increased with increasing casein concentrations until a plateau was

reached. Similar to our study, Rudy and Poynor (1990) examined protein

binding of pyrimethamine. In close agreement with our findings the

authors observed, with increasing protein concentration, a pronounced

increase of binding which reached a plateau at high protein concentrations.

Flowever, the attempt to fit our IGF-I binding data in the way suggested by

Rudy and Poynor (1990) was unsuccessful. Furthermore, size exclusion

chromatography did not reveal an IGF-1/casein complex. Flypothetically,

the IGF-I/casein complex may be unstable under the SEC conditions used,

e.g., because of differences in pH, buffer systems and salt concentrations

(Rudy and Poynor 1990). At this point, further studies would be needed to

elucidate the hypothetical complex between these components.

Likewise, also the second hypothesis should be considered, i.e. the

interaction of casein with the responsible enzyme(s) to cleave IGF-L As

compared to the two control substrates ATEE and BTEE, stabilisation of

IGF-I was more enhanced, especially in case of faeces extract. Hence, we

conclude that casein acts as a non specific inhibitor of serine proteases in

case of both ATEE and BTEE, but additional protection is likely to be

induced by direct interaction with IGF-L

Previously, Xian et al. (1995) demonstrated that high salt

concentrations could not neutralise the stability enhancing effect of casein

on IGF-1. The authors concluded that other mechanism(s) than charge-

charge interactions govern the interaction between IGF-I and casein.

Kimura et al. (1997) observed the stabilising effects of casein only in the

jejunum and ileum of rats. However, contrary to our findings no effect was

observed in the colon. It remains to be seen whether this result is

attributable to the non-specific analysis chosen by the authors, i.e.
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radioanalysis of I-IGF-I after precipitation with trichloroacetic acid

(TCA), whereas we analysed IGF-I by specific HPLC.

At the moment, the full mechanism(s) involved in the stabilisation

of IGF-I in the presence of casein is (are) not understood. However, in

accordance with our studies, the stabilising effect of casein on peptides and

proteins in the gastrointestinal tract was previously recognised by other

groups (Rao et al. 1990, Xian et al. 1995). They emphasised the

physiological relevance of milk relative to its protective effect on intestinal

peptide and protein uptake in suckling rats.

Cleavage of IGF-I with respect to the different intestinal segments

To evaluate its degradation by luminal versus membrane bound

enzymes, IGF-I was also challenged in the presence of intestinal flushings

and faeces extract of various species, and porcine BBMV. Typically, the

stability of IGF-1 was only affected by luminal enzymes of the small and

large intestine, whereas membrane bound enzymes were not involved. The

half-lives of IGF-I in the presence of large intestinal porcine and canine

content were significantly lower than in small intestinal flushings. In rat

tissue we saw no significant difference.

Kimura et al. (1997) observed an increase in stability along the

intestine in the following order; ileum < jejunum < colon. Correspon¬

dingly, Xian et al. (1995) reported an increase in the half-lives from 2 min

in the duodenum and ileum up to > 60 min in the colon. In the present

study, there was no statistical difference between flushings from jejunum

and ileum. The degradation rates of IGF-I observed by Kimura et al.

(1997) and Xian et al. (1995) were much lower as compared to our

findings, taking the actual protein concentrations of their flushings into

account. The contrast may be explained by major differences in the

analytical protocols. Whereas Kimura et al. (1997) applied radioanalysis of

12
\1-IGF-I after precipitation by trichloroacetic acid (TCA), we analysed

IGF-I directly by HPLC. Weassume their analytical technique to be less

specific than HPLC because upon TCA metabolites might co-precipitate

with intact IGF-L

Similarly to other authors (Kimura et al. 1997, Xian et al. 1995, Bai

et al. 1995), we studied the influence of colonic content on the stability of

IGF-1 under aerobic conditions. According to Gibson et al. (1989) aerobic
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conditions favour chymotrypsin-and trypsin-like activities of colon

content, whereas cysteine and metalloprotease activities dominate under

anaerobic conditions. In contrast, Tozaki et al. (1997) measured under

anaerobic conditions a significant serine protease activity. The authors

reported that the stability of insulin which is significantly degraded by

chymotrypsin and trypsin (Schilling and Mitra 1991) could be significantly

increased in the presence of caecum content by adding serine protease

inhibitors. The presence of chymotrypsin- and trypsin-like enzymes in the

colon does not only originate from pancreatic secretion, but is also likely

the result from bacterial remnants formed upon disruption of colonic

bacteria (Gibson et al. 1989, Bai et al. 1995). Therefore, we conclude that

the high cleavage of IGF-I in the large intestinal content might be

explained by an increased release of bacterial chymotrypsin- and trypsin-

like enzymes under the aerobic conditions applied. This may be different

under the anaerobic conditions in vivo.

On the other hand, in the presence of porcine faeces extract, ATEE

and BTEE were more stable than in the flushings, which leads to the

conclusion that serine protease activity in the colon is reduced as

previously described in the literature (Lee 1988, Langguth et al. 1997).

Therefore, we assume that in addition to luminal serine proteases, other

enzymes might be also involved in the cleavage of TGF-T in the presence of

colonic content.

Similar to our studies, Kimura et al. (1997) showed that IGF-I was

stable in the presence of ileal and jejunal brush border membrane fractions

of the rat. This supports the concept that aminopeptidases, which are

predominantly present in the brush border membrane, have little effect on

IGF-1 stability.

Cleavage of IGF-1 in the presence of excised porcine mucosa:

Incubation studies performed in Ussing chambers showed that IGF-1 was

likewise degraded in the presence of excised jejunal and colonic mucosa.

In addition, there was no significant difference in IGF-I stability between

the mucosal and serosal compartments.
'

' Protein release of the excised mucosae was studied for validation reasons. According
to W. Rubas (personal communication) the Bio-Rad protein assay may overestimate

protein concentrations in the presence of glucose b> -30 %if the calibration curve is
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The noticeable degradation of IGF-I indicated that enzyme activity

was still present after washing the tissue. Moreover, controls in Ussing

chambers demonstrated a decrease in IGF-I concentration even when

incubated in Krebs' phosphate buffer alone. Consequently, in addition to

enzymatic cleavage, both adsorption to the Ussing chambers and/or

instability in Krebs' phosphate buffer need to be considered when half-

lives of IGF-I in the presence of excised mucosa are determined.

In summary, this study demonstrates that IGF-I is severely

degraded throughout the intestine, mainly b> serine proteases such as

chymotrypsin- and trypsin-like enzymes. Remarkable inter-species

differences point out the importance of testing various species for the

assessment of IGF-I stability in the gastrointestinal tract.

Rat and canine intestinal tissue are well-accepted models regarding

their intestinal chymotryptic activity (Sinko 1992, Bai et al. 1995, Tozaki

et ai. 1997), and, thus, meaningful for comparison. On the other hand,

there is increasing interest in the use of the porcine model because of its

close similarity to the human physiology (Flores et al. 1998, Gestin et al.

1997). Moreover, intestinal permeability studies revealed good agreement

between porcine and human colonic mucosae with respect to

permeabilities of IGF-1 and PEG4000 (cf. Chapter IV).

There is no final conclusion as to a preferred intestinal segment

concerning IGF-I stability. However, the variabilities of the half-lives in

rat, porcine and canine small intestine were generally higher than those in

the colon. This may be explained by the fluctuations in pancreatic enzyme

secretion in the small intestine. There are two factors in favour of colon

delivery: (i) the more regular enzymatic activity in the colon in contrast to

the small intestine, and (ii) the fact that the binding activity of IGF-I to its

receptors is higher in the colon (Laburthe et al. 1988). On the other hand,

delivery to the small intestine should not be ruled out, because of the

advantage of a large surface area and the observed stability of IGF-I in the

presence of brush border membrane enzymes (Chadwick et al. 1977).

obtained in the absence of glucose. Thus, data presented in table 6 needs to be looked at

critically taking potential o\erestimation into account. Data are in accordance with

protein release found for rabbit mucosa which was -I mg mL-1 after 120 min (W.
Rubas, personal communications)
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Introduction

IGF-I is a 7648 Da polypeptide of 70 amino acids and considered

for treatment of various diseases, such as type II diabetes (Savage et al.

1996, Froesch and Hussain 1994), Lou Gehrig's disease (Piascik 1996,

Festoff 1996) and for the treatment of growth hormone receptor deficiency

in children (GueVara-Aguirre et al. 1995). Because of the need to

administer IGF-I chronically in these disease states, the oral route would

be a highly desirable mode of administration as an alternative to the

parenteral injection.

Various uptake mechanisms of IGF-I across epithelia and

endothelia have been suggested, such as receptor-mediated endocytosis, as

shown in rat astrocytes and fibroblasts (Auletta et al. 1992, Zapf et al.

1994) and paracellular transport of IGF-I across umbilical vein endothelial

cell monolayers (Bastian et al. 1997). Moreover, based on size and charge

absorptive-mediated endocytosis of IGF-I in the intestine was hypothesised

(Kimura et al. 1997, Terasaki et al. 1989). In the intestine the absorption of

IGF-1 could be inhibited in the presence of colchicine, an inhibitor of

microtubular assembly, and by polvcations such as poly-L-lysine and

protamine, but not by a polyanion such as polvL-giutamic acid (Kimura et

al. 1997), which indicates absorptive-mediated endocytosis.

The presence of IGF-I receptors in the jejunum as well as in the

colon has been demonstrated for various species such as human, rat, pig

and rabbit (Rouyer-Fessard ct al. 1990, Young et al. 1990, Schober et al.

1990, Pillion et al. 1989). Additionally, in \arious intestinal cell lines the

presence of IGF-I receptors was demonstrated such as in ÏEC-6, a cell line

derived from rat jejunal crypts (Park et al. 1990). Domain selective

biotinylation of the apical and basolateral surfaces of Caco-2 cells, a colon

carcinoma cell line, grown on filter supports revealed a 3.6-fold

enrichment of IGF-1 receptors on the basolateral membrane (Oguchi et al.

1995, Hoeflich et al. 1994, Damns et al. 1996).

In neonatal rats and pigs IGF-1 may play an important role in the

development of the intestinal mucosa. Bunin et al. (1996) showed that

orally administered IGF-1 increased the intestinal mucosal growth in

formula fed neonatal pigs and the height of jejunal and ileal villi. At the
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same time neither the concentration of circulating IGF-I nor IGF-binding

proteins changed. Other studies demonstrated that the effect of IGF-I in

gastrointestinal renewal in the weaned rat did not depend on IGF-I supply

through the gastrointestinal fluids but rather through the supply via the

circulation or by the local intestinal production (Fholenhag et al. 1997).

This shows that peroral IGF-I may only elicit local effects, but may not be

taken up into the systemic circulation.

In contrast to the findings by Fholenhag et al. (1997) Kimura et al.

(1997) showed that after peroral intubation IGF-I reached the systemic

circulation in an intact form, thus demonstrating the potential feasibility of

an oral dosage of IGF-I. Only few studies on the permeation of IGF-I

across intestinal tissue are available, e.g., in the colon of guinea pigs and

rats (Quadros et al. 1994) as well as in humans (Rubas et al. 1996) and

rabbits (Rubas et al. 1995).

