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The effectiveness of mixed micelles in promoting nasal absorption of peptides has been demonstrated
in vivo by employing insulin as a model compound. Insulin in the absence of adjuvants was not
absorbed following intranasal administration. The results confirmed previous findings by others that
absorption of insulin via alternative routes required absorption enhancers. Mixed micelles between
NaGC and linoleic acid were found to rapidly deliver insulin into systemic circulation, with a con-
comitant decrease in plasma glucose. The extent of the hypoglycemic response was significantly
greater than that produced by NaGC alone (55 vs 47%, P < 0.05). Emulsion of linoleic acid, on the
other hand, did not produce any significant insulin absorption. The findings thus supported previous
in situ data that mixed micelles were more effective than NaGC or linoleic acid in promoting nasal
absorption of peptides. Histopathologic examination of the rat nasal mucosa revealed that the extent
of morphological alterations caused by mixed micelles was of mild to moderate severity even after 5
hr of exposure. However, studies involving more frequent and prolonged exposures are necessary to
assess the practicality of these adjuvants before any clinical application can be attempted.
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linoleic acid.

INTRODUCTION

In our previous report, it has been demonstrated that
mixed micelles composed of bile salt (NaGC) and unsaturat-
ed fatty acid (linoleic acid) were effective in promoting nasal
absorption of peptides such as {D-Arg?Jkyotorphin in situ (1).
The adjuvant activity was significantly greater than that of
bile salt or lipid alone. In addition, the promoting effect ap-
peared to be reversible since the nasal membrane permeabil-
ity returned to its original impermeable state within 2040 min
following removal of the mixed micelles from the rat nasal
cavity. The question remains as to whether these adjuvants
will be effective in vivo.

Insulin has been chosen as a model polypeptide in this
study for two reasons. First, this peptide is among the most
widely studied for possible absorption through alternative
routes, particularly the nasal route. Approximate compari-
sons between the results obtained in this study and other
reported results would be possible. Second, improved meth-
ods of insulin delivery could significantly influence diabetes
treatment. The life-long existence of diabetes has made the
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parenteral route extremely inconvenient, particularly for
elderly and juvenile patients who are unable to self-
administer the drug routinely. This has led to the develop-
ment of nonparenteral approaches to insulin therapy. Among
the various nonparenteral routes investigated, the rectal and
nasal routes appear to be the most effective (2). However,
even with these two routes, the use of certain types of ab-
sorption promoting agents seems necessary to achieve sig-
nificant absorption. Incomplete absorption is probably due
to the poor membrane permeability of these mucosae and/or
to metabolism at the absorption site (2).

Among several compounds employed as nasal absorp-
tion promoters, bile salts are the most studied in both ani-
mals and humans (3-8). In general, based on scanning elec-
tron microscopic observations, bile salts are less irritative to
the nasal mucosa than synthetic surfactants such as poly-
oxyethylene 9 lauryl ether and are reported to be well toler-
ated by animals and human subjects, at least during a short
term treatment (4,8). Furthermore, Gordon et al. (3) found a
positive correlation between the hydrophobicity of bile salts
and their adjuvant potency in promoting insulin nasal ab-
sorption. However, Duchateau er al. (9) reported that bile
salts can have an inhibitory effect on the ciliary movement of
the nasal mucosa. They found that ciliotoxicity increased
with increasing hydrophobicity of the bile salts. In general,
dihydroxy bile salts appear to be more toxic than trihydroxy

0724-8741/90/0400-0370$06.00/0 © 1990 Plenum Publishing Corporation 370



Mixed Micelles as Nasal Absorption Promoters of Peptides

bile salts, with deoxycholate being the most toxic. These
findings are in agreement with Hersey and Jackson (10), who
reported that sodium deoxycholate at 0.5% caused tissue
damage in the dog nasal mucosa. In addition, solubility of
the more hydrophobic bile salts might become a problem,
particularly in the environment of the absorption site, and
could result in the decreased adjuvant activity (9). There-
fore, the use of bile salts has been restricted mainly to the
more hydrophilic trihydroxy bile salts such as sodium gly-
cocholate due to its mild effects on the nasal mucosa (8,11).
Nevertheless, as demonstrated by Gordon et al. (3), sodium
glycocholate was much less effective than deoxycholate in
promoting insulin nasal absorption.

