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Abstract

In this work, the biological effects of w/o/w multiple emulsions of medium-chain triglycerides containing sodium
insulin alone or with a protease inhibitor, or with an absorption enhancer, or with a protease inhibitor and an
absorption enhancer, were compared to a w/o/w multiple emulsion containing zinc insulin. The release mechanism of
all multiple emulsions was the swelling–breakdown phenomenon after dilution of the emulsions under hypo-osmotic
conditions. The biological effects after oral administration to normal and diabetics rats showed a larger decrease of
glycemia with the multiple emulsions containing sodium insulin than with the multiple emulsion containing zinc
insulin. However, there was no significant difference between the hypoglycemic effects induced by the emulsions
containing sodium insulin. These results suggest that the aggregation state of insulin molecules might be the major
factor responsible for increasing the extent of intestinal insulin absorption. Thus, the nature of the insulin plays a
fundamental role and, at the concentration used in this work, the addition of sodium taurocholate was not able to
modify its aggregation state in aqueous solution, as confirmed by circular dichroism studies. © 1998 Elsevier Science
B.V. All rights reserved.
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1. Introduction

The challenge of successfully developing phar-
maceutical systems for oral administration of in-
sulin is great. As well as the ease of this route,
oral administration of insulin would be more ap-
propriate in the treatment of diabetes because,
after intestinal absorption, insulin is channelled
directly to the liver following the route of physio-
logical pancreatic insulin and playing a very posi-
tive role by reducing peripheral hyperinsulinemic
effects (Gwinup et al., 1990). In fact, with periph-
erally infused insulin, ideal blood glucose control
is achieved only with concomitant peripheral hy-
perinsulinemia. However, it seems that this abnor-
mal physiological condition is a very important
factor in the development of atherosclerosis
(Nordestgard et al., 1997). Thus, the development
of an oral dosage form providing adequate
bioavailability of insulin, although it may not
completely replace parenteral therapy, would cer-
tainly supplement it.

In order to meet this challenge we aimed to
develop an oral dosage form whose insulin
bioavailability would be sufficient to promote a
hypoglycemic response at the same level as ob-
tained with parenteral dosage forms. We have
previously reported that oral administration of
insulin entrapped in w/o/w multiple emulsions
reduced the blood glucose level of diabetic rats
(Silva-Cunha et al., 1997a). However, in this
study low efficiency and large variations of
glycemia were found after administration of these
multiple emulsions.

There are two main hypothesis to explain the
low efficiency of our insulin systems:

(1) the poor permeability of insulin through
intestinal epithelium associated with the low po-
tential for absorption enhancement of the multi-
ple emulsions;

(2) the inactivation of insulin, after its release
from the emulsions, by the peptidases present in
the intestinal tissue. In fact, multiple emulsions
could protect the hormone against luminal enzy-
matic degradation, but this protection would dis-
appear after hormone release.

However, some attractive alternatives to im-
prove transmucosal bioavailability of insulin exist:

(i) by using insulin species with a weak tendency
to form aggregates, (ii) by inhibiting enzymatic
tissue metabolism, and (iii) by increasing mem-
brane permeability (Kidron et al., 1982; Shao et
al., 1993; Yamamoto et al., 1994). Furthermore,
an advantage of this system would be that, when
encapsulated in the multiple emulsions, the
protease inhibitor or absorption promoter could
be used in small amounts and would not affect
the digestive process.

Thus, in order to increase insulin bioavailability
from our emulsions, like others authors using
different dosage forms (Hirai et al., 1981; Linde
and Gunnaesson, 1985; Aungst and Rogers, 1988;
Morishita et al., 1992), we have developed new
multiple emulsions of medium-chain triglycerides
(MCT) containing porcine sodium insulin, aprot-
inin (a protease inhibitor) and sodium tauro-
cholate (an absorption enhancer). Sodium insulin
was used with a view to minimizing its aggrega-
tion in aqueous solution and, due to reduction of
the size of insulin aggregates, to increase its ab-
sorption in the gastrointestinal tract (Liu et al.,
1991; Li et al., 1992). The protease inhibitor was
used in an attempt to protect the hormone against
degradation by proteolytic enzymes after its re-
lease from multiple emulsions and the absorption
enhancer was used to increase the mucosal ab-
sorption of insulin by various mechanisms.

Consequently, the objective of the present work
was to investigate the biological effects of these
new multiple emulsions, in the hope of obtaining
a large reduction in glycemia.