In this study the absorption of IGF-I across the intestinal mucosa is

investigated with an emphasis on the permeability of IGF-I in various

animal species and in human, its mechanism of permeation and its

permeability relative to commonly used intestinal permeability markers.

Artursson (1991) gave an extensive overview of methods to discriminate

between passive and active transport, such as direction dependency,

inhibition of ATP-dependant transport, and transport rate dependency on

donor concentration. To inhibit active transport, such as endocytosis, we

use K+-depletion of the cells and cytochalasin I) treatments. Both are well

known methods to inhibit endocytosis (Altankov and Grinnell 1993,

Cremaschi et al. 1996). Additionally, the effect of proteolytic enzyme

inhibitors and casein on the permeability of IGF-l is studied. Finally, IGF-I

permeability in the small intestine is compared to the large intestine.

Materials and Methods

Cytochalasin D, 2-[Morpholino]ethane-sulfonic acid (MES),

soybean trypsin inhibitor, aprotinin, Na-p-tosyl-L-lysine chloromethyl

ketone hydrochloride (TLCK) and N-acetyl-L-cysteine were purchased

from Sigma (Buchs, CLI). A combination of soybean trypsin Inhibitor,

aprotinin and TLCK was used as an enzyme inhibitor cocktail (GenMix).
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Casein sodium salt, ethylenediaminetetraacetic acid disodium salt (EDTA),
and buffer materials were obtained from Fluka Chemie AG(Buchs, CH).

Metkephamid (MKA) was donated by Eli Lilly and Co. (Indianapolis,

USA). 3H-Mannitol (1 mCi mL"1; mannitol), ,4C-PEG 4000 (11 mCi mL"';
PEG4000) and H-D-glucose (1 mCi mL"1; D-glucose) were from Du Pont

de Nemours International S.A. (Regensdorf, CH) and Ultima Gold

scintillation fluid from Packard (Groningen, NL). Metoprolol and atenolol

were a gift from Astra Hässle (Mölndal, Sweden). Calcein AM was

purchased from Molecular Probes Europe BV (Leiden, NL), DSL Active

IGF-I coated-tube IRMA kit was obtained from Labodia SA (Yens, CH).

Fluorescamine and sodium dodecyl sulfate (SDS) were obtained from

Sigma Chemical and Co. (St. Louis, USA). Krebs" phosphate buffer

consisted of 95.1 mMsodium chloride, 4.8 mMpotassium chloride, 2.5

mMcalcium chloride dihydrate, 1.2 mMmagnesium sulfate septahydrate,

24.8 mM sodium hydrogencarbonate, 1.2 mM potassium

dihydrogenphosphate and 40 mMglucose, adjusted with 1 N acidic acid to

pH 7.0. Hanks' balanced saline solution (HBSS), foetal calf serum (FCS)

and rat serum, Dulbecco's modified phosphate buffered saline (PBS; 0.9

mMcalcium chloride dihydrate, 2.7 mMpotassium chloride, 1.5 mM

potassium dihydrogen phosphate, 0.5 mM magnesium chloride

hexahydrate, 136.9 mM sodium chloride, 8.1 mM di-sodium

hydrogenphophosphate) were obtained from Life Technologies (Basle,

CH). Recombinant human IGF-I (IGF-I) was a gift from Genentech Inc.

(South San Francisco CA, USA). All materials used for HPLC analysis

were of analytical grade.

Permeation studies

Preparation of porcine, rat and human intestinal mucosae

Porcine mucosa: Fresh porcine colon and midjejunum (suis scrota

domestica) were obtained from the local slaughterhouse in Zurich. The

intestine was rinsed with chilled water (aqua potabilis) and kept foi-

transport at 4 °C in Krebs' phosphate buffer. After the transfer to the

laboratory (~4Ö min) the tissue samples of-4 cm" were stripped off their
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serosae and adjacent muscularis layers with a bent scalpel and used

immediately for permeation studies.

Rat mucosa: Male Sprague-Dawley rats (Institut für Zuchthygiene,

Universität Zürich), weighing 280 - 320 g were sacrificed, the intestines

immediately removed and washed with chilled Krebs' phosphate buffer.

2.5 to 3 cm strips of intestinal tissue were excised, then stretched onto a

plastic rod, the serosae and adjacent layers were dissected away, and the

intestinal tissues were used immediately.

Human mucosa: Normal, i.e. tumour-free human tissue adjacent to

localised tumours was received from bowel resections and immediately

placed in ice-cold Krebs' phosphate buffer for transport. Informed written

consent was obtained from the patient before the operation. After -30 min

transport the intestinal tissue was prepared as described above for porcine

tissue.

Transport buffer

For all permeation studies transport buffer consisting of freshly

prepared Krebs' phosphate buffer and 5 pL mL"' FCS was used. Except

when specifically mentioned, the concentration of the permeating

compounds was 500 pg mL"1 in transport buffer (drug solution).

To assess the integrity of the mucosa the marker combinations

mannitol/PEG 4000 or D-glucose/PEG 4000 were added to the drug

solution. Concentration of both labelled mannitol and labelled D-glucose

was 0.06 mM. PEG4000 was used as pro\ided by the manufacturer.

IGF-I permeation involving GenMix and casein: GenMix or casein,

respectively, were added to the transport buffer as well as to the drug

solution. In case of casein, 100 pg of casein was dissolved overnight in

100 mLtransport buffer. For GenMix studies 7.5 pg mL"1 aprotinin, 8.1 pg

mL"1 soybean trypsin inhibitor and 6.0 pg mL"1 (15 pM) TLCK were

added.

Permeation kinetics: Hie flux of IGF-I across porcine colonic

mucosa was studied as a function of IGF-I concentration. The donor

concentration range w?as 6.1 pg mL"1 - 442.1 pg mL"1 (0.8 pM- 57.8 pM).

IGF-I permeation in the presence of endocytosis inhibitors:

Permeation in the presence of cytochalasin D or in K-free transport buffer



100

system was studied to elucidate the potential of endocytosis. 40 ng mL

(0.08 pM) cytochalasin D and 1 mgmL"1 of casein (for IGF-I stabilisation)

were added to the drug and receiver solution. In case of KH-free transport

buffer, potassium chloride and potassium dihydrogenphosphate in

transport buffer were replaced by sodium chloride and sodium

dihydrogenphosphate (Altankov and Grinnell 1993). Pre-equilibration of

the tissue (30 min) was in transport buffer containing inhibitors or in K+-

free transport buffer, respectively.

IGF-1 permeation in the presence of N-acetyl-L-cysteine (AC):

Permeability studies in the presence of AC, a mucolytic agent, were

performed to test the influence of mucus on IGF-I permeability. Transport

buffer and drug solution contained 1 mg mL"1 casein. A stock solution of

500 mg AC and 20 mg casein in 20 mL distilled water was prepared. For

pre-equilibration of the mucosae 20 mL of the stock solution was diluted

with 20 mL casein/Krebs' phosphate buffer to yield a final AC

concentration of 12.5 mg mL"1 (76.5 mM) and a final casein concentration

of 1 mgmL"1 (AC solution).

IGF-I stability under control conditions

To exclude artefacts due to chemical degradation and physical

adsorption the stability of IGF-1 was tested in Krebs' phosphate buffer and

in transport buffer using Ussing chambers, in the presence (1 mg mL"1) or

absence of casein. Effects were studied at an initial concentration of 1 pg

mL"1 (0.13 pM) IGF-I. Ussing chambers were maintained at 37 °C by a

water-heated jacket. 1 mL of prewarmed (37 °C) IGF-I/buffer solution was

added to each compartment. Stirring and oxygen supply was achieved by 5

%C02/02 airlift at 15 mL/min. Samples of 100 pL were taken at time zero

and after 10, 20, 30, 45 and 60 min. Lhe samples were analysed by HPLC.

In vitro permeation

Mucosae were mounted in Ussing chambers (Physiologic

Instruments Inc., San Diego CA, LISA) and 1 mL of pre-warmed (37 °C)

transport buffer was added to each side. Stirring and oxygen supply was

achieved by a 5 %CO2/O2 airlift at 15 mL/min. Lhe diffusion cells were
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maintained at 37°C by a water-heated jacket. After a 30 min equilibration

period 1.2 mL drug solution containing 500 pg mL"1 of IGF-I, metoprolol,

atenolol or MKA, respectively, was filled into the respective donor

compartment, and 1 mL transport buffer into the receiver compartment.

Both mucosal-to-serosal (m -> s) and serosal-to-mucosal (s -> m)

permeation was studied.

For the studies with AC, 1 mL of AC solution was added to the

mucosal compartment and 1 mL of transport buffer to the serosal

compartment. After a 30 minute equilibration period, AC solution and

transport buffer were replaced by 1.2 mL of drug solution (500 pg mL"

IGF-I in transport buffer) for the mucosal compartment (donor) or 1 mLof

transport buffer for the serosal compartment (receiver), respectively.

At time zero, 200 pL was sampled from the donor and split for the

determination of mannitol, D-glucose or PEG4000, respectively, and for

drug analysis. Samples of 100 pL were taken after 10, 20, 30, 45 and 60

min from the receiver and immediately replaced by fresh transport buffer.

One sample of 100 pL was taken after 60 min from the donor, i.e. at the

end of the experiment.

For radio isotop analysis, samples of 100 pL were taken after 10

and 30 min from the receiver compartment and immediately replaced by

transport buffer. At 60 min, 300 pL from the receiver and 100 pL from the

donor compartment were collected. Samples for the mannitol, D-glucose

and PEG4000 transport studies were mixed with 4.5 mL of scintillation

fluid. Drug analysis was by HPLC. Mannitol, D-glucose and PEG 4000

samples were counted in a multipurpose scintillation counter (Beckman LS

6500, Beckman Instruments Inc., Fullerton CA, USA

Calculation of kinetic parameters

Effective permeability coefficients, Pclt [cm s"1] were calculated

according to:
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where (dC/dt)s& is the steady-state change of concentration over time [pg
mL"1 s"1], A is the diffusion area [0.636 cm2], V is the volume of the

receiver compartment [mL] and Co is the initial concentration in the donor

compartment.

The flux (Pen x C) versus IGF-1 concentration profile was fitted

according to Michaelis-Menten kinetics. The kinetic parameters (Vmax and

Km) were calculated using Table Curve 2D (Jandel Scientific, AISN

Software, 1989-1994, Corte Madera CA, LISA).

Determination of transepithelial electrical resistance (TEER) and

short-circuit current (Isc)

Experimental measurements of the electrical parameters were made

by silver/silver chloride reference electrodes (Physiologic Instruments,

Inc., San Diego, CA, LJSA) consisting of silver wires, which were

contained in a glass barrel, terminating in a ceramic tip. Glass barrels were

filled with 3 Mpotassium chloride solution. Two sets of electrodes which

bridged the serosal and mucosal compartment were placed at the mucosal

and serosal membrane under voltage clamp conditions. Voltage across the

tissue was zeroed (Model VCC MC6 multichannel clamp. Physiologic

Instruments Inc., San Diego CA, LJSA) by completing the feedback loop.

Pulses of 5 mVwere applied for 994 ms with an interval of 142 ms (time

separating the two monopolar pulses forming the bipolar waveform) at a

frequency of 20 s. Prior to measurements, compensations were made for

fluid resistance.