Hence, the purpose of this study was to demonstrate
that mixed micelles consisting of sodium glycocholate and
linoleic acid were effective in delivering insulin across the rat
nasal mucosa into systemic circulation, with a concomitant
hypoglycemic response, and to see if the enhancement was
greater than single adjuvants. In addition, histology studies
were performed to evaluate morphological integrity of
the nasal mucosa in the presence of mixed micelles under
various exposure times. The results obtained would partly
address the feasibility of utilizing such an adjuvant combi-
nation in the development of nasal drug delivery systems.

MATERIALS AND METHODS

Crystalline porcine zinc insulin (Iletin) was obtained as
a gift from Eli Lilly and Co. (Indianapolis, IN). The same lot
number (009HC7) was used in all experiments. Sodium gly-
cocholate (NaGC) and linoleic acid (both certified as being at
least 99% pure) were purchased from Sigma Chemical Co.
(St. Louis, MO). All compounds were used as received. In-
sulin activity was 25.0 U/mg. Solutions were prepared by
dissolving an appropriate amount of insulin in a mixed mi-
cellar solution consisting of 15 mM NaGC and 5 mM linoleic
acid in isotonic 0.07 M phosphate buffer, pH 7.4. The choice
of this ratio of bile salt to fatty acid was taken as a starting
point because our previous findings (1) found this composi-
tion to be optimal in enhancing nasal absorption of the dipep-
tide [D-Arg?Jkyotorphin. Preparation of the mixed micelles
has also been previously described (1). In addition, insulin
solutions without adjuvants and in 15 mA NaGC micellar
solution or 5 mM linoleic acid emulsion were also prepared
in the same buffer. Another control experiment was per-
formed by intranasal administration of a mixed micellar so-
lution containing 15 mM NaGC and 5 mM linoleic acid with-
out any added insulin.

In Vivo Absorption Experiments. Male Sprague—
Dawley rats weighing 250-300 g were fasted for at least 16 hr
prior to the experiments but were allowed to drink water ad
libitum. The surgical procedure for the in vivo absorption
study was that described by Hirai et al. (12). The rats were
anesthetized with sodium pentobarbital. After surgery, an
insulin preparation was administered to the rat’s nasal cav-
ity, at a volume of 100 u1/300 g body weight, through one of
the nostrils. via a microsyringe which was attached to a blunt
needle. The doses administered were 2 and 5 U/kg body
weight. Therefore, to achieve the dose and administration
volume specified above, the concentrations of insulin in the
preparations were calculated to be 7.5 and 15 U/ml for 2 and
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5 U/kg doses, respectively. Blood samples (0.3 ml each)
were withdrawn via the jugular vein at 0, 15, 30, 60, 90, and
120 min following nasal administration. For comparison pur-
poses, an intravenous insulin dose of 0.25 U/kg was admin-
istered and blood samples were taken at 0, 2, §, 15, 30, 60,
90, and 120 min postadministration. Samples were collected
in heparinized natelson capillary tubes (Scientific Products,
Milwaukee, WI) and centrifuged at 3000 g for 15 min using a
Beckman TJ-6 refrigerated centrifuge. Plasma samples were
isolated and kept frozen at —20°C for analysis of both im-
munoreactive insulin and glucose.

