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Summary A combined biochemical and morpho-cyto-
chemical investigation was carried out in order to as-
sess insulin absorption by the duodenal and colon epi-
thelium. Insulin was introduced in the lumen of the rat
duodenum or colon in combination with sodium cho-
late and aprotinin. Blood analysis made at several time
points has demonstrated a rapid increase in circulating
levels of insulin followed by significant and consistent
decreases in blood glucose. This indicates that biologi-
cally active insulin is absorbed by the intestinal mucosa
and transferred to the circulation. Because of the initial
high blood glucose levels, the lowering of the glycaemic
values was more significant in diabetic animals. Also,
levels of circulating insulin remained higher for longer
time when the administration was performed in the
colon. The integrity of the intestinal wall after insulin
administration, evaluated morphologically, was re-
tained. Application of protein A-gold immunocyto-
chemistry has established the pathway for insulin ab-

sorption. In both duodenal and colon epithelial cells
the labelling for insulin was detected in the endosomal
compartment, in the Golgi apparatus and in association
with the baso-lateral plasma membrane interdigita-
tions. Some labelling was also present in the interstitial
space and in capillary endothelial plasmalemmal
vesicles. Insulin introduced in the lumen of the rat
duodenum and colon appears thus to be rapidly inter-
nalized by the epithelial cells and transferred through a
transcytotic pathway to the interstitial space from
which it reaches the blood circulation. This exogenous
insulin then induces significant decreases in plasma
glucose levels which lasts for several hours. The results
obtained support the possibility for the clinical devel-
opment of an oral preparation of insulin. [Diabetologia
(1994) 37:119 —126]
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Numerous efforts have been made in the last ten years
in order to establish alternative methods to the injec-
tion of insulin in the treatment of diabetes. Among the
different attempts, nasal [1-3], rectal [4-8] and oral [9-
16] routes for insulin administration have been as-
sessed with significant and promising results. Among
the three routes, oral administration appears to be the
more convenient, appropriate and certainly the most
physiological, insulin being directly channelled from
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the intestine to the liver. Since the discovery of insulin
attempts at oral administration have been made with
differing amounts of effectiveness [17-21]. This is due
to problems with the fact that insulin administered
orally encounters the proteolytic activity of the gas-
trointestinal tract and the relative impermeability of
the intestinal epithelium to the transport of peptides.
Previous studies [6, 12, 15] have established conditions
which allow for the relative protection of the peptide
against intestinal degradation and for the stimulation
of its absorption. Along this line, in our previous in situ
work on small restrained isolated segments of rat
ileum, we have demonstrated that insulin under certain
conditions, is absorbed by the ileal epithelium and
transferred to the blood circulation [15].
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The ultimate aim of the study on oral delivery of in-
sulin is to establish an insulin tablet for the treatment of
diabetic patients. The disintegration of this tablet may
take place in different portions of the intestine. There-
fore, it is important to establish by different means, the
efficiency of insulin absorption in different segments of
the intestine [11]. In the present study, we have investi-
gated the absorption of insulin by the duodenal and the
colon segments of the intestine. In addition the study
was performed on control and diabetic rats, monitoring
their blood glucose levels for several hours after enteral
administration of insulin. Since the integrity of the intes-
tinal wall is of critical concern, we have examined by
various morphological means the state of the epithelium
as well as of the epithelial cell membrane and intercellu-
larjunctions after short and long exposure to the insulin
solution. By applying the immunocytochemical protein
A-gold technique [22, 23], we were also able to establish
the pathway of internalization of insulin by the enter-
ocytes in both the duodenal and colon sites, allowing for
a better understanding of the transcytotic mechanism
taking place through the epithelial cells.

