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ABSTRACT We demonstrate that therapeutically useful
amounts of insulin are absorbed by the nasal mucosa ofhuman
beings when administered as a nasal spray with the common
bile salts. By employing a series of bile salts with subtle
differences in the number, position, and orientation of their
nuclear hydroxyl functions and alterations in side chain con-
jugation, we show that adjuvant potency for nasal insulin
absorption correlates positively with increasing hydrophobicity
of the bile salts' steroid nucleus. As inferred from studies
employing various concentrations of unconjugated deoxycho-
late and a constant dose of insulin, insulin absorption begins at
the aqueous critical micellar concentration of the bile salt and
becomes maximal when micelle formation is well established.
These and other data are consistent with the complementary
hypotheses that bile salts act as absorption adjuvants by (i)
producing high juxtamembrane concentrations of insulin
monomers via solubilization in mixed bile salt micelles and (ii)
forming reverse micelles within nasal membranes, through
which insulin monomers can diffuse through polar channels
from the nares into the blood stream.

Certain small peptides can be absorbed through the nasal
mucosa as a "snuff" or directly from aqueous solution (1-5).
However, efficacy of absorption is typically low and variable
(1-5), and therapeutically important peptides of larger mo-
lecular size, such as insulin, are not absorbed to any appre-
ciable degree (6). Within the gastrointestinal tract, bile salts
promote the transmembrane movement of endogenous and
exogenous lipids (7) and the transmembrane and/or
paracellular movement of several small endogenous and
exogenous polar molecules-e.g., water (7), inorganic elec-
trolytes (7), polyethylene glycols (8), and oxalate (9). Be-
cause of these functions, as well as their detergent-like
properties on biomembranes (10), bile salts are potential
adjuvants for transmucosal delivery of drugs and have been
widely explored for this purpose (11-17). Although there is
abundant physical-chemical information concerning the
micellar properties of bile salt molecules as well as their
interactions with membrane and exogenous lipids (18, 19),
little is known about the mechanisms by which these mole-
cules might enhance transmucosal absorption of drugs (17).
As shown by us and others, bile salts promote the nasal
absorption of insulin in man (20, 21) as well as in laboratory
animals (6, 22). Nevertheless, previous studies in rats,
employing a range of bile salt species, failed to define any
useful structure-function relationships (23). We now report
structure-function studies on a series of naturally occurring
bile salts by testing their ability to enhance insulin absorption
across the human nasal mucosa when administered intranas-
ally as an insulin/bile salt spray. Dramatic differences in
insulin absorption were observed between closely related bile

salt species; the pattern was shown to be determined by the
hydrophilic-hydrophobic balance (24) of the hydroxyl-sub-
stituted steroid nucleus and not that of the overall molecule.
This correlation suggests strategies for future development of
safe and effective insulin-transporting agents.

MATERIALS AND METHODS
Experimental Subjects. We studied 40 healthy human

volunteers 19-35 years old who were within 10% of ideal
body weight. All subjects gave written informed consent to
an experimental protocol approved by the Clinical Investi-
gation Committee of Beth Israel Hospital and were studied in
the hospital's Clinical Research Center. Subjects were stud-
ied in the supine position on the morning after an overnight
fast. Intravenous catheters were placed in a forearm vein for
blood drawing; patency was ensured by the continuous
infusion of 0.15 M NaCl at the rate of 15 ml/hr.

Insulin and Bile Salts. Commercially available U-500 reg-
ular porcine insulin was obtained from Eli Lilly. One unit (U)
of insulin = 42 Ag. Bile salts [sodium salts of deoxycholate,
glycodeoxycholate, taurodeoxycholate (all 3a,12a-dihy-
droxy-5,B-cholanoates); sodium salts of cholate, glycocho-
late, and taurocholate (all 3a,7a,12a-trihydroxy-53-chol-
anoates)] were purchased from Calbiochem and were purified
by recrystallization according to the methods of Pope (25)
and Norman (26). Bile acids [ursodeoxycholic acid (3a,7f-
dihydroxy-5f-cholanoic acid) and chenodeoxycholic acid
(3a,7a-dihydroxy-53-cholanoic acid)] were received as gen-
erous gifts from Herbert Falk (Falk GmbH, Freiburg, Federal
Republic ofGermany) and were converted to the sodium salts
as described (24). Purity of all bile salts was greater than
98-99% as determined by thin-layer chromatography, re-
verse-phase high-performance liquid chromatography
(HPLC), and titration with HCl (24, 27).
Methods. Immediately prior to use, bile salts were dis-