Histological Studies. Histopathological examination of
the rat nasal cavity was performed according to the method
of Young (13). Similar surgical procedure was carried out in
anesthetized rats as in the in vivo experiments. Solutions
containing mixed micelles of 15 mM NaGC and 5 mM li-
noleic acid in isotonic 0.07 M, pH 7.4, phosphate buffer were
administered through one of the nostrils at a volume of 100
wl/300 g body weight. After 1-, 3-, and 5-hr exposure periods,
each rat was decapitated. The eyes and integument were
removed from the head. The lower jaw, brain, and pituitary
were also taken. The nasal cavity was then gently flushed
with 10-15 ml of neutral phosphate-buffered formalin solu-
tion. The head was immediately placed in the same formalin
solution and fixed for 1 week. Following fixation, the spec-
imen was decalcified and processed in a conventional man-
ner. For control experiments, one group of rats received
only phosphate buffer, another was treated intranasally with
15 mM NaGC micellar solution for 3 hr, and the third group
was treated with 5 U/kg of insulin and 15 mM NaGC micellar
solution. Each treatment consisted of three rats to provide
meaningful interpretation of the results. Four standard cross
sections of the nasal cavity were prepared and stained with
hematoxylin and eosin for subsequent examination under
light microscope.

Plasma Insulin Determination. Plasma immunoreactive
insulin was quantitated by a double-antibody radioimmuno-
assay using an RIA kit provided by Cambridge Medical
Technolgy (Billerica, MA).

Plasma Glucose Determination. Plasma glucose levels
following nasal administration of insulin were determined by
a modified O-toluidine method using a kit commercially
available from Sigma Chemical Co. (St. Louis, MO).

Data Analysis. The areas under the plasma insulin or
glucose concentration versus time curves (AUC,, ., OF
AUC,;,c0se) Were calculated by a linear trapezoidal rule from
0 to 120 min. Since the absorption of insulin following adju-
vant addition is extremely rapid (peak time of 15 min and
absorption half-life of 12 min), absorption is essentially com-
plete within five absorption half-lives, i.e., 60 min. There-
fore, a comparison of AUC data from 0 to 120 min seems to
be appropriate. The absolute nasal bioavailability was also
calculated for each nasal preparation by comparing its AUC
to that following intravenous injection of 0.25 U/kg insulin.

The percentage decrement in plasma glucose level dur-
ing 0-120 min as compared to control (intranasal insulin
without adjuvants) was calculated using the following equa-
tion:

% D = percentage decrement in plasma glucose
level during 0-120 min as compared to control of
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the same dose (insulin without adjuvants) =
[AUCcontrol - AUCadjuvant] X 100%

AU Ccontrol

where AUC o1 1S the area under the plasma glucose curve
from 0 to 120 min after nasal administration of insulin with-
out adjuvants, and AUC, 4;,ay is the area under the plasma
glucose curve from 0 to 120 min after nasal administration of
insulin in the presence of adjuvants.

Statistical comparisons were made by Student’s ¢ test.
Values are expressed as means * SE.

RESULTS

As observed in Fig. 1, nasal administration of 5 U/kg
insulin dissolved in isotonic 0.07 M phosphate, pH 7.4,
buffer without adjuvants resulted in practically no changes in
the plasma insulin levels, with the values fluctuating slightly
about the baseline levels. The average plasma endogenous
insulin concentration at time 0 (baseline) was found to be
48.40 = 8.55 pU/ml, which agreed with the value of 61
wU/ml reported by Cambridge Medical Technology (per-
sonal communications). This observation is in accordance
with the results of Hirai et al. (7,8), who found that insulin
administered intranasally without adjuvants at pH 7.4 was
not absorbed to any significant extent. Therefore, the inclu-
sion of absorption enhancers is necessary in the nasal for-
mulations.