Materials and methods

Animals

Sprague Dawley male rats (Charles River Canada, St-Constant,
Quebec, Canada) weighing 100-150 g, were used in the present
study. They were kept on a standard diet and had free access to
food and water. Diabetes was induced in fasted animals by intra-
peritoneal injection of streptozotocin (50-70 mg/kg body weight,
in citrate buffer 10 mmol/l pH 4.5). The animals had high blood
glucose values with strong glycosuria 24-h post-injection. They
remained hyperglycaemic until the time of the experiment about
3 months after the streptozotocin administration, as monitored
by regular measurements of the glycosuria (Multistix reagent
strips; Miles, Ames, Ontario, Canada). The hyperglycaemic ani-
mals did not receive any insulin treatment during these 3 months.
Prior to the experiment, the animals were fasted for 12 h. Control
and diabetic animals were anaesthetized by intraperitoneal injec-
tion of urethane (0.75 mg/kg). A small longitudinal incision of the
abdomen was made and a loop of the duodenum or of the ascend-
ing portion of the colon was exposed in order to insert the insulin
solution. A 1 ml solution of 0.15 mol/1 NaCI containing 200 IU of
human insulin (Connaught Novo, Lachine, Quebec, Canada),
2500 KIU (kallikrein inhibitor units) of aprotinin (Trasylol,
Bayer, Leverkusen, Germany) and 10 mg of sodium cholate
(Sigma, St Louis, Mo., USA) was inserted into the lumen of the
duodenom or of the colon. The abdominal wall was then resealed
and the animal maintained under anaesthesia for the following
6 h. The animals did not recover from the experiment.

Blood analysis

Plasma glucose and insulin levels were monitored by multiple
samplings. Glucose determination was performed by Glucostix
using a Glucometer (Miles, Ames) on drops of blood sampled
from the caudal artery, while insulin was determined by radioim-
munoassay on blood samples from the carotid arteries. For the

radioimmunoassay of insulin a commercial kit was used (RIA
Kit; Chromacod, Biomega, Montreal, Quebec, Canada) on sam-
ples diluted 1/10 to 1/50. Sampling and analysis of blood glucose
and insulin levels were done 30 and 60 min after the administra-
tion of insulin and then at 60-min intervals. Because of difficul-
ties in performing repetitious blood sampling in the carotid ar-
teries, insulin levels were determined at least during the first 2 h.

Morphological study

At the end of the 6-h experiment, the intestinal tissue was sam-
pled within 10 mm down stream from the site of insertion, in
order to evaluate by morphological means the state of the tissue
and the integrity of the wall exposed to the insulin solution. The
tissues were fixed with 1 % glutaraldehyde, post-fixed with 1 %
osmium tetroxide and embedded in Epon. Semi-thin sections
were performed, stained with toluidine blue and observed by
light microscopy. Thin sections stained with uranyl acetate lead
citrate were examined with a Philip 410SL electron microscope.
In addition glutaraldehyde-fixed tissues were processed for the
production of freeze-fracture replicas according to routine tech-
niques [24].

Immunocytochemical study

For the immunocytochemical study, the same experimental
protocol was followed on different animals. However, in these
cases the duodenal or colon tissues were sampled 2, 5, 10 and
30 min after insulin administration. The tissues were immedi-
ately fixed by immersion in a 1 % glutaraldehyde, 0.1 moll phos-
phate buffer solution for 2 h at room temperature, post-fixed
with 1 % osmium tetroxide, dehydrated in graded ethanol solu-
tions and embedded in Epon. Insulin was detected by applying
the protein A-gold technique [22,23] in combination with a spe-
cific anti-insulin antibody as described previously [15]. The thin
sections of duodenum or colon were mounted on nickel grids
and incubated for 1 h with a saturated aqueous solution of so-
dium metaperiodate. This was followed by a 2-h incubation with
the anti-insulin antibody (1/200 dilution) and a 30-min incuba-
tion with the protein A-gold complex. The protein A-gold com-
plex was prepared as described previously with 15 nm gold par-
ticles [25]. Tissues from control and diabetic animals were pro-
cessed in parallel. In addition and in order to assess the speci-
ficity of the labellings obtained, cytochemical control experi-
ments were performed, in particular the use of insulin-adsorbed
antibody prior to the incubation with the protein A-gold com-
plex, the omission of the antibody in the labelling protocol and
the use of anti-insulin/protein A-gold labelling on intestinal
tissue of animals not injected with insulin.

Statistical analysis

Mean values were calculated for each time point and are re-
ported with their corresponding standard deviation.