The transepithelial electrical resistance (TEER) was calculated

according to:

VP D
TEER=

^^ '

(2)
Lt

where AP.D. is the potential difference and lsC is the short circuit current.

TEERand Isc were monitored throughout the permeation experiments.
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Viability? of excised mucosa

Jejunal and colonic porcine serosa and the adjacent muscularis

layer were stripped off as described above. Mucosa samples of ~l cm2

were washed three times with 2 mL of filtrated Dulbecco's modified PBS.

100 pL of 16 pM calcein AMwas added to the mucosal surface. The

tissues were incubated for 30 min at 37°C in a covered petri dish to prevent

drying of samples. After washing three times with 2 mL of filtrated

Dulbecco's modified PBS tissue samples were examined by fluorescence

microscopy. Fluorescence detection of polyanionic calcein was performed
at an excitation wavelength of 490 nm and an emission wavelength of 520

nm. Stripped mucosa samples showed strong fluorescence indicating

preservation of enzymatic activity of the cells fluorescence was detected

indicating full enzymatic activity of the cells. However, based on the

fluorescence of calcein alone, clear distinction between extracellular and

cytosolic fluorescence was unfeasible.

Perfusion studies

Single-pass intestinal perfusions were performed in male Sprague-

Dawley rats (Institut für Zuchthygiene, Universität Zürich). Perfusion

buffer consisted of Hanks' balanced salt solution, 10 mMMES, PEG4000

(0.1 pL inL-1) and rat serum (5 pL ml/1) or FCS (5 pL mL"1), respectively.

Additionally, either GenMix (7 pg mL"1 aprotinin, 5 pg mL"1 soybean

trypsin inhibitor and 5 pg ml/1 (12.5 pM) TLCK) or casein (I mg mL"1),
respectively, was added to the perfusion buffer. The pH was adjusted to 6.5

with 1 N sodium hydroxide solution. All studies were performed at 100 pg

mL"1 (13.1 pM) IGF-I in the perfusion solutions.

Perfusion studies were performed using the single-pass in situ

perfusion technique according to Langguth et al. 1994. Male rats (Institut

für Zuchthygiene, Universität Zürich), weighing 280 - 320 g, were

anaesthetised by i.m. urethane injection of 1.5 g/kg body weight. The rats

were put on a heating pad to maintain body temperature. The peritoneum
was opened by midline incision. Segments of the jejunum, about 10 cm in

length, and of the ascending colon, about 4 - 6 cm in length, starting

approximately 1 cm caudal of the ileocaecai valve, respectively, were

cannulated with a silicon tube (OD 4 mm, ID 2 mm) following a midline
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longitudinal incision. Blood supply to the perfused segments was

maintained during the study. The segments were thoroughly cleaned of

faecal matter by passing appropriate volume of plain perfusion buffer

through the segment. Perfusion was from cranial to caudal. The inlet

cannula was attached to a 50 mL syringe (Becton-Dickinson, Basle, CH)
which was placed on a perfusion pump (Perfusor1, VI, Braun Melsungen,

Neuhausen, CH). Perfusion solution, which was always freshly prepared

on the day of the trial, was delivered continuously at a rate of 0.2 mL/min

for 90 min through the segment. The inlet tubing was thermostated at 39°C

by a water bath so that the perfusate entered the intestinal segment at body

temperature. After surgery the intestinal segment was placed back to the

abdominal cavity which was then covered with moist tissue to prevent

dehydration of the animals. Care was taken to avoid any kinks. Initially the

e lu ate from the segments was collected in 15 min intervals to determine the

time necessary to reach a steady state flow in terms of peptide, water and

electrolyte absorption. In later studies, the eluates from t = 0 min to t - 30

min were discarded and from t = 30 min to t = 90 min collected in

polypropylene tubes in 15 min intervals, centrifuged at 1310 g and the

supernatant stored in polypropylene tubes at -80°C until analysis. After

each perfusion one sample of 5 mL was collected directly from the inlet

into the intestinal segment to determine the initial IGF-I concentration C0

For PEG 4000 determination 100 pL of each eluate was continuously

mixed with 4.5 mL of scintillation fluid. After 90 min perfusion J mL

blood was sampled from the portal vein, the venae hepaticae and the aorta

abdominalis. Samples were immediately stored in EDTAcoated tubes on

ice, centrifuged and the plasma kept at -80°C. The concentration of IGF-I

in the perfusate of the colon and jejunum was analysed by HPLC. Peak

areas were related to a freshly prepared calibration curve of IGF-I in

Krebs' phosphate buffer at a range of 35 pg mL"1 - 500 pg mL"1 (4.6 pM -

65.3 pM). The concentration of IGF-I in blood was measured by RIA

(Assay Services, Genentech Inc., South San Francisco CA, USA) or two-

site IRMA, respectively. PEG 4000 samples were counted in a

multipurpose scintillation counter (Beckman LS 6500, Beckman

Instruments Inc., Fullerton CA, USA).
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In preliminary experiments we verified that adsorption of IGF-I to

the tubing of perfusion equipment was insignificant, i.e. IGF-1

concentrations taken from the freshly prepared perfusion solution and after

perfusion of the tubing at the inlet into the intestinal segment were

comparable.

Determination of water absorption

Water absorption was determined by measuring the radioactivities

of PEG4000 in the perfusion solution initially and in the eluate. Water

absorption was described by factor F:

F ==Ml-.- (3)
RAM) - 00

where RAo is the initial radioactivity of PEG 4000 in the perfusion

solution, and RA30-9o is the mean steady state radioactivity measured in the

eluate from 30 to 90 min. Factor F was used to correct the IGF-I

concentrations of the collected eluates for water absorption relative to the

initial IGF-I concentrations:

C±lSf^^
(4)

C 0

where AIGF-I [%] is the fraction of IGF-1 eliminated (e.g., by metabolism)

from the perfusion solution as compared to the initial concentration C0,

C30-90 is the mean steady state IGF-1 concentration in the eluate from 30 to

90 min, and F is the factor as described in equation 3.

EPIC of IGF-I, atenolol, MKA, and metoprolol

The HPLCsystem for IGF-1 samples consisted of a L-6200A pump,

an AS-2000 autosampler and a L-4250 UV-VIS absorbance detector

(Merck-Hitachi, Darmstadt, D). IGF-I was separated by reversed phase

chromatography on a RP 18 VYDACcolumn (5 pm, 300 Ä) 25 cm x 4.6

mm(Buecher, Basle, CH) at room temperature and detected in the UV at

210 nm. The mobile phase consisted of phosphate buffer (0.02 Msodium

dihydrogen phosphate, 0.01 M propanesulfonic acid sodium salt, pH
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2):acetonitrile, 90:10 (v:v) for A and phosphate buffer (0.02 Msodium

dihydrogen phosphate, 0.01 M propanesulfonic acid sodium salt, pIT

2):acetonitrile, 50:50 (v:v) for B. The flow rate was 1.0 mL min"1. Elution

was accomplished by changing the mobile phases, A and B, according to a

gradient running from 64 %to 38 %of solution A in 20 minutes.

Atenolol and metoprolol were analysed by reversed phase

chromatography on a LiChrospher 100 RP 18 column, (5 pm, 100 Â) 25 x

4 mm(Merck, Basle, CH) according to published procedures (Rubas et al.

1996). The same HPLC system as described above was applied. The

mobile phase A consisted of 0.1 %TFA in water and the mobile phase B

of 0.1 %TFA in acetonitiile. Elution of atenolol was accomplished by

changing the mobile phases, A and B, according to a gradient running from

5 %to 35 %of solution B in 9 minutes applying a flow rate of 1 mLmin"1,
whereas elution of metoprolol according to a gradient running from 10 %

to 50 %of solution B. Detection occurred at 214 nm.

Metkephamid of the donor compartment was separated by reversed

phase chromatography on a LiChrospher RP 18, (5 pm, 100 Ä) 25 cm x 4

mm(Merck, Basle, CFI) and detected in the UV at 210 nm. The HPLC

system was the same as described above; however, a F-1050 fluorescence

detector (Merck, Basle, CH) was used. The mobile phase consisted of 0.01

Msodium heptanesulfonic acid in 50 mMmonobasic potassium phosphate

(pH 4):acetonitrile, 94:6 (v:v) for A and 65:35 (v:v) for B, the flow rate

was 1.5 mL min"1. The gradient program was as follows: 0-2 min: 100 %

A; 2-20 min: linear gradient from 100 %to 30 %A; 20 - 25 min: linear

gradient from 30 %to 0 %A and 25 - 30 min: 0 %A.

The analysis of metkephamid in the receiver compartment was

performed by an automated precolumn derivatization with fluorescamine

in the autosampler AS-4000 according to Bohner et al. (1996). Briefly, a

LiChrospher RP 8 (5pm, 100 Â) column 25 cm x 4 mm(Merck, Basle,

CH) was applied. The mobile phases consisted of 50 mMmonobasic

potassium phosphate (pH 4):acetonitrile, 75:25 (v:v) for A and 55:45 (v:v)

for B. The flow rate was 1.5 mL min"
.
A linear gradient from 100 %to 30

%A within 12 min was applied followed b\ 8 min isocratic flow of 30 %

A.
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Fluorescence detection was performed at excitation 390 nm and emission

470 nm.

IRMA (two-site immunoradiometric assay) of IGF-I

The kit used to determine IGF-1 in blood samples consisted of 1GF-

I standards in a concentration range of 5 ng mL"1 - 600 ng mL"1 (0.65 nM-

1 0 n

78.0 nM), anti-IGF-I reagent with a radioactivity of < 10 pCi ( ~I)per 22

mL, anti-IGF-1-coated tubes, extraction solution (ethanolic HCl solution),

neutralising solution and IGF-I controls (lyophilised). Two replicates of

each plasma sample were analysed. For extraction 50 pL of the sample

were added to 200 pL of extraction solution, vortexed and incubated for 30

- 60 min. After centrifligation at lO'OOO rpm for 3 min at RT, 100 pL of the

clear supernatant were mixed with 500 pL of the neutralising solution.

This neutralised sample extract was used for the assay, for which 50 pL of

neutralised sample extracts, controls or standards, respectively, were

pipetted to the bottom of the coated tubes and 200 pL of anti-IGF-I reagent

was added immediately. The solutions were gently mixed for 3 hours by

shaking the test tubes on a shaker set at 180 rpm. All tubes were decanted

for 1 to 2 min and washed 3 times by adding 5 mL of deionized water.

Samples were analysed by a gammacounter (Beckmann, Instruments Inc.,

Fullerton CA, USA). The radioactivity measured of extracted unknowns

was compared to the calibration curve of known standards.

The percentage of IGF-I recovery in rat serum was examined in a

concentration range of 50 ng mL"1 -10 pg mL"1 (6.5 nM - 1.3 pM).

Additionally, rat serum and bovine serum were analysed to check for

potential cross-reaction of rat IGF-1 and bovine IGF-I with human specific

anti-IGF-I immunoglobulin. Furthermore, to test the reproducibility of the

kit, blood samples of 4 volunteers (29 - 67 years) were analysed.

