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Abstract

The purpose of this study was to evaluate the hypoglycemic effects of water-in-oil-in-water (W/O/W) insulin
emulsions containing lipoidal absorption enhancer after enteral administration to rats. The hypoglycemic effects of
insulin were examined using an in situ loop method in rats. The insulin emulsions prepared with soybean oil, triolein
or trilinolein slightly but significantly decreased the serum glucose levels compared to the insulin solution. By addition
of 3% limonene or 3% menthol to the triolein emulsion, the hypoglycemic effect of insulin was promoted in the ileum
but not in the colon. Strong hypoglycemic effects were observed with the triolein emulsion containing 2% fatty acids
such as oleic acid, linoleic acid and linolenic acid. The remarkable enhancing effects occurred more predominately in
the colon than in the ileum. The effect of degree of unsaturation of fatty acids was not observed. No tissue damage
was noted by light microscopic examination of both regions treated with triolein emulsion, triolein emulsion
containing menthol or oleic acid. W/O/W emulsion containing unsaturated fatty acids are able to enhance the ileal
and colonic absorption of insulin without tissue damage and may, therefore, be useful in dosage form in enteral
delivery system for insulin. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

The water-in-oil-in-water (W/O/W) emulsion
has been proposed to enhance the enteral

* Corresponding author. Tel.: + 81 3 54985783; fax: + 81 3 bioavailability of drugs’ induding peptides (Engel
54985783. et al., 1968; Shichiri et al., 1975; Oba et al., 1992;
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Matsuzawa et al., 1995; Silva Cunha et al.,
1997a). The emulsion has advantages for enteral
peptides delivery because it protects peptides
against proteolysis (Shichiri et al., 1975; Silva
Cunha et al., 1997b) and enhances the absorption
of normally non-absorbed water soluble sub-
stances (Engel et al., 1968; Shichiri et al., 1975;
Oba et al., 1992; Matsuzawa et al., 1995; Silva
Cunha et al., 1997a). Further, multiple emulsions
are easy to handle and to drink due to its low
viscosity (Matsumoto, 1986). Thus, there is a
possibility for developing an oral dosage form of
insulin by using the emulsion. The most conve-
nient administration route of insulin for patients
would be a peroral ingestion of a suitable dosage
form. In addition, if insulin enclosed in W/O/W
emulsion could be absorbed orally and delivered
to the liver via the hepatic portal vein efficiently,
it offers a means of improving portal insulin levels
and curtails the peripheral hyperinsulinaemia as-
sociated with other insulin regiments (Ritschel
and Ritschel, 1984; Kennedy, 1991). In a previous
study, we have evaluated the usefulness of W/O/
W emulsion as an enteral carrier of insulin in
segments of the rat intestinal tract (Matsuzawa et
al., 1995). By using the W/O/W emulsion, insulin
could be absorbed from the ileum and the colon
regions while the absorbed amount remained low.

Table 1
Formulations of W/O/W emulsion system

Since the multiple emulsion can easily incorporate
absorption enhancers in each phase, in accor-
dance with its solubility, it is expected to increase
the bioavailability of insulin with formulation
improvement.

Several reports in literature have indicated ab-
sorption promoting effect of different drugs by
lipids such as unsaturated fatty acids (Muranishi,
1990; Wang et al., 1994; Aungst et al., 1996;
Baudys et al.,, 1996) or cyclic monoterpenes
(Koyama et al.,, 1994; Levison et al.,, 1994,
Takayama and Nagai, 1994). Oleic acid and cer-
tain fatty acids have been shown to alter mem-
brane permeability by increasing the motional
freedom or fluidity of the membrane phospho-
lipids (Gay et al., 1989; Muranishi, 1990; Wang et
al., 1994). Cyclic monoterpenes present in essen-
tial oils have recently been shown to have pro-
nounced percutaneous absorption enhancement
effects (Koyama et al., 1994; Levison et al., 1994;
Takayama and Nagai, 1994). If the oily phase of
the emulsion is composed of unsaturated fatty
acids or cyclic monoterpenes, drug absorption—
promoting action would be expected. However,
their effects have not been evaluated with W/O/W
type of emulsion. Thus, we have focused on W/O/
W emulsion containing these lipids as an absorp-
tion enhancer.