When insulin was intranasally administered at a dose
level of 5 U/kg in the presence of 15 mM NaGC, the absorp-
tion was considerably enhanced. As seen from Fig. 1, insulin
was rapidly absorbed into systemic circulation, reaching a
maximum plasma level of 1496 = 103.4 nU/ml at 15 min, the
first time point taken. On the other hand, nasal administra-
tion of the same dose of insulin in an emulsion of 5 mM
linoleic acid did not result in any absorption enhancement
(Fig. 1). The plasma insulin levels remained very low about
the baseline values and did not significantly differ from that
of nasal insulin without adjuvants (P > 0.05). However,
when insulin was administered together with the mixed mi-
celles consisting of 15 mM NaGC and 5 mM linoleic acid, the
absorption was further enhanced, with the peak plasma in-
sulin concentration of 1910 = 134.2 pU/ml observed at 15

©—® 5 u/kg Insulin + Mixed Micelles (6)
O—0 5 U/kg Insulln + NaGC (5)

A~—A 5 U/kg Insulin + Lineleic acid (3)
A—A 5 U/kg Inaulin alone (3)

Plasma Insulin Level, pu/ml

=¥ £ %
Time, min

Fig. 1. Plasma insulin concentration-time profiles following intra-
nasal administration of insulin with and without various promoters.
Values represent means and SE. Number of rats studied is shown in
parentheses.
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min. After 15 min, the plasma insulin levels following nasal
administration of the peptide with NaGC alone or with
mixed micelles gradually declined in parallel and remained
relatively high, even at 120 min (about 500 pU/ml).

The percentage increase in the area under the plasma
insulin curve during the 120-min period (AUC,_,,,) produced
by mixed micelles over that of NaGC alone was calculated to
be 10.5%. Although the mixed micelles appeared to enhance
insulin absorption to a greater extent than NaGC, as seen by
comparing their plasma insulin AUC,_,,, values, this is not
significant (P > 0.05). The absolute bioavailability of intra-
nasal insulin was also calculated for each insulin preparation
by comparing the AUC,,_,,, values to that after an intrave-
nous injection. As shown in Table I, the nasal bioavailabil-
ity, as indicated by the percentage absorbed, was found to be
15.3 and 13.8% when 5 U/kg of insulin was administered with
the mixed micelles and NaGC, respectively. Figure 2 repre-
sents plasma insulin concentration-time profiles following
nasal administration of insulin with the mixed micelles at two
different doses, along with data from 0.25 U/kg intravenous
administration. The nasal administration of 2 U/kg insulin
resulted in an average AUC value which is about 2.24 times
lower than that of the higher insulin dose (5 U/kg). The peak
plasma level from the 2 U/kg dose also decreased propor-
tionately as compared to the 5 U/kg dose (2.49-fold decre-
ment). The result indicated that absorption of insulin in the
presence of mixed micelles probably occurs by passive dif-
fusion across the rat nasal mucosa. Nasal administration of
the mixed micelles without insulin, on the contrary, caused
no changes in the basal levels of endogenous insulin (Fig. 2),
implying that the adjuvants themselves did not interfere with
the insulin kinetics or analysis.

Although the AUC,_,,, values (and thus the nasal bio-
availabilities) did not differ significantly between the two
types of adjuvants, the peak plasma level of intranasal insu-
lin with mixed micelles was significantly greater than that of
insulin with NaGC (1910 vs 1496 p.U/ml; 0.01 < P < 0.05).
The marked difference in C,,,, (about 400 pU/ml) implied
that the mixed micelles were highly effective in rapidly de-
livering insulin across the nasal mucosa into systemic circu-
lation.

To prove that the nasally absorbed insulin was active
biologically, measurements of the plasma glucose levels fol-
lowing intranasal administration of insulin in the presence of
NaGC and mixed micelles were made and compared to the
control nasal insulin without adjuvants. As illustrated in Fig.
3, both adjuvants significantly produced hypoglycemic effect
by lowering plasma glucose levels from the initial values (P
< 0.0001). On the other hand, there was practically no de-
crease in plasma glucose levels following intranasal admin-
istration of insulin in the absence of adjuvants. Plasma glu-
cose remained relatively unchanged, about the initial level
throughout the 120-min period. This was in agreement with
the plasma insulin data (Fig. 1), which showed no sign of
significant absorption when insulin was administered alone.