Statistics

The data are presented as means ± SD. Standard F-tests and

Student's unpaired t test (tw7o-tailed) were used to compare means of

permeability coefficients. P < 0.05 was considered statistically significant.
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Statistical analysis for blood concentrations in perfusion studies

was by analysis of variance (ANOVA) at a 95 %confidence level.

Results

Permeation studies

Integrity and viability of excised mucosae

Integrity: PEG4000 was used as a marker to test the integrity of

the excised mucosae. PEG4000 permeabilities in porcine, rat and human

tissue are given in table 1. As an additional control of mucosal integrity,

electrophysiological parameters were monitored on-line throughout the

permeation studies. The range of fc values [pA cm""] was 30 - 125 m

porcine colon, 30 - 120 in porcine jejunum, 8 - 40 in rat colon, 47 - 110 in

rat jejunum and 12 - 36 in human colon, fhere were no significant
differences between initial and final values. TEERs [Q cm"] of porcine and

human tissues were 12 - 25 (porcine jejunum: 12 - 20; porcine colon: 12 -

16; human colon: 16 - 25), whereas in rat TEERs were significantly higher

(jejunum: 50 - 100; colon: 40 - 90). Significant differences of PEG4000

permeabilities m—>s versus s -> moccurred in porcine and rat colon, but

were not considered relevant. In conclusion, PEG4000 permeabilities and

electrophysiological parameters indicated intact barrier function of the

mucosae.

IGF-I stability in Ussing chambers

The stability of IGF-I in Krebs' phosphate buffer in Ussing
chambers was investigated under the conditions used for permeation
studies. Moreover, the influence of FCS and casein on the IGF-I stability

was examined. The degradation rate in Krebs' phosphate and in the

presence of FCS was 0.9 ± 0.2 and 1.3 ± 0.6 [10' x nmol ml/1 min" ],

respectively and was statistically equivalent. IGF-1 was stable in presence

of 0.1 %casein within a 60 min period.
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Figure 1: Cumulative mass vs. time profile. Permeabilities were calculated

from the pseudo steady-state phase (30-60 min). IGF-I across colonic

porcine mucosa. • m-> s; * s->m (means ± SD, n = 5 - 6). Correlation

coefficients were r = 0.977 for m-> s and r = 0.968 for s h> m.

In vitro permeation

Permeability coefficients Pet( were calculated by regression from

the linear sections of mass permeated versus time profiles at pseudo

steady-state. An example for porcine mucosa is illustrated in figure I.

Permeability in porcine mucosa: Permeability coefficients of IGF-I

and PEG 4000 in jejunal versus colonic mucosae were calculated. As

compared to PEG4000 the permeabilit} of IGF-I in the jejunum as well as

in the colon was low. There were no significant differences between m~» s

and s —»mtransport of IGF-I. Furthermore, the permeability of D-glucose

in the porcine jejunum was studied. The transport m-> s and s -> mwere

not significantly different (cf. table 1).

The ratio of D-glucose/mannitol permeability coefficients (cf. table

I) in the porcine jejunum was calculated according to:

1 il' D
=

k in

P
L cti mi 1i tol

=F (5)

where Pcf( mami,toi is the permeability coefficient of mannitol and Pefl o-giutosc

the permeability coefficient of D-glucose in jejunal porcine mucosa. The
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factors Fiall0 calculated according to equation 5 were 1.92 for m -> s

transport and 1.85 for s -» mtransport, respectively, resulted accordingly

to equation 5. The non-significant difference between these two factors

demonstrates that passive paracellular transport of D-glucose is

predominant over active transport. In light of the high statistical variability

of the data (m -> s and s -» m) the contribution of the absorptive carrier-

mediated transport of D-glucose m~> s cannot be factored out.

Species differences: Porcine, human and rat colonic mucosae were

compared regarding their permeabilities to IGF-L Porcine, human and rat

colonic mucosae were compared regarding their permeabilities of IGF-L

The permeabilities of IGF-I and PEG4000 in the rat were slightly lower as

compared to human and pig tissue (cf. table 1).

IGF-I permeability relative to permeability standards: Figure 2

relates the permeability coefficients of IGF-1 in porcine colonic tissue with

those of various permeability standards. Metoprolol, a high permeability

drug, atenolol, mannitol and the pentapeptide metkephamid (MKA), all

having low permeabilities, and PEG4000, a non-absorbable marker, were

included.

The magnitude of IGF-1 permeability was similar to PEG4000 a

non-absorbable marker and one order of magnitudes lower than that of the

low permeability standard mannitol or atenolol. The permeability

coefficients of the paracellularly transported standards, namely mannitol,

atenolol, and PEG4000, decreased with increasing molecular weight. As

expected, metoprolol had the highest permeability coefficient.

physiological fluctuations, the statistical differences were not considered

relevant.

There were no significant differences regarding the permeabilities

m—» s versus s —> m except for mannitol and PEG4000. In the light of

normal physiological fluctuations, the statistical differences were not

considered relevant.

Saturable permeation kinetics- Permeation studies with various

initial concentrations of IGF-I in the donor-compartment showed that the

flux of IGF-I across porcine colonic mucosa was saturable. Hie effective

Michaelis-Menten parameters, as derived by non-linear regression

analysis,



Table 1 : Comparison of permeability coefficients in the absorptive (m -» s)

and secretory direction (s -> m) of IGF-I, PEG 4000 and D-glucose in

jejunal and colonic porcine and in rat colonic and human colonic mucosa

(means ± SD, n= 3 - 6).

Compound Permeation

direction

PefflK^xcms"1]

p lg Rat Huma«

Colon Jejunum Colon Colon

1GF4 m-> s 1.46 ±0.52 1.04 ±1.05 0.82 ±0.44 2.55 i 1.55

s -> m 2.08±0.57 2.17 ±2.44 3.13 ±3.06 -

PEG4000 m-> s 5.20±1.09ab 10.43 ±5.82 2.44 ± 0.12b 3.24 ±0.89

s -> m 11.82 ±4.27ab 7.72 ± 5.73 6.50 ± 0.97a,b -

D-Glucose m-> s - 47.44 ± 20.64 - -

s -> m - 39.45 i 23.34 - -

Mannitol m—>s
C

24.69 ±8.i5 - -

s -» m
C

21.25 ±3.00 - .

"Significant difference between pig and rat.

bSignificant difference of permeation direction

ccf. Figure 2

1000.CN

S 100.0^
o

2 10.0
=

1.0 i
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mannitol m .

„¥T
.
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Figure 2: Double logarithmic plot of permeability coefficients in porcine

colon of mannitol, atenolol, metoprolol, metkephamid (MKA), PEG4000

and IGF-I. Om—> s and s -> min the order of increasing molecular

weights (means ± SD, n= 3-6).
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were Km of 1.04 + 0.58 [pM] and a Vmax of 7.10 ± 0.71 [103 x nmol cm"2

min"1] (cf. figure 3). Flowever, only two IGF-I concentrations below Km

were studied, therefore, the calculated Kmhad to be looked at critically.

Influence of casein and GenMix: Either casein or a mixture of

chymotrypsin- and trypsin-inhibitors (GenMix), respectively, were added

to the donor and receiver compartment to protect IGF-1 from enzymatic

degradation, and to study the influence on the effective IGF-I permeability.

Addding either casein or GenMix significantly increased the permeability
of IGF-I in porcine colonic mucosa in the direction m-» s (cf. table 2). In

case of casein the permeability of IGF-I could be increased up to ~10 %of

the permeability measured for atenolol (cf. figure 2). Casein had no

influence on tissue integrity with respect to the permeability of PEG4000

and LEER, while GenMix significantly increased the permeability of

mannitol and PEG4000 in the mucosa and it also decreased the TEER(cf.
table 2). TEERs of control and casein groups stayed constant, whereas the

TEERs of the GenMix group decreased progressively during the

experiment.

9.00
c

1

'£
a 6.00 «

I i
x 3.00 -•

x
3

9

»

0.00

"
0 0 20 0 40 0 60 0 80 0

CotpM]

Figure 3: Relationship between flux and donor concentration of IGF-1.

Flux experiments were performed across porcine colonic mucosa in the

presence of 0.1 % casein. Curve fitting according Michaelis-Menten

revealed a Kmof 1.04 ± 0.58 [pM] and a Vîmx of 7.10 ± 0.71 [10^ x nmol

cm" mm" ], r - 0.768.
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Permeation in the presence of endocytosis inhibitors: The

influence of cytochalasin D or a potassium free buffer system, respectively

on the IGF-I permeability in colonic porcine mucosa was investigated.

Cytochalasin D and the K4-free buffer system led to a significant increase

of the permeability of IGF-I and PEG4000 in porcine colonic mucosa. In

the presence of cytochalasin D permeability coefficients (PelT) for IGF-I,

mannitol and PEG4000 were 43.36 ± 22.94, 153.52 ± 70.35 and 75.92 ±

41.47 [106 x cm s"1], respectively. The PetT [106 x em s"1] measured for IGF-

I, D-glucose and PEG4000 in K^-free buffer system were 53.86 ± 45.02,

108.21 ± 16.28 and 78.89 ± 16.62. Additionally, the TEERs [Q cm2j were

decreased to 3 - 12 in the presence of cytochalasin D, and to 3 - 12 in I<A

free buffer system. The present data suggests that the integrity of the

mucosa was negatively affected by the inhibitor cocktail used.

Permeation studies in presence of N-acetyl-L-cysteine (AC):

Permeation studies in the presence of AC were performed to elucidate the

influence of mucus on the absorption of IGF-I in the small and large

intestine. AC had no positive effect on the permeabilities of IGF-I and

PEG 4000, neither in the jejunum nor in the colon. Permeability

coefficients of mannitol were slightly increased after adding AC. Flowever,

there was no significant difference from the controls (cf. table 3).

Perfusion studies

The in situ single-pass perfusion technique for rat colon and rat

jejunum was validated on the basis of PEG 4000, phenol red and

potassium, sodium and chloride ion fluxes (Langguth et al. 1994). Water

absorption, potassium and sodium transports were in accordance with the

data presented by Stöckli (1993) investigating various buffer systems. The

steady state was reached after 30 min perfusion time. IGF-I studies were

performed to quantify the amount of intact IGF-I reaching the blood

circulation after single-pass perfusion. Additionally, the effects of casein

and GenMix on IGF-I plasma concentration levels were investigated. In

the first series, total plasma IGF-l (endogenous rat IGF-I plus human

IGF-I) was analysed by a non-specific RIA.
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Table 3: Effect of N-acetyl-L-cysteine on the permeability of IGF-I in

porcine colonic and jejunal mucosa. Permeability studies were performed
in the presence of 0.1 %casein (means ± SD, n = 5 - 6).

Compound Permeation

Direction

Peff HO6 x cm s"1]

Control N-acetyl-L-c ysteine (AC)
Colon Jejunum Colon Jejunum

IGF-1 m-> s 1.38 ±0.51 1.79 ±4.72 1.50 + 0.94 3.02 ±2.12

PEG4000 m—>s 5.20 ±1.09 10.43 ±5.82 5.38 ±2.74 6.90 ±2.64

Mannitol m—>s 18.63 ±5.29 18.42+1.99 29.05 ± 12.89 24.69 ± 8.35

In the second series, a human IGF-1 specific two-site IRMA was

applied to identify human IGF-I separately from endogenous rat IGF-L

Perfusion studies were performed in MES/HBSScontaining GenMix. The

IGF-I plasma concentration levels after 90 min perfusion period were

analysed with RIA (cf. figure 4).