Formulation a b c d e f
Inner aqueous phase (pH7.4 PBS) (2) 2 2 2 2 2 2
Insulin (mg) 14.7 14.7 14.7 14.7 14.7 14.7
Gelatin (%) 5 5 5 5 5 5
Oily phase (2) 8 8 8 8 8 8
Phosphatidylcholine (2) 0.28 0.28 0.28 0.28 0.28 0.28
Phosphatidylethanolamine (2) 0.12 0.12 0.12 0.12 0.12 0.12
Triglyceride
Soybean oil (2) 6.0 — — — — —
Triolein (2) — 6.0 — 4.8 5.6 5.2
Trilinolein (2) — — 6.0 — — —
Span 80 (2) 1.6 1.6 1.6 1.6 1.6 1.6
Absorption enhancer
Terpene (2) — — — 1.2 — —
Fatty acid (2) — — — — 0.4 0.8
Outer aqueous phase (purified water) (2) 30 30 30 30 30 30
Tween 80 (%) 3 3 3 3 3 3
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Fig. 1. Effect of intra-ileal and -colonic administration of emulsions prepared with various triglycerides for the oily phase on serum
glucose levels. Control (O); emulsion prepared with soybean oil (®); triolein (H); trilinolein (A). Comparisons calculated at each

period against controls: *p < 0.05, **p < 0.01.

In this study, W/O/W insulin emulsions con-
taining a lipoidal absorption enhancer were pre-
pared using gelatin as a stabilising agent in the
inner aqueous phase. The biological effects of the
emulsions were compared after administration to
the ileum and the colon in the rat intestine. In
addition, morphological changes of the intestinal
mucosa, after application of these emulsions, were
evaluated microscopically.

2. Materials and methods

2.1. Materials

Crystalline porcine insulin (27.3 U/mg) was
kindly supplied by Simizu Pharmaceutical
(Shizuoka, Japan). Gelatin, a glucose B-Test kit,
triolein and sorbitan monooleate (Span 80) were
purchased from Wako (Osaka, Japan). Poly-
oxyethylene sorbitan monooleate (Tween 80),
trilinolein, D-( 4 )-limonene, L-( — )-menthol, oleic
acid (99%) and linoleic acid (> 98%) were pur-
chased from Tokyo Kasei Kogyo (Tokyo, Japan).
Egg yolk phospholipids (phosphatidylcholine and
phosphatidylethanolamine) were purchased from
Nippon Oil and Fats (Tokyo, Japan). Linolenic

acid (99%) was obtained from Sigma (St. Louis,
MO). All other chemicals were of analytical grade
and commercially available.

2.2. Preparation of W/|O|W emulsion

W/O/W emulsions were prepared by a two-step
emulsification procedure using a homogeniser
(Ace Homogeniser, Nihonseiki Kaisha, Tokyo,
Japan) according to the method reported in the
previous paper (Matsuzawa et al., 1995). The
formulations of W/O/W emulsion system are
shown in Table 1. Briefly, weighed amounts of
insulin were dissolved in 200 x1 of 0.1 M HCI and
then phosphate buffered saline (PBS) containing
gelatin (5% of the inner aqueous phase) was
added to the solution. The pH value of the solu-
tions was adjusted to pH 7.4 by the addition of
0.1 M NaOH, as required. The oily phase was
composed of 5% egg yolk phospholipids (phos-
phatidylcholine:phosphatidylethanolamine,  7:3),
20% Span 80 and 60—75% triglyceride. Each ab-
sorption enhancer was added to the oily phase.
The purified water containing 3% Tween 80 was
used for the outer aqueous phase. The weight
ratio of each phase was as follows: inner aqueous
phase:oily phase:outer aqueous phase, 1:4:15.
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2.3. In situ absorption experiments

Male Wistar rats weighing 180-220 g were
fasted for 24 h prior to the experiments and were
anaesthetised by an intraperitoneal (i.p.) injection
of 50 mg/kg sodium pentobarbital. The rats were
restrained in a supine position on a board which
was kept at a surface temperature of 37°C. A

small midline incision was made in the abdomen.