The decrease in plasma glucose started as early as 15
min, the first sampling time point, and was superimposable
during the first 30 min for both adjuvants. However, after 30
min the glucose level following intranasal insulin with NaGC
remained relatively constant at about 40-45% of the initial
level. At 60 min the glucose concentration remaining was
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Table I. Pharmacokinetic Parameters of Insulin After Intravenous and Intranasal Administration to Rats; Values = Mean = SE
(n = 3-6 Rats)

Route
of Dose (AUQC)q 20,

Admin. (U/kg) Adjuvant Crax (pU/ml) - min® % Absorbed®
iv. 0.25 None 1,162.8 + 287.1 37,582.8 = 3,4139 —
i.n. 2 MM° 767.5 = 64.5 51,399.3 + 16,534.7 17.10
i.n. 5 MM° 1,910.0 + 134.2 115,037.5 = 11,989.9 15.30
i.n. 5 NaGC? 1,496.0 + 103.4 104,115.0 = 11,949.5 13.85

4 (AUC)y ;5o = area under the plasma insulin concentration vs time curve from 0 to 120 min.

¢ [(AUC); , (AUC); , ] X [dose, , /dose; , 1 X 100%.

¢ Mixed micelles consisting of 15 mM NaGC and 5 mM linoleic acid.

4 Concentration of NaGC = 15 mM.

about 40% and appeared to rise slowly over the next hour.
On the other hand, plasma glucose after intranasal insulin
with mixed micelles continued to drop after 30 min, reaching
the minimum at 60 min (about 30% of the initial value), and
stayed at this low level for up to 120 min without a sign of
increasing back to the normoglycemic state.

The percentage total decrement in plasma glucose level
(% D) during 0120 min, as compared to nasal insulin with-
out adjuvants (control), was then determined for each type
of the two promoters. The values are reported in Table II. As
seen from this table, mixed micelles containing 15 mM
NaGC and 5 mM linoleic acid produced a total decrease in
plasma glucose of about 55%, whereas NaGC alone resulted
in only a 47% decrease. In addition, the difference between
the two values was significant (0.01 < P < 0.05). Therefore,
the mixed micelles appeared to be more effective than NaGC
alone in eliciting hypoglycemic response. The in vivo absorp-
tion data seemed to substantiate the previous findings on
[D-Arg?lkyotorphin that the mixed micelles had a greater
adjuvant activity than the bile salt or fatty acid alone in
promoting nasal absorption of the dipeptide (1). As observed

& — & Mixed micelles only, i.n. (h = 2)

O—0 2 U/kg Insulin + mixed micelles, in. (n = 4)
®—® 5 U/kg Insulin + mixed micelies, L.n. (n = &)
W-—M 0.25 U/kg Insulin, iv. (n = 3)
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Fig. 2. Plasma insulin concentration-time profiles following intra-
venous and intranasal administrations of insulin at various doses.
Values represent means and SE. Number of rats studied is shown in
parentheses.

from Fig. 1, an emulsion of S mM linoleic acid was not ef-
fective at all in enhancing insulin nasal absorption.

The practical use of absorption promoters depends not
only on their effectiveness, but also on their nondestructive
cellular mechanisms of promotion. It is possible that the
enhancement in absorption could be attributed to damage of
the nasal epithelium induced by the adjuvants. Therefore, a
short-term histological study was conducted to investigate if
the mixed micelles can cause marked or severe morpholog-
ical changes in the rat nasal mucosa. The control groups,
either untreated or treated with buffer only, showed no sign
of lesions. The epithelial cells remained unaffected in all
sections studied (Fig. 4A).