There was no significant difference between TGF-I plasma

concentrations following perfusion with IGF-l containing buffer and

controls.

800
jejunum colon

control IGF- control IGF-I

Figure 4: Plasma concentrations of IGF-I in the portal vein (D), venae

hepaticae ( ) and aorta () after 90 min of in situ perfusion of rat jejunum

and colon. Analysis by non-specific RIA. Throughout, all perfusion studies

were performed in the presence of GenMix (means ± SD, n= 2 - 4).



30.0 with casein without casein

OJ

20.0

100

00

0LÛ
control IGF4

i ~i hwbiw
I p—ra|g|

control IGF4

Figure 5: Plasma concentrations of IGF-1 in the portal vein (D), venae

hepaticae (?-) and aorta () after 90 min of in situ perfusion of the rat

colon. Samples were analysed by IRMA. With casein: perfusion was

performed in the presence of 0.1 %casein in perfusion buffer MES/HBSS;

without casein: perfusion buffer MES/HBSSonly was used (means + SD,

n= 2 - 4).

en
c
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20 0
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a
i ""mm

control IGF-I

Figure 6: Plasma concentrations of IGF-I in the portal vein (D), venae

hepaticae ( ) and aorta () after 90 min of in situ perfusion of rat jejunum.

Samples were analysed by IRMA. With casein: perfusion was performed in

the presence of 0.1 % casein in perfusion buffer MES/F1BSS; without

casein: perfusion buffer MES/HBSSbuffer only was used (means ± SD, n=

2-4).
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Figure 7: Loss of IGF-I upon jejunal and colonic perfusion. AIGF-I [%] is

the fraction of IGF-1 eliminated from the perfusion solution as compared to

the initial concentration C0 after 90 min perfusion of jejunum and colon,

respectively. White bars show decrease of IGF-I concentration in the

presence of casein, filled bars the decrease of IGF-1 in MES/HBSSwithout

casein (means ± SD, n= 3 - 4).

The second series was performed to study the influence of casein

on intestinal absorption. A specific IRMA was used to analyse plasma

samples. Plasma concentration levels were slightly increased after

perfusion with IGF-I in the presence of casein in both the colon (figure 5)

and the jejunum (figure 6), as compared to the controls. Flowever,

statistical analysis by ANOVAshowed that these differences were not

statistically significant.

In conclusion, a significant decrease of IGF-I concentration in the

eluate compared to the inlet concentration Co occurred, which was reduced

in the presence of casein (cf. figure 7). As suggested by the occurrence of

additional HPLCpeaks after perfusion, the loss of IGF-I appears to caused

by metabolism (data not shown). Effective permeabilities upon perfusion

were not calculated because of the unknown fraction of initial IGF-I

metabolised per centimetre of perfused intestine (cf. Chapter I).
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Discussion

Enzymatic cleavage and low permeability in the intestine are the

main factors that restrict the absorption of peptides and proteins in the gut.

Additionally, the mucus layer of the intestine may have a limiting effect

(Wikmann et al. 1998). Previously, we reported on the metabolism of IGF-

I in rat, pig and dog intestinal tissue (Chapter III). The purpose of this

study was to assess the intestinal absorption of IGF-I by means of

permeation studies in LJssing chambers (rat, porcine and human tissue) and

by in situ single-pass perfusion in rats.

Permeation studies

Integrity of excised mucosae: On-line measurements of TEERand

Isc of all excised mucosae during permeation showed that their preparation,

e.g., transport or stripping, had no negative effect on mucosal integrity

(Sutton et al. 1992). Moreover, tests in porcine mucosa suggested mucosal

viability with respect to the preservation of normal intracellular esterase

activity. However, extracellular esterase activity may confound the present

data. The lsc values measured for human, rat and porcine mucosa were

within the variability range of the values reported by Quadros et al (1994)

for rat colon and by Grotmol et al. (1996) for human and porcine mucosa.

The range of the TEERs reported in the literature for human colonic tissue

(Rubas et al. 1994), porcine colonic tissue (Engelhardt et al. 1995), rat

colon tissue (Quadros et al. 1994) and rat ileal tissue (Artursson 1991) was

also similar to our findings.

In addition, the permeability coefficients (Peiï) of labelled

paracellular markers such as mannitol and PEG4000 were determined as

controls for the integrity of the mucosa. D-glucose was used in order to

assess the active transport system. The permeabilities of the paracellular

markers in porcine mucosa were generally higher than those in other

mucosae such as rabbit, monkey or dog mucosa (Jezyk et al. 1992 and

Grass et al. 1993). However, taking interspecies variations into account the

measured permeabilities of the paracellular markers were in an acceptable

range (He et al. 1998).
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Surprisingly, no direction-specific, carrier-mediated D-glucose

transport was observed in porcine jejunum. On the one hand, this might be

ascribed to the high statistical variability of the data m-» s versus s -> m

(cf. table I). On the other hand, we suggest to view the data in light of high
PEG4000 and mannitol fluxes observed in this tissue. Therefore, the tissue

appears to be leakier than the other tissues mentioned (He et al. 1998). As

a consequence, paracellular transport of D-glucose is predominant and the

additional contribution of carrier-mediated transport difficult to factor out.

Stability of IGF-I in Ussing chambers

A marked drop in IGF-I concentrations occurred when IGF-1 was

incubated in Ussing chambers in the presence of Krebs" phosphate buffer.

Addition of FCS (0.5 %) did not affect the loss in IGF-I. In contrast, casein

(0.1 %) was able to protect IGF-I in the presence of FCS. Decrease of IGF-

I may have occurred due to physical adsorption to the Ussing chambers

and/or physico-chemical degradation in Krebs' phosphate buffer. Similar

to our studies with casein, Quadros et al. (1994) showed that addition of

bovine serum albumin stabilised completely IGF-I both in the donor and

the receiver compartment over a period of five hours. According to Rubas

(W. Rubas, personal communication, 1998) IGF-I stability is compromised

by Krebs' phosphate buffer, but can be maintained by BSA.

In conclusion, both physical adsorption and/or physico-chemical

degradation of IGF-I in the Ussing chambers need to be considered when

evaluating the results of the permeation experiments in the presence of

Krebs' phosphate buffer or in Krebs" phosphate buffer containing FCS. On

the other hand, in the presence of casein as a stabiliser, adsorption and/or

degradation can be excluded as a factor influencing the assessment of

permeability coefficients.

Permeation rates relative to intestinal markers: The permeability
of IGF-I in rat, porcine and human mucosae was much lower when

compared to other reference compounds such as metoprolol (Amidon et al.

1995), atenolol (Rubas et al. 1996, Amidon et al. 1995), MKA(Langguth

et al. 1994) and mannitol. In all species IGF-I permeability was always

lower than that of PEG 4000, a non absorbable marker (Lennernäs et al.

1997).
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The permeabilities of IGF-I found in human and porcine tissue

were similar, yet higher, to that reported by Rubas et al. (1996) in excised

human mucosa which was 0.7 [106 x cm s"1]. In contrast, Quadros et al

reported much lower permeabilities in the colon of guinea pig and rat, i.e.

0.04 and 0.08 [106 x cm sec"1], respectively. At this time, no mechanistic

explanations for these differences can be given, except that Quadros et al.

(1994; cf. below) used much higher IGF-I concentrations which may have

changed cell physiology.

Influence of casein and GenMix: Previously, we demonstrated that

the stability of IGF-I in the presence of pancreatic enzymes was

significantly increased by adding GenMix or casein (Chapter III). GenMix

was concluded to act by enzyme inhibition, whereas protection by casein

resulted from a yet unknown interaction at pH 7. Consequently, both

effects were further investigated with respect to IGF-l absorption. GenMix

strongly enhanced the permeability of IGF-I, but compromised the

integrity of the mucosa as indicated by decreased TEER and increased

PEG 4000 permeability. Variable toxicity was indicated by particularly

large variability of IGF-1 permeability. Thus, toxicity related alterations of

the paracellular pathway are likely to be explained as part of the observed

increase in IGF-I permeability in the presence of GenMix.

In case of casein, permeabilhy was also increased but without

measurable negative effects on mucosal integrity. Hypotheses as to the

permeability increase are as follows. Firstly, an interaction between the

two proteins, e.g., by charge interaction, may stabilise IGF-I in both the

receiver and the donor compartments, Melding higher effective

permeabilities. Secondly, a preferential uptake of a potential IGF-I/casein

complex versus IGF-I alone may be hypothesised. However, at the moment

the mechanisms involved are still unknown and require further

investigations.

Transport mechanisms: On the one hand, the rat is an established

model to predict drug absorption in humans (Fagerholm et al. 1996). On

the other hand, the pig model is considered the most suitable animal model

for oral drug delivery since it closely resembles the human situation with

respect to anatomy and physiology (Kararli 1995, Gardner et al. 1996,
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Augustijins et al. 1998). Thus, we compared permeabilities of IGF-I and

PEG4000 in rat, human and porcine mucosa.

We observed a close similarity of porcine mucosa and human

mucosa mainly with respect to TEER, PEG4000 permeability and IGF-I

permeability. In contrast, the permeability features of rat tissue were

largely different from both human and porcine tissue. Therefore, porcine
tissue was selected as the main model to study mechanistic aspects of IGF-

1 permeation. On the one hand, the permeabilities of the paracellular by

transported markers in porcine mucosae were quite high. Thus, in some

cases the porcine model may be exceptional. In contrast to our findings, He

at al. (1998) and Chiou and Barve (1998) showed a close relationship

between the intestinal absorption in human and in rat. Flowever, both

studies focused on bioavailability rather than permeability as in our study,
in particular on oral fraction absorbed in human versus rat. By comparison
of porcine, rabbit and rat mucosa we found that permeabilities in rat and

likewise in rabbit are generally lower than in pig (cf. figure 8). In

conclusion, the high permeabilities found in colonic porcine mucosae need

to be looked at with caution: For instance, the linearity extends up to

metoprolol, a highly lipophilic compound, which is rather unusual

(Lennernäs et al. 1997). At the moment, we cannot fully explain these

exceptional findings.

As an hypothesis active transcellular transport by endocytosis, as

suggested by the saturable flux of IGF-I (cf. figure 3), may be assumed.

Flowever, control studies with cytochalasin D and K'-free buffer, well

known inhibitors of endocytosis (Cremaschi et al. 1996, Larkin et al.

1983), were inconclusive, since in both cases the integrity of the mucosa

was compromised as measured by a decrease in TEER and an increase of

mannitol and PEG4000 flux. In accordance w ith these findings, Madara et

al. (1986) showed a negathe effect of c>tochalasin D on the integrity of

guinea pig ileal mucosa.
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70

Figure 8: Fraction absorbed in humans obtained from pharmacokinetic

studies in vivo in man versus permeability in colonic porcine (A), rat ( )

and rabbit (•) mucosa (1 = PEG 4000; 2 = mannitol; 3 = atenolol, 4 =

metoprolol). Human data derived from Rubas et al. (1993), Yee (1997),

and Lennernäs et al. (1997)

Zapfet al. (1994) demonstrated that after cellular internalisation of

IGF-I, 80 %of intracellular IGF-I remained intact for 120 min. This shows

that, once internalised by endocytosis, IGF-I seems to be quite stable.