2. Materials and methods

2.1. Materials

Porcine sodium insulin was kindly donated by
Eli Lilly and Company (Indianapolis, IN); aprot-
inin (AP) (6602 kI.U./mg) was kindly donated by
Bayer Pharma (France); porcine zinc insulin (27.8
I.U./mg HPLC) and sodium taurocholate were
obtained from Sigma (Sigma, France). The fol-
lowing substances were used to prepare multiple
emulsions: lipophilic emulsifier, Abil EM-90®, a
silicone-based polymeric emulsifier (Goldschmidt,
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France); hydrophilic emulsifier, Tween 80®, poly-
oxyethylene sorbitan monooleate (ICI, Clamart,
France) and medium-chain triglycerides (MCT)
(Société Industrielle des Oléagineux, France) as
the oily phase.

All other chemicals used in this study were
analytical reagent or HPLC grade.

Male Wistar rats were used in this study. Dia-
betes was induced in rats by an intraperitoneal
injection of streptozotocin (Sigma, France) dis-
solved in citrate buffer, pH 4.5. One daily admin-
istration of 40 mg/kg body weight was made on
three consecutive days. Rats were considered dia-
betic when their fasting glycemia was \250 mg/
dl and were fasted for least 16 h before
experiments.

2.2. Methods

2.2.1. Preparation of emulsions
Four different emulsions, containing porcine

sodium insulin (ME 1), sodium insulin+aprot-
inin (AP) (ME 2), sodium insulin+sodium tauro-
cholate (TC) (ME 3), sodium insulin+TC+AP
(ME 4), and a multiple emulsion containing zinc
insulin (ME 5), as control, were prepared.

The multiple emulsions were obtained by a
two-step process (Silva-Cunha et al., 1997a). The
primary emulsion consisted of (w/w) 45% oily
phase, 5% lipophilic emulsifier and 50% aqueous
insulin solutions. The w/o/w multiple emulsion
consisted of (w/w) 75% of primary emulsion and
25% of an aqueous solution containing 4% hy-
drophilic emulsifier. The two stages of emulsifica-
tion were carried out at 15°C. The speed of
agitation was 3000 rpm for 30 min in the first step
and 900 rpm for 20 min in the second.

The preparation of the aqueous insulin solu-
tions has been described previously (Silva-Cunha
et al., 1997b), and their compositions are shown
in Table 1.

2.2.2. Physico-chemical characterization
Multiple emulsions were characterized by gran-

ulometric, conductimetric, rheological and HPLC
analysis, as described previously (Silva-Cunha et
al., 1997b).

2.2.3. Circular dichroism studies
Circular dichroism (CD) spectra were recorded

with a Jobin Yvon Mark IV dichrograph using a
thermostated cuvette holder. De (M−1 cm−1) is

Table 1
Composition of the insulin solutions

Sol. 3 Sol. 5Sol. 4Sol. 2Substances Sol. 1

— —Zinc insulin (mg/ml) — — 2.0
Sodium insulin (mg/ml) 2.0 2.0 2.0 2.0 —

1000 ——1000—Aprotinin (units/ml)
— —Sodium taurocholate (mM/ml) 10 10 —

1.7 1.6 1.6 1.8Sodium chloride (mg/ml) 1.8

Table 2
Initial body weight and glycemia of the rats in different experimental protocols

Condition of ani-Protocol no. Body weight (g)Treatment proce- Glycemia before experimentsRat condition
(mg/ml)dure mals

Normal Non-fasted1 96.193.4217917Subcutaneous
Subcutaneous 340918 93.695.0 Non-fasted2 Normal

Normal Oral route3 300921 52.895.6 Fasted
Normal Fasted4 53.496.8350920Oral route

Fasted51.397.43509255 Oral routeNormal
Diabetic6 Oral route 255927 351.8935.8 Fasted
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Fig. 1. Glycemia after administration of insulin solutions s.c. to non-fasted normal rats: (�) sol. 1; (�) sol. 2; (
) sol. 3; and (
)
sol. 4. Controls: (�) zinc insulin solution and (�) phosphate-buffered saline solution (PBS) (mean9S.D., n=4).

the differential molar dichroic absorption coeffi-
cient. Sodium insulin solutions (sol. 1–4) and zinc
insulin solution (sol. 5) were scanned from 300 to
250 and from 250 to 200 nm at a scanning speed
of 5 mm/min and at a temperature of 25°C.

2.2.4. Biological e6aluation of insulin solutions
In all experiments, the doses of insulin adminis-

tered by subcutaneous injection or by the oral
route were 0.11 and 5.4 mg of insulin/kg of body
weight, respectively.

Blood samples for measurement of glycemia
were collected from the tail vein, under ether
anesthesia. Glycemia was measured by an enzy-
matic method (Glucose-Test kit, Sigma, France).

