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ABSTRACT Hydrophilic drugs are often poorly absorbed
when administered orally. There has been considerable inter-
est in the possibility of using absorption enhancers to promote
absorption of polar molecules across membrane surfaces. The
bile acids are one of the most widely investigated classes of
absorption enhancers, but there is disagreement about what
features of bile acid enhancers are responsible for their
efficacy. We have designed a class of glycosylated bile acid
derivatives to evaluate how increasing the hydrophilicity of the
steroid nucleus affects the ability to transport polar molecules
across membranes. Some of the glycosylated molecules are
significantly more effective than taurocholate in promoting
the intestinal absorption of a range of drugs, showing that
hydrophobicity is not a critical parameter in transport effi-
cacy, as previously suggested. Furthermore, the most effective
glycosylated compound is also far less damaging to mem-
branes than the best bile acid absorption promoters, presum-
ably because it is more hydrophilic. The results reported here
show that it is possible to decouple absorption-promoting
activity from membrane damage, a finding that should spark
interest in the design of new compounds to facilitate the
delivery of polar drugs.

Biological membranes play critical roles in the homeostasis of
all organisms. These natural barriers segregate important
activities between and within cells and tissues. Small hydro-
phobic molecules can partition across biological membranes
down a concentration gradient. Hydrophilic molecules gener-
ally require some sort of selective transport system to cross the
lipid bilayer. Although the integrity of biological membranes
is vital to the health of the organism, there are many instances
in which it would be desirable to breach membrane barriers to
allow the passage of otherwise impermeant molecules. Indeed,
the ability to facilitate the absorption of hydrophilic com-
pounds would revive interest in an enormous number of drug
candidates that have failed because of delivery problems. In
addition, effective strategies for breaching membrane barriers
would permit the development of nontraditional drugs based
on peptides, proteins, and nucleic acids (1). In this paper we
report the characterization of a promising class of compounds
designed to facilitate the transport of polar molecules across
biological membranes.

These transport agents are based on a class of natural
compounds, the bile acids, that have been shown to facilitate
the passage of polar molecules across biological membranes
(2-5). Carey and coworkers (2) have proposed that the bile
acids partition into lipid bilayers as small aggregates in which
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the polar surfaces of the molecules are juxtaposed. They have
suggested that these aggregates could alter membrane perme-
ability by providing an ordered hydrophilic channel through
which polar molecules pass or by disrupting bilayer packing so
that there are water-filled defects in the membranes. Carey’s
model emphasizes the importance of interactions between the
polar surfaces of bile acid molecules. Some experiments,
however, have shown that hydrophobic bile salts such as
deoxycholate and chenodeoxycholate promote absorption
more effectively than cholate, which has more polar surface
area (6). It has, therefore, been suggested that transport
activity is directly correlated with the hydrophobicity of the
steroid nucleus (2). It is difficult to reconcile Carey’s concep-
tual model for how the bile acids might promote absorption
with the apparent preference for a hydrophobic steroid nu-
cleus.

Because it is often possible to learn details of structure and
activity relationships through the design of unnatural analogs,
we undertook the synthesis and evaluation of a new family of
cholic acid-based transport agents. We increased the polarity
of the hydrophilic surface of various cholic acid derivatives by
attaching sugars to the C7 and C12 hydroxyls, and we evaluated
the ability of the resulting compounds to promote absorption
of polar drugs (7-9). Some of the glycosylated bile acid analogs
were found to facilitate the transport of polar drugs across
biological membranes more effectively than natural bile acid
transport agents. This result shows that a hydrophobic steroid
nucleus is not critical for efficacy in bile acid-based transport
agents. In fact, through this work we have identified an
effective but exceptionally hydrophilic absorption promoter
that is much less disruptive to membranes than are standard
bile acid transport agents.

MATERIALS AND METHODS

Materials. Crystalline bovine insulin, gentamicin sulfate,
sodium taurocholate, vancomycin hydrochloride, boric acid,
o-phthalaldehyde, silicic acid, and sodium taurodeoxycholate
were purchased from Sigma. Salmon calcitonin was purchased
from Bachem. Sodium deoxycholate was purchased from
Fluka. Orange OT (1-o-tolylazo-2-naphthol, 75%) was pur-
chased from Aldrich and purified twice by precipitation from
acetone with water, followed by recrystallization three times
from ethanol. All other chemicals were also purchased from
Aldrich. Defibrinated rabbit blood was purchased fresh from
Remel Biological Products (Lenexa, KS).

Glycosylated steroids 5-7 (see Fig. 1) were synthesized as
described previously (7, 8). For 9 (10), cholic acid was con-
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verted to methyl cholate by refluxing with BF3-Et,0 in meth-
anol and the C3 hydroxyl group was tosylated in 73% yield with
tosyl chloride in pyridine in the presence of dimethylaminopy-
ridine for 1 hr at 80°C. Treatment with sodium azide in
dimethylformamide for 2 hr at 90°C afforded the C3 azide
derivative. Glycosylation of the C3 azido cholate was per-
formed by activation of perbenzylated glucose sulfoxide with
triflic anhydride in the presence of 2,6-di-tert-butyl-4-
methylpyridine in toluene at —78°C for 1 hr, and gradual
warming to 25°C over 25 min to afford the bisglycosylated
cholate derivative in 17% yield. Treatment with triphenyl
phosphine in refluxing aqueous tetrahydrofuran (THF)/H,0
(3:1, vol/vol) for 11 hr reduced the C3 azide to the C3 amine
in 57% yield. The sugars were debenzylated with 20% palla-
dium hydroxide on carbon in 10:1 C¢Hg/MeOH for 48 hr. Pure
9 was obtained by HPLC purification on a Cig Vydac column
(250 X 10 mm, Cjg-coated 5 wm silica) with solvents 0.1%
trifluoroacetic acid (TFA)/H,O (A) and 0.1% TFA/
acetonitrile (B) with an isocratic gradient of 1% B/99% A for
8 min and then ramping to 99% B/1% A over 10 min (11). The
compound was eluted at flow rate of 4.5 ml/min and detected
by absorbance at 210 nm. Pure 9 (M, 746) was eluted at 3.8-3.9
min and was lyophilized from water to yield a white powder.
All compounds were fully characterized by 'H NMR, 13C
NMR, TLC, and MS.