Results

The biochemical determinations of plasma glucose and
insulin levels at different time points after the insertion
of insulin into the lumen of the rat duodenum or colon
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Table 1. Plasma glucose and insulin levels in normal and diabetic rats at different time points after the introduction of the insulin so-
lution into the duodenum

Time (min) Plasma glucose levels (mmol/1)
Normal rats	 Diabetic rats
(n=5)	 (n=9)

Plasma insulin levels (pmol/1)
Normal rats	 Diabetic rats
(n=5)	 (n=9)

0 3.9±0.6 26.8 ± 1.4 168 ± 55 109±18
30 2.3±0.2 21.6±1.2 578±170 1760±730
60 1.4±0.4 18.7± 1.6 225±17 1260±500

120 1.1±0.6 15.6±2.0 142±33 585±200
180 0.9±0.7 12.0±2.9 460±80
240 1.2±1.1 11.2±2.1 240±70
300 - 11.0±2.8
360 2.2(n=2) 8.0±1.2

Table 2. Plasma glucose and insulin levels in normal and diabetic rats at different time points after the introduction of the insulin so-
lution into the colon

Time (min) Plasma glucose levels (mmol/1)
Normal rats	 Diabetic rats
(n=5)	 (n=7)

Plasma insulin levels (pmolIl)
Normal rats	 Diabetic rats
(n=5)	 (n=7)

0 3.4±0.4 25.9±2.9 41±12 33±1.5
30 1.5±0.5 21.2±2.7 1280±320 1570 ±600
60 1.0±0.3 20.4±2.1 1090±260 1480±720

120 0.7±0.4 16.1 ±2.7 820±350 1415±670
180 0.4±0.1 15.8±3.4 560±200 728±360
240 0.2±0.1 14.5±2.6
300 0.4 ± 0.3 -
360 - 12.7 ± 1.7

indicate that insulin does cross the intestinal wall and
reach the blood circulation. Indeed, in normal as well as
in diabetic animals, circulating levels of insulin rose sig-
nificantly 30 min after insulin administration, the levels
being important and consistent in all the experiments
performed (Tables 1 and 2). The rise in circulating in-
sulin was followed by a significant decrease in blood
glucose levels (Tables 1 and 2). While in general the in-
crease in insulin levels was transient, the drop in blood
glucose levels lasted for several hours. Although the re-
sults were consistent, fluctuations in amplitude and
length of the responses were recorded among the ani-
mals. This is reflected in the data presented in Tables 1
and 2 by the large standard deviations associated with
some of the values. The diabetic animals with initially
very high levels of glycaemia showed a significant de-
crease in their blood glucose and maintained low glu-
cose levels for several hours after the insulin adminis-
tration. No difference in the pattern of response was
detected between normoglycaemic and hypergly-
caemic animals (Tables 1 and 2). However, levels of cir-
culating insulin remained high for longer periods when
insulin was administered into the colon (Tables 1
and 2).

At the end of the 6-h experiment, the intestinal tis-
sues were sampled and examined by morphological
means. The integrity of the epithelial wall of the duode-
num (Fig.1) and colon (Fig.2), as demonstrated by

light (Figs. 1 and 2) and electron (Fig.3) microscopy,
was maintained with no detectable injury. The cells
presented little evidence of stress, cellular damage or
degeneration of membrane. They remained intact with
well-developed microvilli and sealed junctional com-
plexes. Freeze fracture replica of the apical and lateral
plasma membranes of the enterocytes (Fig. 3) demon-
strates the integrity of the structures as well as that of
the tight junctions.

Application of the protein A-gold immunocyto-
chemical technique on thin sections of the duodenal
and colon tissues of insulin-treated animals, revealed
insulin antigenic sites at different locations of the intes-
tinal epithelium depending on the time point under
study. Indeed, only 2 min after insulin administration,
labelling was detected in dense material present in
some regions of the intestinal lumen, particularly at the
level of the tip of the villi and crypts (Fig.4). Luminal
regions located deep down the crypts were generally
devoid of labelling. In parallel, epithelial cells located
high in the villi were labelled by gold particles. In such
cases the labelling was detected associated with the
microvilli and the apical plasma membrane (Figs. 4 and
5). Occasionally some particles were also found associ-
ated with the lateral plasma membrane interdigitations
(Fig. 5). Intracellularly, in the apical region of the cell,
most of the particles were located over or closely asso-
ciated with endocytotic vesicles (Figs.4 and 5); these
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Fig. 1. Light microscopy of duodenal tissue
exposed for 6 h to the insulin solution. The in-
tegrity of the intestinal wall is evident. x 50
Fig.2. Light microscopy of colon tissue ex-
posed for 6 h to the insulin solution. Again the
integrity of the wall is maintained. x 50

