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Summary &horbar; The transport of C]-radiolabelled
14 p-lactoglobulin and a-iactaibumin through Caco-2 cell
[
monolayers grown on permeable filters was studied in order to evaluate the different protein pathways through the intestinal epithelium. p-Lactoglobulin or a-lactalbumin (0.25-3 mg/ml) was introduced on the apical side of the monolayer and both the transport and the release of labelled material
from the cells were measured following different incubation times. The labelled material was analysed by either trichloroacetic acid precipitation or by high pressure liquid chromatography. Despite
some differences between the 2 proteins, the overall mechanism followed approximately the same pattern. Part of the intact internalized protein was either recycled (10-15%) or transported via transcytosis (about 5%). Another pathway corresponded to the intracellular degradation of the protein. The calculation of the different routes followed by the proteins indicated that the main part of the degraded
fraction (about 70%) was recycled whereas approximately 30% was transported to the other side.
Moreover, 5-10% of the endocytosed material was retained intracellularly.
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Résumé &horbar; Transport de la 5-lactoglobuline et de l’a-lactalbumine dans les cellules de type
entérocytaire Caco-2. Afin de quantifier les différentes voies de transport des protéinesà travers
-lactalbumine,
â
l’épithélium intestinal, nous avons étudié le transport de la p -lactoglobuline et de l
marquées au !4C, à travers des cellules Caco-2 cultivées en monocouches sur des filtres perméables.
Après addition de la p-lactoglobuline ou de 1’(x-lactaibumine (0,25à3 mglml) dans le compartiment apical, le transport et le relargage des produits radiomarqués ont été mesurésà différents temps d’incubation. Le matériel marqué a été analysé par précipitation à l’acide trichloracétique et par chromatographie liquide haute performance. Malgré quelques différences entre les 2 protéines, leur mécanisme
général de transport était comparable. Une partie des protéines intactes intemalisées a été soit recyclée (10-15%) soit «transcytosée» (environ 5%). Les protéines peuvent également être dégradées
à
l’intérieur des cellules. La quantification des différentes voies indique que les produits de dégradation sont majoritairement recyclés (70%) alors que 30% environ sont transportés vers la face opposée.
De plus, 5 à 10% du matériel internalisé est stocké dans les cellules.
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INTRODUCTION
The

apical side of the intestinal cell is in
proteins that are present in
the lumen, ie endogenous secreted proteins
and exogenous ingested proteins. Early
investigations have shown the existence of
a luminal protein transport through the
intestinal epithelium (Danforth and Moore,
contact with the

1959; Walker et al, 1972; Warshaw et al,

1974). Different functions are associated
including passive
immunity (Walker, 1981; Gardner, 1988),
ligand transport (Papiz et al, 1986; Brown
et al, 1988) and various metabolic regulation mechanisms (Gardner, 1988; Lee et al,
1990; Sanderson and Walker, 1993).
Results obtained with different proteins show
that protein transport through the intestinal
epithelium proceeds by a major transcellular degradative pathway together with a
minor intact transport route (Cornell et al,
with this mechanism,

1971; Walker et al, 1972; Walker, 1981;
Stern and Walker, 1984; Gardner, 1988;
Marcon-Genty ef al, 1989; Hughson and
Hopkins, 1990; Le Bivic et al, 1990; Matter
et al, 1990; Heymann et al, 1990; Caillard
and Tome, 1992, 1994; Heyman and
Desjeux, 1992). Depending on their nature,
proteins are generally taken up by the intestinal cells as in other epithelial cells and are
subsequently internalized inside plasmamembrane-derived vesicles via either receptor-mediated endocytosis or non-specific
fluid phase endocytosis (Walker, 1981;
Gardner, 1988). The internalized macromolecules inside the vesicles are recycled
back to the plasma membrane or transported to the opposite side by a process
referred to as transcytosis or processed in
the course of a multistep transport sequence
through various intracellular organelles, such
as

endosomes, prelysosomes and lyso(Shen et al, 1992).
The aim of the present study was to eval-