Body weights and initial glycemia of the experi-
mental groups are detailed in Table 2.

Blood samples were collected 5 min before ad-
ministration and 30 (only in the subcutaneous
injection experiments), 60, 120, 180 and 240 min
after administration.

2.2.4.1. Subcutaneous injection of insulin solutions
to normal rats (Protocol 1). A sample of each
insulin solution (sol. 1–5) was diluted to a con-
centration of 0.22 mg/ml with phosphate-buffered
saline solution (PBS). The diluted samples were
injected by subcutaneously in non-fasted normal
rats.

2.2.4.2. Subcutaneous injection of the aqueous
phase of diluted multiple emulsions to normal rats
(Protocol 2). Two samples of each emulsion con-
taining sodium insulin were diluted to a concen-
tration of 0.22 mg of insulin/ml, the first under
hypo-osmotic conditions (water) and the second
under iso-osmotic conditions (NaCl solution).
The diluted samples were stirred for 60 min at
12°C, centrifuged (3500×g, 15 min) and the cen-
trifugal supernatants were filtered on a Millipore
filter (0.45 nm). The filtrates thus obtained were
administered (s.c.) to non-fasted normal rats.
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2.2.4.3. Single oral administration to normal rats
(Protocol 3). In an initial study, insulin solutions
at the same dose as in the multiple emulsions of
insulin were administered to normal rats. In a
second study (Protocol 4), multiple emulsions
containing insulin and a multiple emulsion with-
out insulin, but containing AP and TC (MEwi),
as a control, were administered by gavage into the
stomach of normal fasted rats. The blood sample
collection and glycemia measurement were as pre-
viously described.

Finally (Protocol 5) we performed a second
experiment with normal rats based in the studies
carried out by Damgé et al. (1988). In this experi-
ment, normal rats were divided into two groups
and received, after an overnight fast, multiple
emulsions containing insulin (ME 1–5) or PBS
solution. Ninety minutes later both groups re-
ceived an oral administration of glucose (2.5 g/kg
body weight). Glycemia was measured in blood
samples 5 min before and 60 and 120 min after
administration of glucose.

2.2.4.4. Single oral administration to diabetic rats
(Protocol 6). Multiple emulsions containing in-
sulin and a multiple emulsion without insulin
(MEwi), as a control, were administered by gav-
age into the stomach of diabetic fasted rats. The
blood sample collection and glycemia measure-
ment were as previously described.

2.2.5. Statistical analysis
Tests for significant differences between means

were made by analysis of variance (ANOVA).
Reference to a significant difference in the subse-
quent text refers to a level of pB0.05.

3. Results

Five different w/o/w multiple emulsions (ME
1–5) containing sodium and zinc insulin at an
approximate concentration of 0.75 mg/g emulsion
were obtained. The main physico-chemical prop-
erties of these emulsions have been previously

Fig. 2. Glycemia after administration of the aqueous phase of the multiple emulsions diluted under hypo-osmotic conditions s.c. to
non-fasted normal rats: (�) ME1; (�) ME 2; (
) ME 3; and (
) ME 4 (mean9S.D., n=4).
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Fig. 3. Glycemia after administration of the aqueous phase of the multiple emulsions diluted under iso-osmotic conditions s.c. to
non-fasted normal rats: (�) ME1; (�) ME 2; (
) ME 3; and (
) ME 4 (mean9S.D., n=4).

discussed (Silva-Cunha et al., 1997b): in brief, it
should be noted that the emulsions, although
containing different encapsulated ingredients,
showed similar properties.

In the present study, the percentage of reduc-
tion of initial glycemia was used as the parameter
to evaluate insulin absorption.

As expected, after subcutaneous administration
(Fig. 1) of insulin solutions to normal rats a rapid
and marked decrease of glycemia was obtained.
These results indicated an equivalent biological
activity of all insulin solutions.

In accord with the results of an in vitro study of
insulin release, a decrease of glycemia was ob-
served after subcutaneous administration to nor-
mal rats of the aqueous phase obtained from
multiple emulsions diluted under hypo-osmotic
conditions (Fig. 2). In contrast, only a slight
hypoglycemic effect was observed after subcuta-
neous administration of the aqueous phase ob-
tained from these emulsions diluted under
iso-osmotic conditions (Fig. 3). Although no sig-

nificant difference was observed between the dif-
ferent aqueous phase administered, a more
pronounced tendency for glycemia reduction was
found with aqueous phases obtained from multi-
ple emulsions containing TC (ME 3 and 4).