Fig.3. Freeze-fracture replica illustrating the
apical membrane with its microvilli (mv) and
the lateral membrane with the tight junctions
(arrows) of an enterocyte. The membrane leaf-
lets appear normal with their intramembrane
particles. Similarly the tight junction shows
the typical ridges of intramembrane particles
forming sealing strands (arrows). x 15,000

Fig.4 a, b. Rat duodenal tissue from a diabetic
(a) and a normal rat (b), 2 (a) and 10 (b) min
after the introduction of insulin in the duo-
denal lumen. Immunocytochemical detection
of insulin by the protein A-gold technique.
Labelling by gold particles, revealing insulin
antigenic sites is present in the dense content
of the duodenal lumen (L), is associated with
the plasma membrane of the microvilli (mv),
with the invaginations of the apical plasma
membrane and with the endocytotic vesicles
(arrows). The junctional complexes (J)
between epithelial cells are devoid of labelling
a x 20,000
b x 55,000

were either open (Fig.4b) into the luminal space as
deep invaginations or closed (Figs. 4 and 5), forming
part of the endosomal compartment. The morphologi-
cal features of this endosomal compartment differed
between duodenal (Fig. 4) and colon (Fig. 5) enter-
ocytes. In the duodenal epithelial cells, the microvilli
were numerous and tightly associated, the luminal in-
vaginations and endocytotic vesicles were rather small,
elongated and presented an electron dense content
(Fig. 4). On the other hand, in the colon epithelial cells,
the microvilli were shorter and less numerous, vesicles

were more abundant, larger, electron lucent and more
spherical than those of the duodenal cells (Fig. 5). In
both tissues, the junctional complexes as well as the api-
cal portion of the intercellular clefts were devoid of la-
belling. At 5 min, the pattern of labelling was similar to
that found at 2 min with a more significant labelling at
the level of the lateral plasma membrane interdigita-
tions. By 10 min (Figs. 6-8), the intracellular labelling
was found deeper inside the cell and the Golgi appara-
tus displayed a certain number of gold particles (Fig. 6).
These were located in the cisternae as well as in the
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Fig.5a,b. Rat colon tissue from a diabetic
animal 5 min after introduction of insulin in
the lumen (L) of the colon. In (a) the junc-
tional complexes (J) at the apical portion of
the cells are devoid of labelling while the
lateral plasma membranes at the level of the
interdigitations demonstrate some labelling
(arrowheads). Few gold particles are found
in the cytoplasm, they are either associated
with small poorly-defined vesicles or con-
stitute background staining. In (b) the label-
ling by gold particles is clearly associated
with the plasma membrane of the microvilli
(my) and in endocytotic vesicles (arrows).
x 25,000

Fig.6. Duodenal tissue from a diabetic ani-
mal 5 min after introduction of insulin in the
duodenal lumen. Labelling for insulin is
found in the Golgi region (G) particularly
associated with golgian vesicles. Labelling is
also associated with the lateral membranes
(arrowheads). Very few gold particles which
reflect background staining are seen over the
mitochondria (M). x 40,000

Fig. 7. Duodenal tissue from a diabetic ani-
mal 5 min after introduction of insulin in the
duodenal lumen. Labelling for insulin is
found in pocket-like structures (large ar-
rows) delineated by the lateral membranes
of neighbouring cells. x 45,000

numerous golgian vesicles. Regarding other intracellu-
lar compartments, very few gold particles were de-
tected in mitochondria (Figs. 6-8), lysosomes (Fig. 9) or
nuclei. Because of their low number and their presence
in control experiments, they were considered as back-
ground. In the extracellular space, the labelling was
clearly associated with the lateral membranes (Figs. 7-
9). In the duodenum, large intercellular pockets, deli-
neated by neighbouring epithelial cells lateral plasma
membranes and displaying an electron dense material,
were significantly labelled by gold particles (Fig. 7). In
the basal part of the cell (Fig. 8), the labelling was also
associated with the plasma membrane which at this
level forms large digitations enhancing the membrane
surface and contact areas. Labelling although weak,
was found in the interstitial space and in the capillary