However, all the other groups exposed to adjuvants
manifested certain degrees of morphological changes. Most
of the changes were found in levels 3 and 4 of the ethmoid
recess. This might be a result of the positioning of the rat
during the experiment. Each rat was lying on its back and the
head was slightly lifted to prevent drainage of the adminis-
tered solution from the nares. The solution thus appeared to
accumulate in the posterior portion of the nasal cavity (sec-
tions or levels 3 and 4). The first section was unaffected in all

O——0 5 U/kg Insulin + mixed micelies
®——@ 5 U/kg insulin + NaGC
A——4& 5 U/kg insulin

T
100 Q\I 1
\ A A
g 1 A 1
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-]
-4
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o
0
3 e
[ k——"—‘é/f
Q
£
@ Q\_Q._.__Q
K
a =
x»
° t t t + t + 4 t
[ 18 30 L] 20 k] [ -] 108 120
Time, min

Fig. 3. Hypoglycemic response following intranasal administration
of insulin with and without adjuvants. Each value is mean and SE (n
= 3-6 rats).
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Table II. Comparison of Percentage Decrement in Plasma Glucose
Level Following Nasal Administration of Insulin in the Presence of
Different Adjuvants; Values = Mean + SE (n = 3-6 Rats)

Route
of Dose (AUC)g_1205

Admin. (U/kg) Adjuvant % - min® % D°
i.n. 5 None 11,344.3 = 371.3 Control
i.n. 5 NaGC* 5,070.5 = 271.3  55.30 = 2.39
in. 5 MM¢“ 5,993.3 = 168.5 47.17 = 1.49

2 (AUC),_,0 = area under the plasma glucose concentration vs time
curve from 0 to 120 min.

® Percentage decrement in plasma glucose level during 0-120 min as
compared to control (5 U/kg insulin without adjuvants).

¢ Concentration of NaGC = 15 mM.

4 Mixed micelles consisting of 15 mM NaGC and 5 mM linoleic acid.

treatments, with some changes observed in level 2. In addi-
tion, the lesions were unilateral, i.e., occurred in only one
side of the nasal cavity. This was due to the fact that the
solution was administered to only one nostril in all experi-
ments. Therefore, the other side of the cavity which was
separated by the nasal septum was totally unaffected and
could serve as its own control. This observation indicated
the high degree of localization of the adjuvants inside the
nasal cavity.

Fig. 4. Typical light micrographs of the nasal mucosa of the un-
treated control rat (A) and after 1 hr of exposure to mixed micelles
(B). % 285; reduced 50% for reproduction.
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Figure 4B is typical of the light micrograph of the rat
nasal epithelium following exposure to the mixed micelles
for 1 hr. The observed changes were characterized by min-
imal to mild hydropic degeneration and mild nuclear pycno-
sis in olfactory epithelium of the dorsal meatus and ectotur-
binates. The effects were slightly intensified after a longer
exposure period of 3 hr. The results after 5 hr of exposure to
the mixed micelles were not distinguishable from those after
3 hr, with overall mild to moderate severity. Hydropic de-
generation is characterized as swelling and vacuolation of
the epithelial cells due to accumulation of fluid such as wa-
ter. Pycnotic nuclei, on the other hand, are identified as
contracted, dark-staining nuclei which are indicative of mu-
cosal damage. However, the extent of such damage was only
mild to moderate and was similar with or without added
insulin. No marked or severe alterations such as erosion or
loss of epithelial surface were observed in any case, indicat-
ing that the epithelium remained intact.

DISCUSSION

Although the mixed micelles produced a greater plasma
insulin concentration than did NaGC, this was significant
only at 15 min, whereas the difference in concentration at
other time points was not (Fig. 1). Two possible explanations
are available for the only slight increment in the AUC of
plasma insulin when the mixed micelles were used instead of
NaGC. First, the loss of insulin from the blood does not
necessarily indicate that insulin is no longer bioavailable.
Rapid distribution of insulin between the plasma and the
extravascular pool (including peripheral tissues and recep-
tors) is well documented (14). The possible differences in the
distribution rate may partly explain the significantly greater
hypoglycemic response observed with mixed micelles than
with NaGC despite the similarity in plasma insulin profiles
between the two types of adjuvants (Fig. 3). Second, NaGC
alone or mixed micelles may promote insulin nasal absorp-
tion via both transcellular and paracellular pathway. Evi-
dence for the transcellular transport has been detected in the
case of [D-Arg?lkyotorphin (1). However, as questioned by
Lee et al. (15), the fate of the intracellular insulin is not clear.
Therefore, it is possible that insulin entering the cytoplasm
of the nasal epithelial cells might be hydrolyzed, and only
insulin localized in the paracellular space is free to diffuse
into the systemic circulation. This could result in the only
slight enhancement in nasal absorption over the bile salt
alone because mixed micelles promote transcellular trans-
port to a greater extent than bile salt alone (1). To prove this
hypothesis, however, more experiments are needed such as
immunohistological studies to determine the localization of
insulin in the nasal mucosa following its administration with
mixed micelles (15).