As expected, as a single oral dose in normal
rats, no hypoglycemic effect was observed after
oral administration of the insulin solutions (Fig.
4) or with the multiple emulsion without insulin
(MEwi) (Fig. 5). In contrast, with multiple emul-
sions containing insulin a slight hypoglycemic ef-
fect was observed from 120 min after
administration. However, no significant difference
between these emulsions was noted (Fig. 5).

It was interesting to note that the increase in
blood glucose, induced by an oral administration
of glucose solution, was initially identical for all
groups of rats which received multiple emulsions.
However, 120 min after glucose administration,
the initial glycemia was almost restored in the
groups of rats which received multiple emulsions
containing sodium insulin, while in the groups of
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rats which received multiple emulsions contain-
ing zinc insulin no reduction of glycemia was
noted (Fig. 6). The rise in glycemia level was
approximately four times more pronounced in
the group of rats which received phosphate-
buffered saline (PBS) before glucose administra-
tion than in the rats that received multiple
emulsions. The formation of a barrier by the
emulsion above the mucosal membrane in the
gastrointestinal tract could reduce glucose ab-
sorption and would explain the differences en-
countered between the different groups of rats.

Finally, from 120 min after oral administra-
tion (Fig. 7) of the emulsions containing
sodium insulin (ME 1–4) to diabetic rats a sig-
nificant decrease of glycemia was observed,
while in the case of the multiple emulsion con-
taining zinc insulin (ME 5) and the multiple
emulsion without insulin (MEwi) a slight or no
hypoglycemic effect were observed, respectively.
However, there was no significant difference in

the hypoglycemic effects induced by emulsions
containing sodium insulin. The reduction of ini-
tial glycemia obtained with these was about
35%.

Fig. 8a,b shows CD spectra of insulin solu-
tions (sol. 1–5) at a concentration of 2.0 mg/
ml. In agreement with other work (Liu et al.,
1991; Li et al., 1992), a significant difference
between the CD spectra of zinc (sol. 5) and
sodium insulin solutions (sol. 1–4) was ob-
served. This difference in molar dichroic ab-
sorption may be attributed to different
conformations in aqueous solution of the two
species of insulin: dimers predominate with
sodium insulin and hexamers with zinc insulin.
No significant difference between the sodium
insulin solutions (sol. 1–4) was found, suggest-
ing that there was no dissociation of insulin
dimers into monomers with the addition of
sodium taurocholate, at a concentration of 10
mM.

Fig. 4. Glycemia after oral administration of insulin solutions to fasted normal rats: (�) sol. 1; (�) sol. 2; (
) sol. 3; and (
) sol.
4. Controls: (�) zinc insulin solution and (�) phosphate-buffered saline solution (PBS) (mean9S.D., n=6).
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Fig. 5. Glycemia after oral administration of multiple emulsions to fasted normal rats: (�) ME1; (�) ME 2; (
) ME 3; and (
)
ME 4. Controls: (�) MEwi and (�) ME 5 (mean9S.D., n=8).

4. Discussion

In this study we examined w/o/w multiple emul-
sions, containing sodium insulin alone or with
aprotinin (AP), or with sodium taurocholate
(TC), or with both AP and TC, as an oral dosage
form for insulin administration which could over-
come the barriers against insulin absorption.

Several reports have shown that the ileum is the
preferential site of insulin absorption in the gas-
trointestinal tract (Ziv et al., 1987; Bendayan et
al., 1990; Morishita et al., 1993), but these results
also suggested that at the ileum, even when the
luminal enzymes are absent, insulin is still subject
to enzymatic proteolytic degradation by the en-
zymes adsorbed at the surface of the mucosal
layer. Thus, absorption of insulin, injected into
the ileum loop after removal of the luminal en-
zymes, was strongly enhanced when insulin was
coadministered with aprotinin. Inhibition of in-
sulin degradation at the site of injection has been

proposed as one possible means of enhancing its
bioavailability. However, in our study, the differ-
ence between hypoglycemic effect obtained after
administration of the multiple emulsion contain-
ing sodium insulin alone (ME 1) and that contain-
ing sodium insulin and aprotinin (ME 2 and 4)
was not significant.

Bile salts have used to enhance insulin absorp-
tion by various routes of administration (Zhou
and Po, 1991; Yamamoto et al., 1992). There are
three major hypothesis to explain the mechanism
of mucosal enhancement of protein absorption by
bile salts: (i) the reduction of insulin degradation
by the enzymes adsorbed within the mucosal layer
(like aminopeptidase), (ii) the interaction of bile
salts with cell membranes to form a reverse mi-
celle which acts as a channel to increase mem-
brane permeation, and (iii) the dissociation of
molecular aggregates through micellar solubiliza-
tion (Li et al., 1992; Yamamoto et al., 1994). In
our study, the last hypothesis seems improbable
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because no significant difference between the CD
spectra analysis of the sodium insulin solutions
was found. Thus, this result could indicate that
addition of sodium taurocholate, at a concentra-
tion of 10 mM, to sodium insulin solution did not
cause any significant change in the aggregation
equilibrium of insulin molecules.