lumina (Fig. 8). Occasionally some gold particles were
present in the endothelial cells associated with plasma-
lemmal vesicles (Fig. 8). In all tissues exposed to in-
sulin, the labelling was restricted to the enterocytes.
The mucous secreting cells (Fig. 9) and other non-epi-
thelial cells such as the plasma cells were not specifi-
cally labelled. Only very few gold particles were pres-
ent reflecting background staining (Fig. 9). This sup-
ports the specificity of the cytochemical results and fur-
ther indicates that the internalization of insulin takes
place through enterocytes and not through mucous-se-
creting cells.

In the control experiments performed to assess the
specificity of the cytochemical results, namely the la-
belling of intestinal tissue not exposed to insulin, the
use of insulin-adsorbed anti-insulin as well as the incu-
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Fig.8. Duodenal tissue from a normal animal
10 min after introduction of insulin into the
duodenal lumen. The figure illustrates the
basal part of the cell. The labelling for insulin
is associated with the basal plasma membrane
which displays large invaginations. Some label-
ling is also present in the interstitial space (IS).
Endothelial plasmalemmal vesicles are also
labelled (arrows). Mitochondria (M) display
some background staining. Cap, capillary.
x 38,000

Fig.9. Duodenal tissue from a normal animal
10 min after introduction of insulin into the
duodenal lumen. The figure illustrates part of
an enterocyte (EC) and of a mucous cell
(MC). The labelling is almost restricted to the
enterocyte particularly in the Golgi (G) and
lateral plasma membrane (arrowheads). Very
few gold particles (background staining) are
found in the mucous cell. L, lysosome. x 45,000

bation with protein A-gold without an antibody, the la-
belling found over enterocytes was significantly re-
duced (results not illustrated). It was restricted to the
presence of occasional gold particles randomly dis-
persed over the tissue. This result demonstrates the
specificity of the labelling described for the experimen-
tal tissues.

Discussion

In the present study, we have investigated the absorp-
tion of insulin by the duodenal and the colon epithelia
upon its introduction into the intestinal lumen. In con-
trast to a previous study [15], we have maintained the
digestive tract intact, introducing the insulin into either
the duodenum or the colon without restraining their
length nor their biological activity and function. The
experimental conditions were thus more physiological
and better mimic the normal condition of an oral ad-
ministration of insulin. The results obtained have dem-
onstrated that upon introduction into the intestinal
lumen, insulin is indeed absorbed by the epithelial cells
and transferred to the blood circulation in which we
rapidly detected very high levels. In turn, these have in-
duced significant decreases in blood glucose levels.
Placebo experiments [15] have clearly demonstrated
that the decrease in blood glucose is the result of insulin
absorption and that absence or variations in insulin
concentrations yield no or slight changes in blood glu-
cose levels. The efficiency of the absorption does not

seem to differ significantly between the duodenum and
the colon, although higher levels of circulating insulin
remained for longer periods of time (up to 3 h) when in-
sulin was introduced in the colon. This may be inter-
preted that insulin, due to the presence of large
amounts of digestive enzymes in the duodenum, is de-
graded more rapidly thus displaying a shorter half-life
at this site. It also indicates that insulin absorption by
the colon is quite significant in agreement with our pre-
vious results on rectal administration of insulin to
human volunteers [8].

A definite heterogeneity was registered among the
responses. This represents a common phenomenon, re-
ported in most of the studies on oral administration of
insulin [18,19,21,26], probably due to conditions of the
digestive tract and its content which could impair both
rapid diffusion of the insulin as well as access to enter-
ocyte membranes. Previous studies have defined con-
ditions for protecting peptides from complete degrada-
tion in the intestinal lumen [6,12,15]. These include the
presence of specific protease inhibitors such as apro-
tinin or soybean trypsin inhibitor together with a sur-
face acting compound such as the sodium cholate which
favours absorption by the enterocytes [6, 12]. The na-
ture of the insulin absorbed, either as an intact mole-
cule or as fragmented peptides could not be defined.
However, the peptides absorbed and transferred to the
blood circulation retained potent biological activity
and thus were able to induce significant lowering of
blood glucose which constitutes our main objective.
They were also recognized by the anti-insulin antibody
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either in the radioimmunoassay or in the immunocyto-
chemical techniques. Thus, in spite of the presence of
proteases in the lumen of the digestive tract, our studies
have demonstrated that under the particular condi-
tions used, the enterocytes are able to transfer signifi-
cant amounts of biologically active insulin to the inter-
nal milieu.