somes

uate the different

pathways (ie uptake, inter-

nalization, recycling, degradation and tran-

scytosis) followed by 2 of the exogenous
protein models, p-iactogtobuiin (R-Lg) and
a-lactalbumin (a-La) in a Caco-2 cell monolayer. P-Lg and a-La are the major proteins
in bovine milk whey and are generally considered to be major allergens, especially (3Lg, which is absent in human milk (Bahna,
1985). R-Lg is also believed to be resistant
to peptic and chymotryptic digestion (Reddy
et al, 1988) and to play a role as a carrier of
small, lipid-soluble molecules (Papiz et al,
1986; Brown etal, 1988). Both proteins have
already been recovered in human jejunal
effluents in an intact antigenic form following
milk ingestion (Mane et al, 1991ithas been
demonstrated that they are taken up and
transported by the intestinal mucosa (Stern
and Walker, 1984; Gardner, 1988; MarconGenty et al, 1989; Huneau and Tome, 1990;
Caillard and Tome, 1992, 1994). Since the
Caco-2 cell line grown on permeable filters
forms a polarized monolayer, it has been
proposed as an intestinal epithelium model
(Pinto etal, 1983; Hidalgo etal, 1989). Several intestinal transport systems have
already been studied in these cells (Smith et
al, 1992), including ions (Pinto et al, 1983;
Grasset et al, 1984), neutral amino acids,
bile acids, cobalamin, vitamin D, dipeptides
and proteins (Heyman ef al, 1990; Hughson and Hopkins, 1990; Le Bivic et al, 1990;
Matter et al, 1990) The differentiated Caco2 cell monolayer forms an impermeable barrier to the passage of molecules, such as
inulin, polyethylene glycol 4000, dextran
and Lucifer yellow (Hidalgo et al, 1989)
which are not freely transported across cell
membranes. In order to characterize the
pathways of j3-Lg and a-La in Caco-2 cells,
their transepithelial transport was first measured across the cell monolayer after apical incubation. In another set of experiments,
after incubation with labelled proteins, the
filters were washed and reincubated in a
marker-free medium to determine the
release (recycling and transport) of endocytosed material. The results showed that
the 2 proteins were either recycled,

degraded or transcytosed by
nearly the same extent.

the cells to

MATERIALS AND METHODS

Materials
Bovine milk (3-Lg (MW 36 kD, A+B, crystallized 3
times) and a-La (MW 14 kD, Type III) were purchased from Sigma and were C]-radiolabelled
14
[
(120 kBq/mg) by reductive methylation with
[!4C]formaldehyde (Amersham international, plc)
in the presence of NaCNBH
3 (Jentoft and
Deaborn, 1979). Cell culture reagents were purchased from Gibco Laboratories (Life Technologies SARL, France). The human colon carcinoma
derived cell-line Caco-2 was obtained from J
Grosclaude (INRA, Jouy-en-Josas). The cells
were cultured in a humidified incubator at 37°C
with 5% C0
2 in high glucose Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
15% fetal bovine serum, 1% non-essential
aminoacids, 6 mM L
-glutamine, penicillin (50 U/ml)
and streptomycin (50 pg/ml) (complete medium:
2
DMEMc). They were seeded at 4 104 cells/cm
and grown in 75 cm
2 flasks (Corning). They
reached confluence in 6-7 d and were detached
with 0.5% trypsin 0.2% ethylene-diaminetetraacetic acid (EDTA). The medium was changed
every other day. The cells were used between
passages 30 and 65.

Caco-2 cell cultures on filters
Caco-2 cells were cultured on polyethylene
2 in
terephthalate filters 11 11m thick and 4.91 cm
diameter (inserts Falcon). The medium was added
to both the apical and the basolateral sides of
the cells (2.5 ml/each side). The cells remained in
a monolayer under these conditions. The transepithelial electrical resistance (TEER), used as
a control of the tightness of the monolayer, was
measured with the Epithelial Voltohmmeter,
EVOM (World Precision Instruments, New Haven,
2
CT). In DMEMc the TEER reached 500 S2.cm
after confluency and remained constant between
days 7 and 17 (data not shown). When TEER
was less than 400 S2.cm
, the filters were dis2
carded. The cells were used on day 14.

Transport and release experiments
For transepithelial transport measurement, radiolabelled protein (74 kBq, 0.25 to 3 mg/ml), [
4C]1
14 was added to the apical reser[
p-Lg or C]-a-La
voir. Apical and basal media and filters were
removed at different times.
For the release study, the filters were removed
after 2 h with the labelled proteins, washed 3
times in phosphate-buffered saline (PBS) at room
temperature, immersed 5 min in ice-cold PBS
and then washed twice in PBS at room temperature. Fresh medium without labelled protein was
then added to both sides and incubated for various periods of time. The media and the filters
were then collected.