Furthermore, in our experiments, addition of
sodium taurocholate to sodium insulin formula-
tions (ME 3 and 4) seemed ineffective in enhanc-
ing intestinal absorption of insulin from multiple
emulsions. In fact, no significant difference be-
tween hypoglycemic effects was observed after
oral administration of the multiple emulsion con-
taining sodium insulin alone (ME 1) or containing
sodium insulin and sodium taurocholate (ME 3
and 4).

Moreover, the results obtained after subcuta-
neous administration of the sodium insulin solu-
tions to normal rats indicated that the
bioavailability of insulin was not changed by the
addition of aprotinin and sodium taurocholate.

The hypoglycemic effects, obtained after subcu-
taneous administration to normal rats of the
aqueous phase obtained from multiple emulsions
diluted under different conditions, confirmed the
results obtained in our in vitro investigations
(Silva-Cunha et al., 1997b). Thus, in the present
study, the main mechanism of solute release was a
swelling–breakdown phenomenon occurring un-
der hypo-osmotic conditions of dilution, and also
confirmed, although no significant difference in
hypoglycemia between the emulsions was noted, a
tendency already observed in in vitro studies: the
release of the encapsulated insulin was slightly
increased from multiple emulsions containing
sodium taurocholate.

The slight hypoglycemic effects obtained after
oral administration of multiple emulsions contain-
ing insulin to normal rats when compared with
effects with diabetic animals treated similarly
could be explained by an autoregulation phe-
nomenon in fasted normal rats because of their
hypoglycemic condition (Damgé et al., 1988;

Fig. 6. Effect of oral administration of the multiple emulsions to fasted normal rats after administration of oral glucose given 90
min later: (�) ME1; (�) ME 2; (
) ME 3; and (
) ME 4. Controls: (�) phosphate-buffered saline solution (PBS) and (�) ME
5 (mean9S.D., n=8).
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Fig. 7. Glycemia after oral administration of multiple emulsions to fasted diabetic rats: (�) ME1; (�) ME 2; (
) ME 3; and (
)
ME 4 Controls: (�) MEwi and (�) ME 5 (mean9S.D., n=8).

Morishita et al., 1992). In fact, administration of
glucose solution 90 min after emulsion administra-
tion seemed to eliminate this compensatory mech-
anism and a considerable hypoglycemic effect of the
emulsions containing sodium insulin was observed.

After oral administration of the multiple emul-
sions to diabetics rats, a significant hypoglycemic
effect was observed about 120 min after oral
administration. One can speculate that the reason
for this delay may be the progressive arrival of the
emulsion droplets at the ideal site of insulin absorp-
tion in the gastrointestinal tract.

The results obtained after single oral administra-
tion to normal and diabetic rats showed that
multiple emulsions containing sodium insulin alone
(ME 1) was able to decrease blood glucose to the
same level as multiple emulsions containing pro-
moter adjuvants (ME 2–4). This observation
seemed to suggest that the concentration of these
adjuvants in the multiple emulsions was insufficient
to increase insulin absorption. However, it was
clearly evident that there was a significant difference
between the hypoglycemic effects obtained with

multiple emulsions containing sodium insulin and
the multiple emulsion containing zinc insulin. It was
also evident, after CD determinations, that there is
a real difference in the association state of sodium
insulin solution and zinc insulin solution. Thus, we
could postulate, from this CD spectroscopy, that in
all the sodium insulin solutions the largest aggregate
was dimers.

Thus one can suggest that, with our multiple
emulsions, the problem of low intestinal insulin
bioavailability was partly resolved by reduction of
insulin aggregation in aqueous media. As expected,
the smaller molecular species (dimers) were more
easily absorbed by the intestinal membrane.

In conclusion, the present work indicates that
multiple emulsions containing sodium insulin
(dimers) are able to reduce glycemia of diabetic rats.
However, further studies, using a higher concentra-
tion of AP and TC, or using other adjuvants and/or
using an insulin solution with the molecules com-
pletely dissociated (monomers), seem to be neces-
sary to increase intestinal insulin absorption from
these multiple emulsions.
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Fig. 8. (a,b) CD spectra of sodium (sol. 1–4) and zinc (sol. 5) insulin solutions.
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