The morphological examination of the different tis-
sues at the end of the 6-h experiments has shown that
little damage if any, was induced in the tissue by the in-
troduction of the insulin solution and that the integrity
of the intestinal wall was maintained. This is particularly
important since sodium cholate and protease inhibitors
were present along with the insulin solution. The re-
tention of the integrity of the epithelial wall is crucial for
the significance of these experiments since artefactual
gaps in the intestinal wall, such as enlargement of the
junctional complexes between adjacent cells or dam-
aged cells, could contribute to the indiscriminate pas-
sage of any substance present in the intestinal lumen
along with the insulin. The morphological study has fur-
ther defined the pathway taken by insulin across the in-
testinal wall. Electron microscopic immunocytochem-
istry has demonstrated that the insulin present in the
lumen of the intestinal tract is absorbed through the en-
dosomal compartment of the epithelial cells rather than
passing between cells through the junctional complexes.
However, since the procedure used is considered to be a
threshold technique in terms of sensitivity, we cannot
rule out that minute amounts of insulin could pass
through the junctions escaping our detection. On the
other hand, compared to the amounts detected inside
the cells, insulin creeping through the junctions must be
minimal particularly since the junctional complexes re-
mained tight. Furthermore, no expansion of the lateral
intercellular space at the level of the occluding junc-
tions, such as those reported by Madara and Pappen-
heimer [27], was observed and no significant change of
the terminal web cytoskeletal elements was detected.

Shortly after introduction of insulin into the lumen
of the duodenum or of the colon, the peptide detected
by the immunolabelling, appeared to be associated
with the luminal plasma membrane of the enterocytes
either along the microvilli or at their base. This absorp-
tion of insulin to the apical plasma membrane may take
place through binding to a specific receptor. Such an in-
sulin receptor has been described in intestinal enter-
ocytes although its presence in the apical membrane re-
mains controversial [28-30]. Following adsorption to
the membrane of the cells, insulin is internalized
through deep invaginations of the luminal plasma
membrane and vesical structures which are known to
belong to the endosomal compartment. After 5 and
10 min, the lateral plasma membrane was labelled as
well as large extracellular pockets delineated by the
lateral membranes of adjacent cells. This indicates that
insulin is transferred to the lateral membranes and con-
centrated in these pocket structures prior to release

into the interstitial space. The role of such an extracel-
lular compartment for the handling and the release of
absorbed material is extremely interesting deserving
further investigation. The morphological detection of
insulin in these "pockets" indicates its concentration in
these sites but their functional properties remain to be
determined. In the intracellular compartments on the
other hand, the Golgi apparatus and associated vesicles
were specifically labelled by few gold particles. Other
structures such as mitochondria and nuclei were how-
ever not labelled. Because of results obtained in con-
trol experiments, the few gold particles present in these
compartments were considered as background stain-
ing. The number of lysosomes remained small, suggest-
ing that no cellular stress was induced, and these did not
display any significant labelling. The results obtained
thus appear to support the hypothesis of a transcytotic
transport of insulin through the endosomal compart-
ment from the luminal side to the basolateral one with
a subsequent discharge in the intestinal interstitial
space. From this, passage through the capillary endo-
thelium takes place easily through plasmalemmal
vesicles, fenestrations, or both, as we have demon-
strated in Figure 9 and as reported previously in the
pancreas [31].

Enteral absorption of biological insulin is the key
step for the development of an oral preparation for use
in the treatment of diabetic patients. In the present and
previous studies [15] we have demonstrated that in-
sulin administered to various sites of the small and
large intestine, under particular well-defined condi-
tions, is absorbed by similar mechanisms, transferred
to the blood circulation and induces significant lower-
ing of blood glucose levels. In the present study we
demonstrated that similar insulin absorption takes
place in normal and diabetic animals. These results
have already opened the possibility for the clinical use
of an oral preparation of insulin [32].
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