Sample analysis
All of the apical and basal media collected were
either directly used for radioactivity measurement
and high-pressure liquid chromatography (HPLC)
analysis or subjected to trichloroacetic acid (TCA)
precipitation. In the latter case, the solution was
adjusted to 10% TCA, incubated overnight at 4°C
and centrifugated (1 300 g, 10 min, 4°C). The
supernatant, which represented the non-proteinic
nitrogen, was directly counted for radioactivity.
The pellet (proteinic nitrogen) was rinsed twice
with 10% TCA, resuspended in 0.3 M NaOH and
used for radioactivity measurement and HPLC
analysis. The filters were washed 3 times with
0.3 M mannitol, the cells on the filters were solubilized with 3 ml NaOH 1 N for 16 h at 37°C and
then counted. For the HPLC analyses, the samples were injected into a Waters gradient system
equipped with a C
18 Zorbax (5 wm) column (250
x 4.6 mm) at 214 nm and a radiochromatography detector (Flo-one A-500, Packard,
Radiomatic, Meriden, USA). The column was
eluted at 40°C at a flow rate of 2 ml/min following
a linear 4.5-85.5% gradient of acetonitrile in 0.1 %
trifluoroacetic acid in the 0-20 min period.

Calculation
The results are expressed as means ± SE. The
statistical analysis was performed using unpaired
Student’s t test. The transport is expressed as
[14C]-protein equivalent (wg), ie the amount of

labelled-protein calculated from the measured
radioactivity.

tein, which was the only peak present in the
standard

profile. After

2 h

protein incuba-

tion, these 3 fractions (A’, B’, C’) could be
RESULTS
In the first experiment, the TCA-soluble and
insoluble fractions and the intracellular accumulation of labelled material were measured
after 2 h of incubation with 0.25 to 3 mg/ml
14 on the apical side of
[
[!4C]-(3-Lg or C]-a-La
the Caco-2 cell monolayers (fig 1The intracellular amounts of (3-Lg and a-La equivalent
increased linearly with the initial protein
amount. The accumulation was higher with
P-Lg than with a-La (P < 0.05). The transported fractions, soluble or insoluble after

TCA

precipitation, both increased linearly

with the initial protein amount. The radiolabelled material increased more rapidly for

the

transported TCA-soluble fraction. No
significant difference was noticed between
the proteins except at high protein concentrations. For an initial concentration of
3 mg/ml, it appeared that the transported
TCA-soluble a-La equivalent fraction was
higher than that of (3-Lg.
To study the nature of the different media,
all of the incubation and transport media
were analyzed by HPLC after 120 min of
incubation with 1 mg/ml protein in the apical reservoir (fig 2). The overlapping of the
radioactivity and standard absorbance
curves indicated that neither protein was
degraded and that the labelling occurred
exclusively on the proteins. After 120 min in
the incubation medium, a-La was very
slightly degraded compared to the standard.
A small peak B appeared after a short retention time, but the intact protein peak A corresponded to more than 90% of the material.
The same 2 fractions, A and B, were
detected in the basal medium after 2 h incubation. For a-Lg, the 3 main fractions (A’, B’,
C’) were detected at 14.8, 10.8 and 1.5 min,
respectively, in the incubation medium. The
major fraction A corresponded to the pro-

detected in the basal medium,-The intact
protein fractions A and A’ represented 25
and 30% of the transported material for a-La
and R-Lg, respectively, values near to those
obtained by TCA-precipitation (around 25%).
In another set of experiments, after apical incubation of Caco-2 cell monolayers

.

with 1 mg/ml labelled ¡3-Lg or a-La for 2 h,
the cells were extensively washed and a
marker-free medium was added to both
sides of the’monolayer. At different times
(0!0 min), both the apical and basal media
were measured for TCA-soluble and insoluble released labelled material fractions.
The cells were then measured for the cellular retention of the labelled material (fig
3). The release of intracellular labelled material generally occurred mostly during the first
30 min and thereafter the intracellular reten-

tion of C]-protein
14 equivalent remained
[
stable. Most of the labelled material released
by the cells was recycled to the incubation
side and £&dquo;non-negligible fraction was transported to the opposide side. The intact
(TCA-insoluble) and degraded (TCA-soluble) labelled fractions released in either the
apical or the basal side and the cellular
retention of labelled material were measured
in the cells previously incubated for 2 h with
1 mg/ml [!4C]-labelled p-Lg or a-La (fig 4).
The TCA-soluble fractions were larger than

the TCA-insoluble fractions. No difference
appeared between the 2 proteins concerning the transported fractions and the intracellular retention, whereas the !-Lg recycled
fractions were more than twice those of aLa.