In Fig. 3, the concentration of the plasma glucose fol-
lowing insulin administration had been normalized to the
percentage of the initial values. It is well known that surgical
stress can cause an overall increase in the plasma glucose
concentration due to stimulation of the sympathetic nervous
system (2,16). However, this effect varies from rat to rat and
may lead to a variability in the initial glucose values. There-
fore, the normalization of plasma glucose levels with respect
to the initial state appeared to be appropriate in this study.
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Results from the histopathologic evaluation indicated
that mixed micelles between NaGC and linoleic acid induced
some morphological changes such as necrosis in the nasal
mucosa. The effect, however, was slight and highly con-
fined. The epithelium remained intact in all treatments.

It is interesting to note that when the mucosal damage
by the mixed micelles was compared to that of NaGC with
the same exposure period (3 hr), NaGC appeared to produce
slightly less hydropy. Only minimal hydropic degeneration
and mild pycnotic nuclei were observed. In one rat, the
changes could not be detected and the result was not differ-
ent from the control treatment. Nevertheless, this was not
unexpected. Since the fatty acid component of the mixed
micelles has been shown to play a critical role in enhancing
mucosal permeability (1,17,18), its direct effect on the epi-
thelium is possible. However, based on the results observed
here, the suggestion made by Feldman and Gibaldi (19) that
lipids may have a protective effect against the intestinal
membrane damage caused by bile salt may not be applicable
to the nasal mucosa. Nonetheless, mixed micelles between
NaGC and linoleic acid were far less irritative than deoxy-
cholate, a more hydrophobic dihydroxy bile salt. Deoxy-
cholate was found to cause a complete loss of epithelial sur-
face even at 0.5% concentration (10).

Considering the 5-hr exposure time, mixed micelles ap-
peared to have mild to moderate effects on the integrity of
the nasal mucosa. In this study, the esophagus was cannu-
lated in all rats, thus preventing the loss of the solution into
the GI tract. However, during actual administration, the
drug and adjuvant will be removed from the nose within a
short period via a mucociliary clearance system of the nasal
epithelium. Therefore, the safety and effectiveness of the
adjuvants will rely partly on the rapid delivery of the drug
molecules into systemic circulation and on the rapid clear-
ance of the potentially irritating adjuvants from the mucosal
site. Rapid nasal absorption of insulin by mixed micelles has
already been demonstrated. However, more histological
studies are necessary to include subchronic and chronic na-
sal administration before a definite conclusion regarding the
feasibility of the mixed micelles can be established for clin-
ical use.

In conclusion, the results obtained from this study sub-
stantiated previous findings that mixed micelles consisting of
NaGC and linoleic acid were effective in increasing the
amount of insulin absorbed into the blood. The promoting
effect was also superior to the bile salt or fatty acid alone, as
observed from the hypoglycemic response and peak plasma
insulin level. Furthermore, the absorption was very rapid,
with the peak plasma insulin concentration observed at the
first time point taken (15 min). Plasma glucose concentration
decreased by as much as 70% from the initial value and
remained at this level for up to at least 2 hr. The nasal bio-
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availability of insulin with mixed micelles was about
15-17%, which was comparable to that reported for nasal
insulin in the presence of other novel adjuvants such as so-
dium dihydrotaurofusidate (20).
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