A 6-7 cm loop of the ileum or the colon was
identified and ligated at both ends. The ileum

loop was made at the end of the small intestine,

just proximal to the ileo-cecal junction. The colon
loop was made at the ascending colon. The rats
were fixed for 1 h after the operation. The emul-
sion (1.0 g) was administered directly into the

loops. Insulin PBS solution was used as a control.
The dose of insulin was fixed at 50 U/kg body
weight. A 0.2 ml aliquot of blood sample was
taken from the jugular vein ~ 5 min before ad-
ministration. Subsequent blood samples were

taken at 15, 30, 60, 120, 180 and 240 min after

dosing.

The efficacy of the enterally administered in-
sulin was calculated relative to the subcutaneous
(s.c.) route, using methods described by Mat-
suzawa et al., (1995). Briefly, insulin solutions
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were prepared by dissolving an appropriate
amount of crystalline porcine insulin in PBS. The
insulin s.c. doses were 0.25, 0.5, 1.0 and 3.0 U/kg
body weight. Blood samples were collected from
jugular vein before and at 5, 15, 30, 60, 120, 180
and 240 min after dosing. In the intestinal admin-
istration experiment, the intrinsic blood glucose
levels generally rise due to surgical stress. Thus,
the same operation as in the intestinal administra-
tion experiment was performed on the rats in the
s.c. experiment.

Serum was separated by centrifugation at 3000
rpm for 2 min and kept frozen until analysis. The
serum glucose level was determined by using a
glucose B-Test kit. Post-dose levels were expressed
as a percentage of the pre-dose level. The percent-
age of change in serum glucose level was taken as
the percentage of the pre-dose level subtracted
from 100. The cumulative percentage of change in
serum glucose level was calculated by summing
the areas below base-line levels using the trape-
zoidal method from the percentage of change
versus time curves for 0—4 h.

Experimental procedures above described were
performed according to the roles set by the Com-
mittee on Ethics in the Care and Use of Labora-
tory Animals, in Hoshi University.
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Fig. 2. Effect of intra-ileal and -colonic administration of triolein emulsions containing a terpene on serum glucose levels. Emulsion
(O); Emulsion containing 3% limonene (A) and 3% menthol (M) in the oily phase. Comparisons calculated at each period against

controls: *p <0.05, **p <0.01.
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Triolein emulsion

Triolein emulsion containing
3% menthol

Triolein emulsion containing
2% oleic acid

Fig. 4. Light micrographs (H & E stain, x 100) of rat ileal and colonic mucosa after 4 h application of various emulsions.

2.4. Microscopic study

The ileum and the colon were excised just after
4 h application of various emulsions. The sepa-
rated intestine was fixed in 10% neutral carbon-
ate-buffered formalin, paraffin-sectioned and
stained with hematoxylin and eosin. All tissues
were examined by light microscopy.

2.5. Statistical analysis

Each value was expressed as the mean or the
mean + S.D. of the mean. For group compari-
sons, the one-way layout ANOVA with duplica-
tion was applied. Significant differences of the
mean values were evaluated by student’s unpaired
t-test. A p value of <0.05 was considered
significant.