DISCUSSION
The

present study was undertaken to evaltransport of the exogenous pro-

uate the

P-Lg and a-La across the intestinal
epithelium model, Caco-2 cell monolayers,
grown on permeable filters, from the apical
to the basal side (in the physiological pathway). The present results show that both
the food-type proteins (3-Lg and a-La are
taken up and are subsequently recycled and
transported in the Caco-2 cell monolayer.
Despite some differences between the 2
teins

proteins, the overall mechanism was approx-

imately the same (fig 5). The traffic of the
intact protein included uptake at the cell
membrane and subsequent recycling, trans-

cytosis or degradation. The degraded products were excreted outside the cell (recycled
or transported), with a small fraction being
retained inside the cell. Binding or uptake
was approximately 1.5 times higher for RLg than for a-La. The intact and degraded
recycled fractions always represented
10-20% and 45-50% respectively of the
cell-associated material. In contrast, the

transported fractions, both in TCA-soluble
and insoluble forms, were quantitatively
identical regardless of the protein.
The first step in the transport was the initial uptake of the protein at the cell membrane, probably by a non-specific endocytotic mechanism since the endocytosis
appeared to be a non-saturable phenomenon (Walker et al, 1972; Warshaw et
al, 1974; Leary and Lecce, 1976). A larger
fraction of I3-Lg than of a-La (1.5:1)
remained in the cell after incubation with
the labelled proteins but no difference was
detected for the fractions that remained in
the cells after 2 h of release. This observation suggests that the difference is mainly

due to a higher fixation of R-Lg (compared to
that of a-La) to the cell membrane rather
than to a higher intracellular accumulation.
This is also confirmed by the higher recycling rate of (3-Lg to the incubation medium
and the equivalent or even higher (for the
TCA-soluble fraction) transport rate of aLa. The presence of a (3-Lg receptor, or at
least non-specific fixation sites in the cell
membrane, has already been suggested in
relation to a possible role as a lipid-soluble
molecule transporter (Papiz et al, 1986; Caillard and Tome, 1994).

Following endocytosis, part of the internalized protein in the plasma membranederived vesicles (endosomes) inside the cell
was either recycled to the incubation side
or moved via transcytosis to the opposite
side. Bomsel et al (1989) previously mentioned an intact recycling pathway for HRP
in MDCK (Madin-Darby canine kidney) cells
and demonstrated the existence of distinct
sets of early apical and basolateral endosomes where recycling and transcytosis primarily occur. Hughson and Hopkins (1990)
have demonstrated that transferrin in Caco2 cells is efficiently recycled back to the
basolateral membrane. In the present study,
the recycling pathway was quantitatively

higher for (3-Lg than for a-La, but was always
in the 10-20% range when expressed as a
percentage of the initial cell-associated
material. For both (3-Lg and a-La, a quantitative apical-to-basal transcytosis of the proteins was quite evident. It has previously
been suggested that microtubules are implicated in this transport (Marcon-Genty et al,
1989; Caillard and Tome, 1992; Caillard and
Tome, 1994).
Another pathway for endocytosed protein in plasma membrane-derived vesicles is
the intracellular degradation. The proportion of the protein using this pathway was
larger for [3-Lg than for a-La. This pathway
was not saturated and the degraded fraction increased with the concentration of the
protein in the incubation medium. The main
part of the degradation is believed to occur
during the course of a multistep transport
sequence through various intracellular
organelles, such as endosomes, prelysosomes and lysosomes (Shen et al, 1992).
The degraded products were either excreted
outside the side or retained in the cell. The
calculation of the different routes indicated
that 65-70% of the degraded products were
recycled and 30-35% were transported.
The observation that most of the degraded

fraction was excreted in the incubation
medium suggests that the degradation takes
place near the cell membrane of the incubation side. In addition, membrane endoproteases are present in the brush-border
membrane and have already been demonstrated to hydrolyse several proteins (Guan
et al, 1988). Such a hydrolysis by membrane endoproteases cannot be excluded,
especially for the apical recycling of
degraded fractions.
Intestinal