Consequently, interaction with casein is concluded to be more crucial to

protect its stability in the intestinal lumen rather than in the proteolytic,
low pH environment of the endosomal compartment (Rodman et al. 1990).

In the literature other transport mechanisms were also described

which may play a role in the absorption of IGF-I. Young et al. (1990)

suggested that IGF-I dispersed in milk may be taken up by non specific

fluid-phase endocytosis which is typical for the absorption of intact milk.

Rubas and co-workers observed in excised rabbit small intestinal mucosa a

maximal m ~> s flux for IGF-I at donor concentrations of 200 - 250 pg

mL"
.

At lower and higher IGF-I concentrations the flux was reduced (W.

Rubas, personal communication, 1998). In parallel, a marked increase in

cell size was observed, suggesting that IGF-l flux might be influenced by

surface enlargement of the cells as a biological effect of IGF-1 (Rubas et al.

1998). In rat fibroblasts. Zapf et al. (1994) described receptor-mediated

endocytosis as the uptake mechanism of IGF-1, which was also found for

astrocytes (Auletta et al. 1992). Flowever, the large difference between the
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high effective Km value resulting from saturable IGF-I permeation (~1.1

pM, cf. figure 3) versus the much lower dissociation constants of the IGF-

I/IGF-I receptor interaction reported for various tissues (3.1 nMto 6.9 nM;

Park et al. 1990, Oguchi et al. 1995, Laburthe et al. 1988) does not support

the hypothesis of receptor-mediated endocytosis as the main transport

mechanism in our study. However, a direct mechanistic comparison of an

effective Km derived from (non-equilibrium) permeation kinetics versus

equilibrium derived dissociation constants is highly controversial. Both

distributive and diffusional contributions to the observed effective Km

cannot be ruled out and make mechanistic conclusions speculative.
A physiological aspect also needs to be considered in this

discussion. Laburthe et al. (1988) observed a particularly high IGF-I

receptor density in the colon. Despite this we could not find a remarkably

increased IGF-I permeability in porcine colon versus jejunum, which

would again argue against receptor-mediated endocytosis as a major

mechanism. Based on our study, however, a fractional contribution of

receptor-mediated endocytosis as a potential transport pathway cannot be

completely excluded.

The involvement of the paracellular pathway as a potential

transport mechanism for IGF-I also needs to be considered. Several

observations are in favour of this pathway. Firstly, there was no significant

difference between the m -> s and s —> m permeabilities, indicating a

direction-independent passive pathway. Secondly, IGF-I permeability was

significantly increased in the presence of cytochalasin D. According to

Madara et al. (1986) cytochalasin D affects the peri-junctional contractile

ring in intestinal absorptive cells and thus enhances paracellular

permeability. Thirdly, Bastian et al. (1997) demonstrated the paracellular

transport of IGF-I in endothelial cell monolayers. By combination, these

observations support a paracellular contribution to the overall transport of

IGF-1.

Influence of mucus on IGF-I permeability: In order to estimate the

influence of the epithelial mucus layer as a potential absorption barrier,

permeation studies were also performed in the presence of N-acetyl-L-

cysteine (AC; 0.08 M, 30 min). AC is known for its reduction of mucus

glycoprotein to smaller sublimits and breakdown of the gel structure
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(Livingstone et al. 1990). Under the study conditions no significant effect

on the permeability of IGF-I was observed. Likewise, mannitol and PEG

4000 permeabilities were not affected
.

Previously, several studies demonstrated a significant influence of

the intestinal mucus (Allen et al. 1983, Sakata and von Engelhardt 1981)

on the diffusion of various compounds, especially for larger hydrophilic

drugs, such as proteins and peptides (Saitoh et al. 1986, Desai et al.

1992/1991, Wikman et al. 1998), while diffusion of smaller substrates such

as mannitol was unaffected (Wikman et al. 1998). These reports support

our findings regarding the transport of mannitol, but contrast to unaffected

IGF-I and PEG 4000 permeabilities in the presence of AC. After nasal

application in rats, O'Hagan et al. (1990) found only a modest increase in

growth hormone bioavailability when applying a 20 %solution of AC.

Livingstone et al. (1990), using 0.06 Al AC for 2 hours, found a marked

effect of AC on the macroviscosity of collected mucus and the

concentration of hexose present in the mucus, a general marker for

glycoprotein. The contrast of this data to our findings could result from the

much shorter incubation time used in our study (30 min versus 2 hours).

On the other hand, in light of the frailty of excised intestinal tissue an

additional two hour pre-treatment with AC is likely to compromise its

viability. So far, to our knowledge, there is no permeation study available

that gives unequivocal support of the relevance of mucus microviscosity

for the intestinal absorption of proteins.

Single-pass perfusion studies

In combination with the in vitro permeation studies, in situ single-

pass perfusion studies in rats were also performed to assess IGF-1

absorption in the intestinal tract. A noticeable decrease in IGF-1

concentration in the eluates compared to the initial concentration was

observed. Analyses of the collected eluates by HPLC showed that high

amounts of metabolites were present. Addition of casein significantly

reduced the degradation. In the absence of casein no statistically

significant increase in IGF-I plasma concentrations was found after 90 min

of perfusion, which was in accordance with the permeation studies in the

excised rat mucosae where we could show that IGF-I permeability was
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lower than the permeability of PEG 4000. Moreover, in the presence of

casein no significant increase in IGF-l plasma concentrations was

observed, which is in accordance with the permeability studies. In the

excised porcine mucosa model addition of casein increased IGF-1

permeability significantly, yet permeability was still lower than PEG4000

permeability.

Contrasting to our findings, Kimura et al. (1997) found evidence

for an increase in l2;T-IGF-I plasma concentrations after gastric intubation

of rats, and after bolus administration into both jejunal and colonic loops.

Addition of casein and aprotinin improved significantly the bioavailability

of 12>I-IGF-I, Likewise, Nakagawa et al. (1997) observed a substantial

uptake of "T-IGF-I from the gastrointestinal tract in the mouse after

gastric gavage. In contrast to our short term studies, Kimura et al. (1997)
I 9 S

followed ' Ï-IGF-I plasma concentrations over a period of > 6 hours. Also,

both other groups tested the effect of a bolus administration either into the

stomach or various intestinal loops, versus a constant delivery of IGF-1 by

single-pass perfusion in our study. Contrasting to the specific IRMA used

in our study, the analysis of !2>l-IGF-l blood levels was by TCA-

precipitable radioactivity only, i.e. by a relatively non-specific technique,

and without considering the potential of metabolic cleavage in the intestine

or in the liver. Clearly, the results of Kimura et al. (1997) and Nagakawa et

al. (1997) should be interpreted under these aspects.

After peroral administration over a period of 7 to 14 days only a

minor increase in concentrations was observed, i.e. from 500 to 587 ng

mL"1 after a high caloric diet, or 256 to 320 ng mL"1 after a low caloric diet,

respectively, when 2 ing/kg body weight were dosed once a day

(Fholenhag et al. 1997). Similarly, Donovan et al. (1997) reported that

IGF-I orally administered is poorly absorbed by newborn piglets.

Metabolism in the blood: Metabolism of absorbed IGF-I in the

blood might play an important role. Lewitt et al. (1993) showed that an

intravenous bolus of IGF-l disappeared from the circulation with an initial

ti/2 of 1.2 min which increased to 5.3 min when hIGF binding protein-I

(IGFBP-I) was co-administered. The second phase of disappearance of

IGF-I indicated an apparent p 2 of 35 min which was not significantly

altered by the co-infusion of IGFBP-l. The authors proposed that the
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insulin-like activity of unbound IGF in the circulation may be regulated by

fluctuating endogenous IGFBP-I levels. Likewise, other IGF binding
proteins may also have a beneficial effect on the IGF-I stability in the

blood (Ballard et al. 1993, Lewitt et al. 1993). Accordingly, Stewart

Rotwein (1996) described extensively the importance of the IGF binding
proteins for maintaining a IGF-I reservoir in the circulation.

At the moment, we cannot finally explain the significant difference

between the findings reported by Kimura et al. (1997) and ours. So the

following explanation is hypothetical: On the one hand, IGF-I has a high

plasma clearance (Lewitt et al. 1993, McMurtry et al. 1996), on the other

hand, endogenous IGF-I seems to be bound to various tissues, e.g.,

cerebral cortex, kidney, testis, mammary gland and adipose tissue

(Maheshwari et al. 1997, Price et al. 1997, Zhou and Bondy 1993,

Lavandero et al. 1991, Lewitt et al. 1993). Wesuppose that once taken up

from the intestine into the blood circulation IGF-1 is rapidly cleared due to

metabolism in the blood and/or transport to peripheral tissues. Thus, the

extremely increased IGF-I plasma concentrations upon peroral delivery as

shown by Kimura et al. (1997) may be rather exceptional and more likely
to be explained by the choice of their analytical protocol. Also, our

findings, namely for excised rat mucosa, where the permeability of IGF-I

was even lower than of the non-absorbable marker PEG 4000, also

emphasise that high plasma concentrations after intestinal perfusion are

unlikely.

In conclusion, based on in vitro studies with excised mucosae in

combination with literature data, we are unable to assess the exact

contribution of an active transport mechanism to the flux of IGF-L A

paracellular pathway may also be involved, as stated by other authors.

Furthermore, we could demonstrate that co-administration of casein led to

a significant enhancement of IGF-I permeation, potentially by interaction,

without affecting tissue viability, blowever, IGF-1 permeability in the

presence of casein was still lower than the permeability of PEG4000, a

non absorbable marker. A mixture of chymotrypsin- and trypsin-inhibitors
also enhanced permeation through excised mucosae, but significantly

compromised viability. In contrast, in situ single-pass perfusion studies in

rats did not show significant IGF-I plasma levels above the endogenous
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concentration, possibly because of tissue binding. In conclusion, although
intestinal IGF-I absorption is undetectable in the systemic circulation its

uptake by the intestinal mucosa is significant and may be therapeutically
relevant. Protection of IGF-1 while exposed to the proteolytic environment

of the intestinal lumen and the use of biocompatible absorption enhancers

have potential in order to achieve relevant local IGF-I uptake upon peroral

delivery.

Literature

Allen, P., Garner, A., Hutton, D., and McQueen, S. (1983). Thickness of

the Adherent Mucus Gel Layer in the Stomach and Duodenum:

Comparison with Surface pFI Gradients in the Rat and Frog. Journal of

Physiology 341, 66-67P.

Altankov, G., and Grinnell, F. (1993). Depletion of Intracellular Potassium

Disrupts Coated Pits and Reversibly Inhibits Cell Polarization During

Fibroblast Spreading. Journal of Cell Biology 120, 1449-1459.

Amidon, G. L., Lennernäs, H., Shah, V. P., and Crison, J. R. (1995). A

Theoretical Basis for a Biopharmaceutic Drug Classification: The

Correlation of In Vivo Drug Product Dissolution and In Vivo

Bioavailability. Pharmaceutical Research 10, 413-420.