solved in 0.15 M NaCl at pH 10 to give concentrations of
2-5% (wt/vol). With 1 M HCl, the pH of each solution was
adjusted to 7.4-7.8 except for that of ursodeoxycholate,
which was adjusted to 8.1 owing to its insolubility at physi-
ologic pH (27). Bile salt solutions were mixed with U-500
regular porcine insulin in 0.15 M NaCl to give final bile salt
concentrations of 1% (wt/vol) and sufficient insulin for an
intended delivery of 0.5 U/kg of body weight. Since the
volume of the administered spray was fixed, and the weight
of subjects varied from 40 to 85 kg, the ratio of bile salt to
insulin varied over a 2-fold range. Insulin/bile salt solutions
were administered within 2 hr of mixing as single sprays in
each nostril, employing a metered-pump sprayer (Boehringer
Ingelheim, Ridgefield, CT), which delivered 75 ± 8 A.l per
spray.

Abbreviations: U, unit; cmc, critical micellar concentration.
§To whom reprint requests should be addressed at: Diabetes Unit,
Beth Israel Hospital, 330 Brookline Avenue, Boston, MA 02215.
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Venous blood was drawn at appropriate time intervals and
allowed to clot at room temperature before centrifugation at
2000 rpm for 30 min in an International model PR-2 at 40C.
Serum was stored at -200C for less than 1 week. After
thawing at 230C, samples from individual subjects were
assayed for insulin in a single batch to avoid interassay
variations. Serum insulin levels were measured by coated
tube radioimmunoassay kits (Clinical Assays, Division of
Baxter-Travenol, Cambridge, MA).

THEORETICAL CONSIDERATIONS
Armstrong and Carey (24) demonstrated that the cholesterol-
solubilizing capacity of bile salt micelles correlates inversely
with the hydrophilic-hydrophobic balance of the bile salt
monomer: the most hydrophobic bile salts had the greatest
capacities to solubilize cholesterol. It also was demonstrated
that the hydrophilic-hydrophobic balance of a bile salt can be
predicted on the basis of the bile salt's retention factor (k') in
reverse-phase HPLC employing a ,uBondapak C18 column
(Altex, Palo Alto, CA) (24). In this report, we utilized the
same HPLC configuration and eluted the bile salts with a
mobile phase composed of 75% methanol/25% water with
0.005 M phosphate-buffer, pH 5.4 (vol/vol). We calculated k'
for each bile salt according to the formula

k tr - to

in which to = retention time of the solvent front and tr =
retention time of the bile salt (24). We correlated the
hydrophilic-hydrophobic balance of the bile salts studied
with their capacity to deliver into the systemic circulation a
fixed dose (0.5 U/kg, range 20-43 U, depending upon body
weight) of regular porcine insulin sprayed intranasally.

RESULTS

Fig. 1 demonstrates that nasal absorption of insulin correlates
positively with hydrophobicity of the unconjugated bile salts
as inferred from their HPLC retention factors (k') (24), with
the rank ordering being deoxycholate > chenodeoxycholate
> cholate > ursodeoxycholate. With bile salt concentrations
of 1 g/dl, all serum insulin levels peaked at 10 ± 1 min and
blood glucose fell in parallel with these changes (not dis-
played). As determined by the area under the serum insulin
vs. time curves, 10-20% of the administered dose of insulin
was absorbed into the circulation in the presence of 1%
wt/vol (24 mM) sodium deoxycholate (20). Whereas the most
hydrophilic bile salt, sodium ursodeoxycholate, did not
appreciably promote insulin absorption (Fig. 1) or lower
blood glucose concentration (20), the most hydrophobic bile
salt, sodium deoxycholate, produced marked elevations in
serum insulin concentrations (Fig. 1) and =50% decreases in
blood glucose concentrations (20).
When bile salts are conjugated with glycine or taurine, the

overall hydrophobicity ofthe molecules decreases because of
the highly charged amino acid side chains, yet adjuvant
activity is retained (Fig. 1). This suggests that the hydropho-
bicity of the steroid nucleus, and not that of the overall
molecule, is the major determinant of adjuvant activity. The
rank ordering of bile salt potency as well as the lack of an
appreciable difference between unconjugated bile salts and
their conjugates are paralleled by their effects on other
biomembranes such as stimulation of water and electrolyte
secretion by the colon (28).
The unconjugated bile salts studied in this work self-