protein transport is believed to
important physiological mechanism
(Danforth and Moore, 1959; Lee et al, 1990;
be

an

Smith et al, 1992; Sanderson and Walker,
1993). The present results give some data
on the relative importance of the different
pathways in the exogenous protein transport in an epithelium model system. It was
observed that macromolecules such as aLa and (3-Lg can cross the epithelial barrier, but the role of the different pathways in
the hypothetical functions, ie immune
surveillance, metabolic regulation or gastrointestinal disease, still remains unknown.
From a pharmacological aspect, transcytosis of active peptides or proteins or protein-like vectors could represent a useful
pathway for their administration via the oral
route (Lee et al, 1990; Smith et al, 1992).
For instance, the structural analysis of [3Lg shows a partial sequence identity and
a crystal structure which is similar to human
retinol binding protein suggesting a carrier
role of small, lipid-soluble molecules (Papiz
et al, 1986; Brown et al, 1988). a-La and
R-Lg are generally considered as major
allergens in milk (Bahna, 1985). There is
evidence to suggest that adult animals, after
closure, can continue to absorb large
molecules in antigenic and biologically
active quantities (Danforth and Moore,
1959; Warshaw et al, 1974). This mechanism is especially believed to play a role in
the different physiological and immunological responses that contribute to the oral
tolerance and its regulation. Numerous

results suggest a controlling role by intestinal cell in the control of the presentation of
food antigens to immunocompetent cells.
Partial processing of proteins and the generation of peptide fragments are necessary
to present an antigenic peptide to a class II1

MHC (major histocompatibility complex).
This idea may be supported by the observation that the gut epithelium expresses
the class II glycoproteins (Bland and Kam-

brarage, 1991). In addition, although protransport is of high physiological importance, it is probably not always necessary
that luminal proteins penetrate the epithelium in order to act as immunological or
metabolic effectors. For instance, the apical
membrane of the epithelial cell expresses
tein

receptors, some of which could
luminal
proteins and initiate celrecognize
lular events before or even without further
penetration of the proteins (Sanderson and
Walker, 1993). Research in these directions is also of great importance in order to
further the understanding of the physiological and immunological role of luminal proteins.
numerous

ACKNOWLEDGMENT
This work was partly supported by grants from
the French Institute for Nutrition (No 5.92.1).

REFERENCES
Bahna SL

(1985) Pathogenesis of

milk

hypersensitiv-

ity. lmmunol Today6,153-154
Bland PW, Kambarage DM (1991) Antigen processing by
isolated rat intestinal villus enterocytes. Gastroenterol Clin North Am 20, 577-596
Prydz K, Parton RG, Gruenberg J, Simons K

Bomsel M,

in filter-grown Madin-Darby
J Cell Bio1109, 3243-3258

(1989) Endocytosis
canine

kidney cells.

Brown EM, Pfeffer PE, Kumosinski TF, Greenberg R
(1988) Accessibility and mobility of lysine residues in
R-lactoglobulin. Biochemistry27, 5601-56100
Caillard I, Tome D (1992) Different routes for the transport of a-lactalbumin in rabbit ileum. J Nutr Biochem

3, 653-658

Caillard I, Tome D (1994) Modulation of the transport
of P-lactoglobulin in rabbit ileum. Am J Physiol266,
G 1053-G 1059

Mahé S, Thuillier F, Messing B, Tome D (1991)
tion of bovine milk proteins in patients with
jejunostomy. Am.J Clin Nutr54, 534-538

Cornell R, Walker WA, Isselbacher KJ (1971) Small
intestinal absorption of horseradish peroxidase. A
cytochemical study. Lab Invest 25, 42-48

Matter K, Brauchbar M, Bucher K, Hauri HP (1990) Sorting of endogenous plasma membrane proteins
occurs from 2 sites in cultured human intestinal
epithelial cells (Caco-2). Cell 60, 429-437

Danforth E, Moore RO (1959) Intestinal absorption of
insulin in the rat. Endocrinology65, 118-123
Gardner MLG (1988) Gastrointestinal absorption of intact
proteins. Ann Rev Nutr 8, 329-350