3. Results and discussion

3.1. Changes in blood glucose level after
administration of W|O|W emulsion prepared with
various triglycerides

The biological efficacy of the emulsion is largely
dependent on the lipid that constitutes the oily
phase. It has been reported that the triglycerides
were shown to be almost inactive in modifications
of the intestinal barrier function (Muranishi,
1990). However, medium-chain triglycerides have
been used in emulsion formulations as absorption
enhancers and reported to promote the oral ab-
sorption of drugs (Palin et al., 1986). On the other
hand, mixed micelles of monoolein increased the
in situ intestinal absorption of various compounds
in rats, whereas diolein and triolein had no effects
(Muranushi, et al., 1980). Insulin absorption en-
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hancement effects could be expected to differ
among triglycerides used for the oily phase, there-
fore, the emulsions were prepared with soybean
oil, triolein or trilinolein. Fig. 1 shows the mean
serum glucose concentrations after administration
of three emulsions to the ileum and the colon
regions. Although clear hypoglycemic effects
could not be observed, all emulsions slightly, but
significantly, decreased the serum glucose levels
compared to the control. Since pancreatic lipase is
present in the small intestine, lipase-generated
fatty acids or monoglycerides may be responsible
for the permeability increase (Swenson and Cura-
tolo, 1992). However, the site differences of the
hypoglycemic effects of these emulsions were not
clearly seen, indicating that such a small amount
of fatty acids could not induce strong modifica-
tion of the intestinal barrier. The hypoglycemic
effects obtained by administration of triolein
emulsion were almost the same in the ileum, or
slightly higher in the colon, than those obtained
by soybean oil and trilinolein emulsion. The ef-
fects of triolein emulsion were highly reproducible
with very small S.D. Therefore, we used triolein
for the lipid that constitutes mainly the oily phase.

a

Serum glucose ( % of initial level )

T T T
0 60 120 180 240
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3.2. Effect of monoterpene on the hypoglycemic
effect of insulin emulsion

Cyclic monoterpenes have been found to be
effective as percutaneous absorption promoters
(Koyama, et al., 1994; Levison et al., 1994;
Takayama and Nagai, 1994). Among the terpe-
nes, D-limonene possesses a single-ring structure
which might cause a disruption of normal lipid
packing and increase diffusivity of the lipid bi-
layer (Koyama, et al., 1994). Fig. 2 shows the
changes in serum glucose level following the ad-
ministration of insulin emulsion containing 3%
limonene or 3% menthol into the ileum and the
colon. Both menthol and limonene significantly
promoted the hypoglycemic effect of insulin at the
ileum region. However, the W/O/W emulsion con-
taining a monoterpene had failed to promote the
colonic insulin absorption.

When insulin was protected from proteolysis by
using protease inhibitors (Morishita et al., 1993)
or the emulsion form (Matsuzawa et al., 1995),
insulin could be absorbed from the ileum without
any absorption enhancers. On the other hand,
insulin could be absorbed only when given with

b
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Fig. 5. (a) Serum glucose levels normalised to percentage of the initial level after s.c. administration of insulin in doses of 0.25 U/kg
(M), 0.5U/kg (V¥), 1.0 U/kg (A), 3.0 U/kg (®). (b) Relationship between s.c. insulin dose and efficacy, expressed as the cumulative

percentage of change in serum glucose level.
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Fig. 6. Comparison of relative hypoglycemic efficacy of various emulsions. An asterisk denote significant difference from intra-ileal

administration: *p < 0.05.

absorption enhancers in the colon (Morishita et
al., 1993). Although the detailed mechanisms of
its action have not yet been clarified, it seems
likely that monoterpenes can not be interacted
with the colonic lipid layer and therefore the
intestinal membrane is not greatly altered by these
compounds.

3.3. Effect of fatty acids on the hypoglycemic
effect of insulin emulsion

Free fatty acids and their monoglycerides which
have polar groups attached were demonstrated in
the form of mixed micelles to act on the intestinal
barrier as enhancers (Taniguchi et al., 1980; Mu-
ranishi, 1990). The lipoidal absorption enhancers
may enter the lipid bilayer structure in intestinal
brush border membrane and disrupt the configu-
ration of the lipid region (Muranishi, 1990). How-
ever, the potential usefulness of fatty acids as an
absorption enhancer of the insulin emulsion has
not been evaluated. Fig. 3 shows the changes in
serum glucose level following the administration
of insulin emulsion containing a long-chain unsat-
urated fatty acid into the ileum and the colon.
Strong hypoglycemic effects were observed with
the emulsion containing 2% fatty acid. The effects
were sustained and did not reach to the base-line