associate in dilute aqueous (0.15 M Na+) solutions to form
small polymolecular aggregates, called micelles, at a critical
micellar concentration (cmc) of approximately 3-7 mM at
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FIG. 1. Dependence of peak serum insulin on bile salt hydro-
phobicity. HPLC retention factor (k') was calculated according to
Armstrong and Carey (24) and increases with increasing hydropho-
bicity. Insulin was administered at a dose of0.5 U/kg ofbody weight.
Deoxycholate (DC), chenodeoxycholate (CDC), cholate (C),
ursodeoxycholate (UDC), glycodeoxycholate (GDC), glycocholate
(GC), taurodeoxycholate (TDC), and taurocholate (TC) were admin-
istered at final concentrations of 1% (wt/vol). Results are given as
mean ± SEM.

23-250C (18, 29-33). However, bile salts are different from
flexible-chain detergents in that initial self-association is only
a mildly cooperative process, and aggregation continues with
increasing concentration (33, 34). In these micelles, the
hydrophobic sides of the molecules are oriented inwards,
whereas the hydrophilic sides face outwards toward the
aqueous environment (18, 19, 35). To explore whether the
aqueous self-association of bile salts is an important deter-
minant of adjuvant activity, we investigated the relationship
between concentration of sodium deoxycholate (0-24 mM at
pH 7.8-8.2) and the resultant peak serum insulin concentra-
tion after identical insulin doses on a kg basis (Fig. 2). The
sigmoid dose-response curve shows that sodium deoxycho-
late was only slightly effective at 2.5 mM, 50%o effective at 6
mM, and maximally effective at 12 and 24 mM. Since the
aqueous cmc of deoxycholate in 0.15 M NaCl is approxi-
mately 3 mM (18, 31), these data imply that, to exhibit optimal
adjuvant activity, deoxycholate must be well above its
aqueous cmc. As demonstrated in the Fig. 2 Inset, increasing
deoxycholate concentrations from 6 to 12 mM influenced the
magnitude of the serum insulin peak but not the time at which
the peak occurred. Since the cmc values of sodium
chenodeoxycholate, sodium ursodeoxycholate, and sodium
cholate are approximately 3, 5, and 7 mM, respectively,
under the same experimental conditions (18, 29-33), the
reduced or absent activity of these bile salts when compared
with deoxycholate is not wholly a function of their aqueous
cmc values.

DISCUSSION

In this report, we have attempted to relate a fundamental
physicochemical characteristic of bile salt molecules, that is
their hydrophilic-hydrophobic balance, to their capacity to
enhance insulin absorption through the nose. The hydrophil-
ic-hydrophobic balance of these detergent-like molecules in
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FIG. 2. Dependence of peak serum insulin on concentration of
sodium deoxycholate. Peak increment in serum insulin is plotted
versus the final concentration of sodium deoxycholate in the nasal
spray. The equivalent of 1% (wt/vol) sodium deoxycholate is 24 mM.
Insulin was administered at a dose of 0.5 U/kg. (Inset) Kinetics of
insulin absorption at three different concentrations of sodium de-
oxycholate. Results are presented as mean ± SEM.

turn influences their aqueous cmc values and membrane-
water partitioning coefficients (33). In this work, we have
observed a striking correlation not only between bile salt
hydrophobicity (24) and adjuvant activity (Fig. 1) but also
between aqueous micelle formation [which continues to
change over a wide range of concentrations (34)] and adju-
vant activity (Fig. 2).
Our observations are distinctly different from those of

Hirai et al. (22), who studied the effects of several bile salts
and other ionic or nonionic detergents on insulin absorption
across the nasal mucosa of rats. These investigators found
equivalent activity with sodium cholate, sodium chenode-
oxycholate, and sodium deoxycholate, whereas sodium
ursodeoxycholate was not studied. The different results
obtained in the present work compared to those of Hirai et al.
(22) may be related to the use of commercial preparations of
bile salts, which often are contaminated with other closely
related, usually more hydrophobic, species, and to differ-
ences in experimental design. These authors allowed
insulin/bile salt solutions to have prolonged contact with the
nasal mucosa of rats after occlusion of the anterior and
posterior nares; hence, only cumulative decreases in blood
glucose were observed. Thus, if maximal insulin transport
varied with different bile salt species, the experimental design
employed by these authors would have obscured this effect.