Grasset E, Pinto M, Dussaulx E, Zweibaum A, Desjeux
JF (1984) Epithelial properties of human colonic carcinoma cell line Caco-2: electrical parameters. Am J
Physiol247, C260-C267
Guan D, Yoshioka M, Erickson RH, Heizre W, Kim YS
(1988) Protein digestion in human and rat small intestine: role of new neutral endopeptidases. Am J Phys-

io1255, G212-G220
Heyman M, Desjeux JF (1992) Significance of intestinal food protein transport. J Pediatr Gastroenterol
Nutr 15, 48-57
Heyman M, Crain-Denoyelle AM, Nath SK, Desjeux JF
(1990) Quantification of protein transcytosis in the
human colon carcinoma cell line Caco-2. J Cell Physio1143, 391-395
Hidalgo IJ, Raub TJ, Borchardt RT (1989) Characterization of the human colon carcinoma cell line (Caco2) as a model system for intestinal epithelia perme-

ability. Gastroenterology 96, 736-749
Hughson EJ, Hopkins CR (1990) Endocytic pathways
in polarized Caco-2 cells: identification of an endosomal compartment accessible from both apical and
basolateral surfaces. J Cell Biol 110, 337-348

Huneau JF, Tome D

(1990) In vitro transport of 5-lactoglobulin across the jejunum of lactose-fed rats.
Reprod Nutr Dev 30, 237-244
Jentoft N, Deaborn DG (1979) Labeling of proteins by
reductive methylation using sodium cyanoborohydride. J Biol Chem 254, 4359-4365
Leary HL, Lecce JG (1976) Uptake of macromolecules
by enterocytes on transposed and isolated piglet
small intestine. J Nutr 106, 419-427

Digesa high

Marcon-Genty D, Tome D, Kheroua O,!Dumontier AM,
Heyman M, Desjeux JF (1989) Transport of fi-lactoglobulin across rabbit ileum in vitro. Am J Physiol
256, G943-G948

Papiz MZ, Sawyer L, Eliopoulos EE et al (1986) The
structure of p-iactogiobuiin and its similarity to plasma
retinol-binding protein. Nature (Lond) 324, 383-385
Pinto M, Robine-Leon S, Appay MD et al (1983) Enterocyte-like differentiation and polarization of the
human colon carcinoma cell line Caco-2 in culture.
Biol Cell47, 323-330
Kella NKD, Kinsella JE (1988) Structural and
conformational basis of the resistance of (3-lactoglobulin to peptic and chymotryptic digestion. J Agric
Food Chem 36, 737-7411
Sanderson IR, Walker A (1993) Uptake and transport
of macromolecules by the intestine: possible role in
clinical disorders (an update). Gastroenterology 104,
622-639

Reddy IM,

Shen WC, Wan J, Ekrami H (1992) Enhancement of
polypeptide and protein absorption by macromolecular carriers via endocytosis and transcytosis. Adv
Drug Deliv Res 8, 93-1133
Smith PL, Wall DA, Gochoco CH, Wilson G (1992)
Routes of delivery: case studies. Oral absorption of
peptides and proteins. Adv Drug Deliv Res 8, 253290

Stern M, Walker WA (1984) Food proteins and gut
mucosal barrier. I. Binding and uptake of cow’s milk
proteins by adult rat jejunum in vitro. Am J Physiol
246, G556-G562
Walker WA (1981) Intestinal transport of macromolecules. In: Physiology of the Gastrointestinal
Tract (LR Johnson, ed), Raven Press, New York,

USA,1271-1289

Le Bivic A, Quaron A, Nichols B, Rodriguez-Boulan E
(1990) Biogenetic pathways of plasma membrane
proteins in Caco-2, a human intestinal epithelial cell
line. J Cell Biol I I 1351-1361

Walker WA, Cornell R, Davenport LM, lsselbacher KJ
(1972) Macromolecular absorption. Mechanism of
horseradish peroxidase uptake and transport in adult
and neonatal rat intestine. J Cell Biol54, 195-205

Lee VHL, Dodda-Kashi S, Grass GM, Rubas W (1990)
Oral route of peptide and protein drug delivery. In:
Peptide and Protein Drug Delivery (VHL Lee, ed),
Marcel Dekker Inc, New York, USA, 691-738

Warshaw AL, Walker WA, lsselbacher KJ (1974) Protein uptake by the intestine: evidence for absorption
of intact macromolecules. Gastroenterology66, 987992