Artursson, P. (1991). Cell Cultures As Models for Drug Absorption Across

the Intestinal Mucosa. Critical Reviews in Therapeutic Drug Carrier

Systems 8, 305-330.

Augustijns, P., Annaert, P., Heylen, P.. Van den Mooter, G., and Kinget, R.

(1998). Drug Absorption Studies of Prodrug Esters Using the Caco-2

Model: Evaluation of Ester Hydrolysis and Transepithelial Transport.

International Journal of Pharmaceutics 166, 45-53.

Auletta, M., Nielsen, F. C, and Gammeltoft, S. (1992). Receptor-Mediated

Endocytosis and Degradation of Insulin-Like Growth Factor I and II in

Neonatal Rat Astrocytes. Journal of Neuroscience Research 31,14-20.

Ballard, F. J., Walton, P. E., Bastian, S., Tomas, F. M., Wallace, J. C, and

Francis, G. L. (1993). Effects of Interactions between IGFBPs and IGFs on

the Plasma Clearance and In Vivo Biological Activities of IGFs and IGF

Analogs. Growth Regulation 3, 40-44.



128

Bastian, E. G., Walton, P. E., and Belford, D. A. (1997). Paracellular

Transport of Insulin-Like Growth Factor-I (IGF-I) Across Fluman

Umbilical Vein Endothelial Cell Monolayers. Journal of Cellular

Physiology 170, 290-298.

Bohner, V. (1996). Mechanisms and Pathways of Intestinal Peptide

Absorption: Permeation, Metabolism and Secretion. Eidgenössische
Technische Hochschule Zurich, Zurich.

Bunin, D. G., Wester, T. L, Davis, T. A., Amick, S., and Heath, J. P.

(1996). Orally Administered IGF-I Increases Intestinal Mucosal Growth in

Formula-Fed Neonatal Pigs. American Journal of Physiology 270, R1085-

1091.

Chiou, W. L., and Barve, A. (3 998). Linear correlation of the fraction of

oral dose absorbed of 64 drugs between humans and rats. Pharmaceutical

Research 15, 1792-1795.

Cremaschi, D., Porta, C, and Ghirardelli, R. (1996). The Active Transport
of Polypeptides in the Rabbit Nasal Mucosa is Supported by a Specific
Vesicular Transport Inhibited by Cytochalasin D. Biochimica et

Biophysica Acta 1283, 101 -105.

Dahms, N. M., Seetharam, B., and Wick, D. A. (1996). Expression of

Insulin-Like Growth Factor (IGF)-I Receptors, IGF-II/Cation-Tndependent
Mannose 6-phosphate Receptors (CI-MPRs), and Cation-Dependant MPRs

in Polarized Human Intestinal Caco-2 Cells. Biochimica et Biophysica
Acta 1279, 84-92.

Desai, M. A., Mutlu, M., and Vadgama, P. (1992). A Study of

Macromolecular Diffusion through Native Porcine Mucus. Experientia 48,

22-26.

Desai, M. A., Nicholas, C. V., and Vadgama, P. (1991). Electrochemical

Determination of the Permeability of Porcine Mucus to Model Solute

Compounds. Journal of Pharmacy and Pharmacology 43, 124-127.

Desai, M. A., and Vadgama, P. (1991). Estimation of Effective Diffusion

Coefficients of Model Solutes Through Gastric Mucus: Assessment of a

Diffusion Chamber Technique Based on the Spectrophotometric Analysis.

Analyst Ub, 1113-1116.



129

Donovan, S. M., Chao, J. C, Zijlstra, R. T., and Odle, J. (1997). OralK

Aministered lodinated Recombinant Human Insulin-Like Growth Factor-I

(125I-rhIGF-I) is Poorly Absorbed by the Newborn Piglet. Journal of

Pediatric Gastroenterology and Nutrition 24, 174-182.

Fagerholm, U., Johansson, M., and Lennernäs, H. (1996). Comparison

Between Permeability Coefficients in Rat and Human Jejunum.

Pharmaceutical Research 13, 1336-1342.

Festoff, B. W. (1996). Amyotrophic Lateral Sclerosis: Current and Future

Treatment Strategies [published erratum appears in Drugs 1996

Jul;52(l):92j. Drugs 51, 28-44.

Fholenhag, K., Arrhenius-Nyberg, V.. Sjogren, I., and Malmlof, K. (1997).

Effects of Insulin-Like Growth Factor I (IGF-I) on the Small Intestine: A

Comparison between Oral and Subcutaneous Administration in the

Weaned Rat. Growth Factors 14, 81-88.

Froesch, E. R., and Hussain, M. (1994). Recombinant Human Insulin-like

Growth Factor 1: A Therapeutic Challenge for Diabetes Mellitus.

Diabetologie 37, S179-S185.

Gardner, N., Haresign, W., Spiller, R., Farraj, N., Wiseman, J., Norbury,

H., and Ilium, L. (1996). Development and Validation of a Pig Model for

Colon-Specific Drug Delivery. Journal of Pharmacy and Pharmacology

48, 689-693.

Grass, G. M., and Sweetana, S. A. (1993). A Correlation of Permeabilities

for Passively Transported Compounds in Monkey and Rabbit Jejunum.

Pharmaceutical Research 6, 857-862.

Grotmol, T., Rodnes, J. T., Buanes, T., Christensen, G., and Landsverk, T.

(1993). Atrial Natriuretic Factor (ANF) Does Not Affect Ion Transport in

Human Intestine But Does in Porcine Intestine. Acta Physiotogica

Scandinavia 147, 417-429.

GueVara-Aguirre, J., Vasconez, O., Martinez, V., Martinez, A. L.,

Rosenbloom, A. L., Diamond, F. B. j., Gargosky, S. E., Nonoshita, L., and

Rosenfeld, R. G. (1995). A Randomized, Double Blind, Placebo-

Controlled Trial on Safety and Efficacy of Recombinant Human Insulin-

Like Growth Factor-1 in Children with Growth Hormone Receptor



130

Deficiency. Journal of Clinical Endocrinology and Metabolism 80, 1393-

1398.

He, Y. L., Murby, S., Warhurst, G., Gifford, L., Walker, D., Ayrton, L,

Eastmond, R., and Rowland, M. (1998). Species Differences in Size

Discrimination in the Paracellular Pathway Reflected by Oral

Bioavailability of Polyethylene glycol) and D-Peptides. Journal of
Pharmaceutical Sciences 87, 626-633.

Hoeflich, A., Yang, Y., Kessler, U., Heinz-Erian, P., Kolb, H., and Kiess,

W. (1994). HumanColon Carcinoma Cells (Caco-2) Synthesize IGF-II and

Express IGF-I Receptors and IGF-1LM6P Receptors. Molecular and

Cellular FJndocrinology 101, 141-150.

Jezyk, N., Rubas, W., and Grass, G. M. (1992). Permeability

Characteristics of Various Intestinal Regions of Rabbit, Dog, and Monkey.

Pharmaceutical Research 9, 1580-1586.

Kararli, T. T. (1995). Comparison of the Gastrointestinal Anatomy,

Physiology, and Biochemistry of Humans and Commonly Used Labatory

Animals. Biopharmaceutics and Drug Disposition 16, 351-380.

Kimura, T., Murakawa, Y., Ohno, M., Ohtani, S., and Higaki, K. (1997).

Gastrointestinal Absorption of Recombinant Fluman Insulin-Like Growth

Factor-I in Rats. Journal of Pharmacology and Experimental Therapeutics

283,611-618.

Laburthe, M., Rouyer-Fessard, C, and Gammeltoft, S. (1988). Receptors

for Insulin-Like Growth Factors I and II in Rat Gastrointestinal

Epithelium. American Journal of Physiology 254. G457-462.

Langguth, P., Breves, G., Stockli, A., Merkle, H. P., and Wolffram, S.

(1994). Colonic Absorption and Bioavailability of the Pentapeptide

Metkephamid in the Rat. Pharmaceutical Research 11, 1640-1645.

Larkin, J. M., Brown, M. S., Goldstein, J. L., and Anderson, R. G. (1983).

Depletion of Intracellular Potassium Arrests Coated Pit Formation and

Receptor-Mediated Endocytosis in Fibroblasts. Cell 33, 273-285.

Lavandero, S., Santi ban ez, J. F., Oearanza. M. P., Ferreira, A., and Sapag-

Hagar, M. (1991). Binding and Production of Insulin-Like Growth Factor-I

in Rat Mammary Gland. Comparative Biochemistry and Physiology A-

Comparative Physiology; 99, 507-511.



131

Lennernäs, H., Nylander, S., and Ungell, A. L. (1997). Jejunal

Permeability: A Comparison Between the Ussing Chamber Technique and

the Single-Pass Perfusion in Humans. Pharmaceutical Research 14, 667-

671.

Lewitt, M. S., Saunders, H, Cooney, G. L, and Baxter, R. C. (1993). Effect

of Human Insulin-Like Growth Factor-Binding Protein-1 on the Half-Life

and Action of Administered Insulin-Like Growth Factor-I in Rats. Journal

of Endocrinology 136, 253-260.

Lewitt, M. S., Saunders, FI., Lennon, A. J., Holman, S. R., and Baxter, R.

C. (1993). Distribution and Actions of IGFBP-J and IGFBP-3 in the Rat.

Growth Regulation 3, 44-46.

Livingstone, C. R., Andrews, M. A., Jenkins, S. M., and Marriott, C.

(1990). Model Systems for the Evaluation of Mucolytic Drugs:

Acetylcysteine and 5j-Carboxymethylcy steine. Journal of Pharmacy and

Pharmacology 42, 73-78.

Madara, J. L., Barenberg, D., and Carlson, S. (1986). Effects of

Cytochalasin D on Occluding Junctions of Intestinal Absorptive Cells:

Further Evidence that the Cytoskeleton May Influence Paracellular

Permeability and Junctional Charge Selectn ity. Journal of Cell Biology;

102,2125-2136.

Maheshwari, H. G., Mermelstein, S., von Schlegell, A. S., and Shambaugh,

G. E. (1997). Alteration in IGF-I Binding in the Cerebral Cortex and

Cerebrellum of Neonatal Rats During Protein-Calorie Malnutrition.

Neurochemical Research 22, 313-319.

McMurtry, J. P., Francis, G. L., Upton, /., Walton, P. E., Rosselot, G.,

Caperna, T. J., and Brocht, D. M. (1996). Plasma Clearance and Tissue

Distribution of Labelled Chicken and Human IGF-I and IGF-II in the

Chicken. Journal of Endocrinology 150, 149-160.

Nagakawa, Y., Oxford, G. E., Ishibashi, K., Yamamoto, K., Maeda, N.,

Bowen, E., Bray er, J., and Humphreys-Beher, M. G. (1997).

Gastrointestinal Absorption of Insulin-Like Growth Factor in the Mouse in

the Absence of Salvary Insulin-Like Growth Factor Binding Protein.

Biochemical Pharmacology 53, 233-240.



132

Oguchi, S., Walker, W. A., and Sanderson, I. R. (1995). Differentiation

and Polarity Alter the Binding of IGF-I to Human Intestinal Epithelial

(Caco-2) Cells. Journal of Pediatric Gastroenterology and Nutrition 20,

148-155.