In a more recent study, Murakami et al. (17) found a poor
correlation between bile salt-enhanced absorption of sodium
ampicillin from rectal pouches of rats and thin-layer chro-
matographic indices of bile salt hydrophobicity which were,
in part, theoretically derived. Further, the rank ordering of
the potency of the unconjugated bile salt species was

chenodeoxycholate > deoxycholate >> ursodeoxycholate
> cholate. Nonetheless, the dose-response relationship of
Murakami et al. (17) for peak blood ampicillin level as a
function of chenodeoxycholate concentration was in striking
agreement with our work (Fig. 2); enhancement of absorption
began at the chenodeoxycholate concentration correspond-
ing to its aqueous cmc (-3 mM) and reached maximal values
at 12 mM.

The mechanism by which bile salts enhance absorption of
insulin (or other drugs) across biomembranes is not known.
To be absorbed from the nasal mucosa to reach the blood
circulation, insulin molecules must be transported through
(or between) a number of membrane barriers in series. These
include apical and basal membranes of mucosal cells, the
lamina propria, and capillary endothelial cells (36). At phys-
iologic pH, insulin molecules are only sparingly soluble as
monomers in aqueous systems (37) and in biomembranes (38)
(~'170 pM). Interestingly, such insulin concentrations ap-
proximate both basal and stimulated physiological blood
levels (39, 40). Solutions of so-called "soluble" insulin in
various commercial formulations contain particles that range
in size from - 100A to >100,000 A (41), suggesting that a high
proportion of aqueous insulin molecules are present as either
microcrystals or polymers. This self-aggregation process
occurs because the exterior ofthe insulin monomer, as shown
crystallographically, has two large nonpolar (hydrophobic)
surfaces on opposing sides (42); one side is involved in dimer
formation, and the other in higher aggregate (hexamer-poly-
mer) formation (42). As determined by quasielastic light
scattering, 1% (wt/vol) micellar concentrations of each
unconjugated bile salt studied herein completely solubilized
1% (wt/vol) insulin by forming mixed micelles of bile salt and
insulin molecules. When compared with the identical bile salt
solutions without insulin, the degree of micellar expansion
induced by insulin corresponded to micellar solubilized
insulin monomers (unpublished observations). Mixed micelle
formation most likely provides a high juxtamembrane con-
centration (in our formulations, =1-2 mM) of soluble insulin
that facilitates the flow of insulin monomers down a concen-
tration gradient from the nares into the nasal membranes.
These considerations are the most likely explanation for the
dose-response curve in Fig. 2, where bile salt adjuvant
activities became unmasked only above the aqueous cmc of
the deoxycholate and leveled off at concentrations custom-
arily accepted as corresponding to well-developed stepwise
self-association (34).
Because 1% wt/vol of each bile salt completely solubilized

1% wt/vol insulin as monomers, we believe, on the basis of
other studies (unpublished observations), that the differing
adjuvant activities of various bile salt species relates to their
differing capacities to penetrate and self-associate as reverse
micelles within native membranes (hydrophobic bile salts
>> hydrophilic bile salts) as they do in nonpolar solvents or
when dispersed in pure phospholipid environments (10, 19,
33). In reverse micelles, the hydrophilic surfaces of the
molecules face inwards and the hydrophobic surfaces face
outward toward the lipid environment (Fig. 3). Thus, reverse
micelles could act as transmembrane channels or mobile
carriers for insulin to move down an aqueous concentration
gradient through the nasal mucosal cells, into the intercellular
space, and into the blood stream (Fig. 3). While this mode of
intramembranous bile salt self-association has been invoked
to explain the high solubility of bile salts in membranes and
synthetic bilayers (10, 19), its functional significance has only
recently been addressed. Hunt (43) and Castallino and
Violand (44), employing NMR spectroscopy, have suggested
that reverse micelles of bile salt molecules account for the
rapid transport of lanthanides into unilamellar vesicles, and
Hunt (43) suggested, on the basis of kinetic analysis, that
transmembrane diffusion of lanthanide/bile salt complexes
occurred. However, our study and that of Murakami et al.
(17) show transport saturation at bile salt concentrations of
-12 mM (Fig. 2). This finding argues for local membrane
saturation with the steroid detergent and a channel-type
reverse micelle mechanism rather than a mobile reverse
micelle carrier. The far greater adjuvant potency of the more
hydrophobic dihydroxy bile salts with two a-oriented
hydroxyl functions compared with cholate and ursodeoxy-
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H20 RFLLED CHANNEL