levels after 4 h administration. The remarkable
enhancing effects occurred predominantly in the
colon rather than in the ileum. This observation
substantially agrees with previous findings, which
demonstrated that the absorption enhancement
effects were more predominant in the large intes-
tine than in the small intestine (Muranishi, 1990,
Morishita et al., 1993; Aungst et al., 1996). The
apical microvillus membrane provides the major
physical barrier to drug absorption from the small
intestine. The apical membrane is rich in glycol-
ipids, which would serve to rigidify this mem-
brane at body temperature due to the high 7, of
these lipids (Muranushi et al., 1980). Scanning
calorimetry and fluorescence polarisation studies
have demonstrated that the microvillus membrane
is less fluid than most membranes (Schachter and
Shinitzky, 1977). The composition of the brush
border membrane is finely balanced to permit
proper functioning of transmembrane pumps
while assuring structural stability against the on-
slaught of the osmotically variable and detergent-
laded intestinal lumen (Muranushi et al., 1980).
Therefore, the upper portion of intestine is
thought to be resistant to enhancer action. In
contrast, the microvilli in the colon are much less
closely packed and the fuzzy coat is less compact
(Kararli, 1989).
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The effect of degree of unsaturation of fatty
acids was not observed. All three fatty acids
exhibited similar and comparable insulin ab-
sorption enhancement effects. Similar results
were reported by Wang et al. (1994), who ex-
amined the alveolar monolayer permeability us-
ing unsaturated fatty acids with a chain length
equal to that of stearic acid. The results
showed an insignificant role of degree of unsat-
uration in the monolayer permeability and cel-
lular calcium. Similarly, the mixed micelles
consisting of bile acid and unsaturated fatty
acids enhanced drug absorption independently
of the degree of unsaturation of the lipids
(Ishizawa et al., 1987).

In this study, the insulin emulsions contain-
ing an unsaturated fatty acid did not reduce
the electrical resistance of rat colonic membrane
(data not shown). The electrical resistance are
thought to express mainly the structural feature
of the tight junctional portion of the mem-
brane. Thus, the effect of fatty acid on the
paracellular pathway for insulin permeation was
thought to be small. The details of the above
mechanism will be described in future reports.

3.4. Morphological changes of the mucosal
surface

The histology of the ileum and the colon
mucosa after a 4 h application of various emul-
sions is shown in Fig. 4. No tissue damage was
noted by light microscopic examination of both
regions treated with three type of emulsions.
Even in the emulsion containing oleic acid,
which showed strong hypoglycemic effect, mem-
brane damage was not detected. Thus, the in-
sulin emulsions containing an unsaturated fatty
acid are acceptable for use in oral delivery sys-
tem.

The central lacterials of villi in the ileum
were obviously expanded after administration of
the emulsion containing oleic acid, suggesting a
enhancement of lymphatic insulin delivery. This
is consistent with the fact that the lipid-based
formulation could become the lymphotropic
carrier (Kararli, 1989; Muranishi, 1990; Oba et
al., 1992).

3.5. Hypoglycemic efficacy relative to
subcutaneous

In order to calculate the value of percentage
efficacy relative to s.c., the relationship between
s.c. insulin dose and efficacy, expressed as the
cumulative percentage of change in serum glu-
cose levels, was obtained from the results of
the s.c. administration study. Fig. 5a shows av-
erage serum glucose level versus time profiles
after s.c. administration of insulin at several
doses to rats. The relationship between the log-
arithm of s.c. insulin doses and the average val-
ues of cumulative percentages of change in
serum glucose levels is shown in Fig. 5b. The
dose—response curve gave the following equa-
tion.

Cumulative % change = 194.0 x log dose + 134.1;
r=0.922; p <0.01

As shown in Fig. 6, relative efficacies clearly
indicated that unsaturated fatty acids enhanced
the colonic insulin absorption. The highest
relative efficacy, =~ 10%, was achieved with
the insulin emulsion containing 2% linolenic
acid.

In addition to the altering membrane perme-
ability by unsaturated fatty acids, the absorp-
tion enhancement effect of insulin by W/O/W
emulsion system probably results from the
increase of the stability of insulin in the intesti-
nal tract as suggested by Silva Cunha et al
(1997a). In conclusion, W/O/W emulsion
incorporating unsaturated fatty acid were
demonstrated to be useful carriers for
enhancing insulin absorption via the intestinal
tract.
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