O'Hagan, D. T., Critchley, H., Farraj, N. F., Fisher, A. N., Johansen, B. R.,

Davis, S. S., and Ilium, L. (1990). Nasal Absorption Enhancers for

Biosynthetic Human Growth Flormone in Rats. Pharmaceutical Research

7, 772-776.

Park, J. H., Vanderhoof, J. A., Blackwood, D., and Macdonald, R. G.

(1990). Characterization of Type 1 and Type II Insulin-Like Growth Factor

Receptors in an Intestinal Epithelial Cell Line. Endocrinology Ï26, 2998-

3005.

Piascik, P. (1996). New Hope for Treatment of Lou Gehrig's Disease.

Journal of the American Pharmaceutical Association NS36, 355-356.

Pillion, D. L, Haskell, J. F., Atchison, J. A., Ganapathy, V., and Leibach, F.

H. (1989). Receptors for IGF-I, but not for IGF-II, on Proximal Colon

Epithelial Cell Apical Membranes. American Journal of Physiology 257,

E27-34.

Price, G. J., Berka, J. L., Werther, G. A., and Bach, L. A. (1997). Cell-

Specific Regulation of mRNAsfor IGF-I and IGF-binding Proteins-4 and -

5 in Streptozoticin-Diabetic Rat Kidney. Journal of Molecular

Endocrinology 18, 5-14.

Quadros, E., Landzert, N. M., LeRoy, S., Gasparini, F., and Worosila, G.

(1994). Colonic Absorption of Insulin-Like Growth Factor I In Vitro.

Pharmaceutical Research 11, 226-230.

Rodmann, J. S., and Mercer, R. W. (1990). Endocytosis and Transcytosis.

Current Opinion in Cell Biology 2, 664-672.

Rouyer-Fessard, C, Gammeltoft, S., and Laburthe, M. (1990). Expression

of Two Types of Receptor for Insulin-Like Growth Factors in Fluman

Colonic Epithelium. Gastroenterology 98, 703-707.

Rubas, W., Cromwell, M. E. M.. Shahrokh, Z., Villagran, J., Nguyen, T.

N., Wellton, M., Nguyen, T. IL, and Mrsny, R. J. (1996). Flux

Measurements Across Caco-2 Monolayers May Predict Transport in



133

Fluman Large Intestinal Tissue. Journal of Pharmaceutical Sciences 85,

165-169.

Rubas, W., Jezyk, N., and Grass, G. M. (1993). Comparison of the

Permeability Characteristics of a Human Colonic Epithelial (Caco-2) Cell

Line to Colon of Rabbit, Monkey, and Dog Intestine and Fluman Drug

Absorption. Pharmaceutical Research 10, 113-118.

Rubas, W., Li, W. L., Widmer, R. H., Keller, G. A., and Mrsny, R. J.

(1998). Intestinal Epithelial Cells Swell in Response to IGF-I, PharmSci,

Suppl. I, p. S-334.

Rubas, W., Villagram, L, Cromwell, M., McLeod, A., Wassenberg, L, and

Mrsny, R. (1995). Correlation of Solute Flux Across Caco-2 Monolayers

and Colonic Tissue In Vitro. S.TP. Pharma Sciences 5, 93-97.

Saitoh, H., Hasegawa, N., Kawai, S., Miyazaki, K., and Tahkaichi, A.

(1986). Interaction of Tertiary Amines and Quaternary Aminium

Compounds with Gastrointestinal Mucin. Journal of Pharmcobiology-

Dynamics*), 1008-1014.

Sakata, T., and von Engelhardt, W. (1981). Luminal Mucin in the Large

Intestine of Mice, Rats and Guinea Pigs. Cell Tissue Research 219, 629-

635.

Savage, M. O., and Dünger, D. B. (1996). Recombinant IGF-1 Therapy in

Insulin-Dependant Diabetes Mellitus. Diabete et Métabolisme 22, 257-

260.

Schober, D. A., Simmen, F. A., Hadsell, D. L., and Baumrucker, C. R.

(1990). Perinatal Expression of Type 1 IGF Receptors in Porcine Small

Intestine. Endocrinology 126, 1125-1132.

Stewart, C. E., and Rotwein, P. (1996). Growth, Differentiation, and

Survival: Multiple Physiological Functions for Insulin-Like Growth

Factors. Physiological Reviews 76, 1005-1026.

Stöckli, A. (1993). Sekretion von Kalium während der intestinalen

Absorption von Glucose, Univerität Zürich, Zurich.

Sutton, S. C, Forbes, A. E., Cargill, R., Hochmann, J. EL, LeCluyse, E. L.

(1992). Simultaneous in Vitro Measurement of Intestinal Tissue

Permeability and Transepithelial Electrical Resistance (TEER) Using

Sweetana-Grass Diffusion Cells. Pharmaceutical Research 9, 316-319.



134

Terasaki, T., Hirai, K., Sato, EL, Kang, Y. S., and Tsuji, A. (1989).

Absorptive-Mediated Endocytosis of a Dynorphin-Like Analgesic Peptide,

E-2078 into the Blood-Brain Barrier. Journal of Pharmacology and

Experimental Therapeutics 251, 351-357.

Tozaki, EL, Emi, Y., Florisaka, E., Fujita, T., Yamamoto, A., and

Muranishi, S. (1995). Metabolism of Peptide Drugs by the Microorganisms

in Rat Cecal Contents. Biological and Pharmaceutical Bulletin 18, 929-

931.

von Engelhardt, W., Burmester, M., Hansen, K., and Becker, G. (1995).

Undirectional Fluxes of Short-Chain Fatty Acids Across Segments of the

Large Intestine in Pig, Sheep and Pony Compared with Guinea Pig.

Journal of Comparative Physiology B 165, 29-36.

Wikmann Larhed, A., Artursson, P., and Björk, E. (1998). The Influence of

Intestinal Mucus Components on the Diffusion of Drugs. Pharmaceutical

Research 15, 66-71.

Yee, S. (1993). In Vitro Permeability Across Caco-2 Cell (Colonic) Can

Predict In Vivo (Small Intestinal) Absorption in Man - Fact or Myth.

Pharmaceutical Research 14, 763-766.

Young, G. P., Taranto, T. M., Jonas, FL A., Cox, A. L, Hogg, A., and

Werther, G. A. (1990). Insulin-Like Growth Factors and the Developing

and Mature Rat Small Intestine: Receptors and Biological Actions.

Digestion 46, 240-252.

Zapf, A., Hsu, D., and Olefsky, J. M. (1994). Comparison of the

Intracellular Itineraries of Insulin-Like Growth Factor-I and Insulin and

their Receptors in Rat-1 Fibroblasts. Endocrinology 134, 2445-2452.

Zhou, L, and Bondy, C. (1993). Anatomy of the Insulin-Like Growth

Factor System in the HumanTestis. Fertility and Sterility 60, 897-904



CURRICULUMVITAE

Pascale Anderle

Nationality: Swiss/Austrian

Date of Birth: 31st Aug 1970

Education

4/1995-10/1999 PhD at the Institute of Pharmaceutical 'technology,

Department of Applied Biosciences, ETH, Zurich

1989 - 1994 Swiss Federal Diploma of Pharmacy, ETH, Zurich

1991 - 1992 Practical training at Höschgasse Apotheke, Zurich

1983 - 1989 Matura focusing on classical languages (Latin, ancient

Greek) at the Gymnasium Freudenberg-Enge, Zurich

Language Studies

1996 - 1997 Cambridge Certificate of Advanced English, Zurich

1/1995 - 3/1995 English studies at the College of Insurance, NY/LJSA

1994 - 1998 Portuguese studies at Inst. Cultural Brasileiro, Zurich

Professional Experiences

1/1999 - 12/1999 Project Database Designer at Covance CLS, Geneva

1995 - 1998 Part-time teaching assistant of undergraduate students

1992 - 1994 Part-time assistant manager at various pharmacies

Languages

Languages German: mother tongue

English: advanced spoken and written knowledge

Portuguese: advanced spoken and written knowledge

French: advanced spoken and written knowledge

Italian: basic knowledge

Interests

Reptiles (especially tortoises), fish, reading (books about weird characters)



136

Collaborations

Supervisors:

Prof. Dr. Peter Langguth, Department of Pharmaceutical Technology and

Biopharmacy, Johannes Gutenberg-Universität, Mainz, Germany

Dr. Werner Rubas, Genentech Inc., South San Francisco, LJSA

Confocal Laser Scanning Microscopy '

Prof. Dr. Heidi Wunderh-Allenspach, Dr. Barbara Rothen-Rutishauser and

Maja Günthert, Department of Pharmacy/, ETH, Zurich

Single-pass perfusion in rats and preparation of brush border membrane

vesicles "

Prof. Dr. Sigi Wolffram, Dr. Annette Perk and Beat Grenacher, Institute of

Veterinary Physiology, University of Zurich, Zurich

Flow cytometry:

Eva Niederer, Institute of Biomedical Engineering, ETH, Zurich

Permeability measurements in human excised mucosa'

Prof. Dr. Felix Largiadèr, Department of Surgery, University of Zurich

Development of an ocular delivery system applicable for pharmacokinetics

studies:

Prof. Dr. Robert and Dr. Caroline Albach, Institute of Ophthalmology,

University of Zurich, Zurich

Development of a muco-adhesive gel

Prof. Dr. Orhan Vaizoglu, University of Ankara, Furkey

Publications

P. Anderle, E. Niederer, H.P. Merkle, P. Langguth: Expression of

Bioavailability-limiting ATP dependant Efflux-Pump in Intestinal

Epithelium. Eur. J. Pharm. Biopharm. 42 (Suppl.), 1996.

P. Anderle, E. Niederer, H. Spahn-Langguth, H.P. Merkle, P. Langguth: P-

Glycoprotein as Bioavailability-limiting Carrier: Expression in Intestinal

Epithelium. Naunyn-Schmiedeberg's Archhes of Pharmacology, 353 (4),

1996.

P. Anderle, E. Niederer, LI. Spahn-Langguth, H. Wunderh-Allenspach,

H.P. Merkle, P. Langguth: The Influence of Culturing Conditions and



137

Drug Exposure on P-Glycoprotein Expression in Caco-2 Cells. 24
'

International Symposium on Control. Rel. Bioact. Mat. 1997.

P. Anderle, E. Niederer, C. Hilgendorf, H. Spahn-Langguth, W. Rubas, LI.

Wunderli-Allenspach, H.P. Merkle, P. Langguth: The Influence of

Culturing Conditions and Drug Exposure on P-Glycoprotein Expression in

Caco-2 Cells. J. Pharm. Sek, 87 (6), 1997.

P. Anderle, W. Rubas, F. Largiadèr, FI.P. Merkle, P. Langguth: Stability

and Absorption of IGF-1 in the Gastrointestinal Tract, Proc. 2nd World

Meeting APGI/APV, 1998.

P. Anderle, P., Rubas, W., Largiadèr, F., Merkle, FI. P. and Langguth, P.

Assessment of IGF-I Peroral Delivery, GPEN, 1998.



Experience is not what happens to a man.

It is what a man does with what happens to him.

Aldous Huxley