FIG. 3. A schematic molecular model of reverse micelle forma-
tion in cell membranes. Two pairs of sodium deoxycholate molecules
are shown stacked end-to-end, spanning a lipid bilayer and forming
an aqueous pore for the transport of insulin monomers from the
extracellular space, where high concentrations of insulin monomers
are solubilized in mixed bile salt/insulin micelles (see text for
discussion).

cholate could be related, in part, to larger sizes of the reverse

micelles formed by the former species, which would facilitate
the formation of more capacious water-filled intramembran-
ous pores. Further, intramolecular hydrogen bonding in
reverse micelles of cholate is extremely tight, thus the free
water core may be restricted. In the case of ursodeoxycho-
late, the ,-oriented hydroxyl at C7 on the steroid skeleton
impairs reverse micelle formation (reviewed in ref. 33).
The molecular dimensions of lipid bilayers and the steroid

nucleus and extended polar side chain of the bile salts (18, 19)
suggest that pairs of bile salt reverse micelles stacked
end-to-end could span biomembrane bilayers, with the ion-
ized polar groups projecting into the aqueous environment on
either side (Fig. 3). Preliminary studies of the high degree of
partitioning of biologically active insulin molecules into
reverse micelles of deoxycholate in water/decanol systems
and the efficient aqueous-to-aqueous cotransport of mono-
meric insulin with bile salts through a bulk chloroform phase
in a forced convection apparatus provide strong support for
this explanation (unpublished observations).
Other possible mechanisms by which bile salts could

promote transmembrane transport of insulin include the
binding of Ca2", which would loosen tight junctions between
cells (45). Even though Ca2" binding increases with bile salt
hydrophobicity, it is reduced by bile salt conjugates com-
pared with the unconjugated species (46) and would be
unlikely to explain the results in Fig. 1. Steroid detergents
also decrease the "order" of lamellar liquid-crystalline phas-
es (47) and, by implication, membranes, and may therefore
allow bulk water/polypeptide movement through a loosely
ordered membrane structure. Alternatively, high local bile
salt concentrations, by inducing regional phase changes
within membranes to form cubic and hexagonal liquid-
crystalline structures (19, 48), could provide a network of
water-filled channels (47) through which water-soluble mol-
ecules could diffuse. For example, Ericsson et al. (49) have
shown that proteins ranging in molecular weight from 5000 to
150,000 can be incorporated into and diffuse through water

channels of a cubic phase formed by monoolein/water
systems. Finally, Hirai et al. (23) have suggested that bile
salts may promote insulin transport across the nasal mucosa
by retarding insulin degradation by leucine aminopeptidase,
a proteolytic enzyme of the nasal mucosa. When a 20-fold
excess of tyrosyltyrosine, an alternative substrate for this
enzyme was added, the dipeptide did not influence the extent
of insulin absorption from the bile salt nasal spray (unpub-
lished observations). Obviously, more work on the mecha-
nisms involved in transmembrane transport of insulin by bile
salts is needed.
A prime objective in developing an adjuvant for the

transmucosal administration of insulin and other polypep-
tides is to identify an effective membrane-homing surfactant
that does not cause local or systemic toxicity. Each of the
unconjugated bile salts tested in this study produced local
nasal irritation as assessed by a brief (3- to 5-min) burning
sensation in the nose. However, this irritation did not
correlate with the adjuvant activity of the bile salt, since
ursodeoxycholate, which was inactive, was the most irritat-
ing. Taurine and glycine conjugates of the bile salts were
somewhat less irritating to the nasal mucosa, as they are in
terms of toxicity on other membranes (7). The observation
that adjuvant activity of bile salts for transmembrane insulin
transport can be predicted on the basis of the hydrophilic-
hydrophobic balance of the monomers, a property easily
measured (24), raises the possibility that bile salts or related
molecules can be structurally engineered to retain adjuvant
activity without producing potentially toxic side effects.
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