Insulin Assay. A series of samples was prepared by dissolv-
ing 0.5-5 mg of each appropriate transport agent in 0.5 ml of
water containing 25 units of insulin (IU) yielding 0.1-1%
(wt/vol) solutions of transport agent [at or near the critical
micelle concentration (CMC)]. Solutions were adjusted to pH
7.8 and the samples were lyophilized for convenient storage.
Immediately before use, the samples were redissolved in 0.5 ml
of phosphate-buffered isotonic saline (pH 7.8), and appropri-
ate volumes to deliver 8 IU/kg (=~0.06 ml = 0.01 ml) were
instilled into the nostrils of fasted female Sprague—Dawley rats
(420-480 g) that had been partially anesthetized with sodium
pentobarbital. The nostrils were sealed and blood glucose
levels were determined from blood droplets expressed from
the rats’ tails at 0, 15, 30, 60, 120, and 240 min after instillation,
using a One Touch II glucose meter (Lifescan, Milpitas, CA).
Two or three rats were tested for each concentration of each
compound. Compounds that caused a greater drop in blood
glucose levels than sodium deoxycholate were selected for
further study.

Rat Intestinal Model. Sprague—Dawley rats weighing 250—
300 g were fasted overnight (18 hr), with free access to water.
Anesthesia was induced by an intramuscular injection of
ketamine and xylazine (60 mg/kg ketamine and 8 mg/kg
xylazine) or sodium pentobarbital (50 mg/kg). Cannulas were
implanted in the left or right jugular veins for blood sampling.
A midline abdominal incision of 3—4 cm was made. The ileum
was identified by locating the caecum and the dosing solution
was injected 2—4 cm above the ileal-caecal junction by using
a syringe with a 30 gauge needle. The rat ileal formulation was
prepared by dissolving 5 mg of either gentamicin sulfate or
vancomycin hydrochloride in 0.5 ml of distilled water. Alter-
natively, 0.2 mg of salmon calcitonin was dissolved in 0.5 ml of
saline. Compound 9 or 6 was added as a powder to give a final
concentration of 100 mM (37.3 mg per rat). The drug—steroid
mixture was swirled briefly in a Vortex mixer and incubated at
room temperature for 15 min prior to the administration. For
the determination of i.v. plasma profiles, 1 mg of gentamicin
or vancomycin or 4 pg of calcitonin was dissolved in 0.3 ml of
distilled water and administered through the jugular vein.

Blood samples of 0.6 ml were withdrawn at 0, 1, 5, 10, 15, 30,
and 45 minand 1, 1.5, 2, and 4 hr after ileal administrations into
tubes containing EDTA. For comparison, blood samples were
also obtained at 30 s, and 1.5, 3, 8, and 20 min after i.v.
admistration. The blood was centrifuged (4,000 rpm, 5 min, in
an Eppendorf microcentrifuge) and plasma samples were
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stored at —20°C. Glucose levels were measured with a Glu-
costix strip in an Ames Glucometer M blood glucose meter.

Gentamicin Assay. Gentamicin concentration in plasma was
determined by solid-phase extraction and derivatization with
o-phthalaldehyde followed by HPLC according to the method
of Maitra et al. (12) with the following exceptions. One-
milliliter solid-phase extraction columns (Alltech Associates)
and the o-phthalaldehyde derivatization reagent were pre-
pared as described. Frozen plasma samples were thawed at
room temperature and 0.25-ml aliquots were diluted with 1 ml
of distilled water, mixed 30 s, and applied to the columns.
Columns were placed on a vacuum manifold (Varian) under 5
mmHg (1 mmHg = 133 Pa) vacuum before derivatization,
incubated with the o-phthalaldehyde reagent, and then, fol-
lowing the derivatization, dried under vacuum for 3 min and
eluted with 100% methanol. Chromatographic separation was
achieved with a Waters 600 E system controller and ultra WISP
715 sample processor on a Waters uBondapak Cyg column (3.9
mm i.d. X 300 mm, 10 wm particle size). Samples (40 ul) were
eluted with an aqueous mixture of 79% methanol and 1%
triethylamine, adjusted to pH 6.2 with phosphoric acid. Gen-
tamicin peaks in the sample were detected by a Waters 740
scanning fluorescence detector at excitation and emission
wavelength of 360 and 418 nm, respectively.

Vancomycin Assay. The vancomycin plasma assay was car-
ried out exactly as described by Hosotsubo (13) except that 40
wl of the soluble fraction of the acetonitrile—plasma prepara-
tion was injected into a 15 X 0.46 cm Hypersil APS, 5 um,
column (Sigma-Aldrich). Sample components were separated
as described (13).

Calcitonin Assay. Plasma calcitonin levels were determined
by a radioimmunoassay kit (DSL 1300 from DSL, Webster,
TX), utilizing >I-labeled salmon calcitonin and guinea pig
anti-calcitonin serum. The radioactive material precipitated by
PEG 6000 was quantitated and the concentration of calcitonin
was calculated from a standard curve.

Data Analysis. Ileal absorption is expressed as a percentage
of the AUC observed after i.v. administration and is calculated
as follows:

(AUC)ileal'(dose)i.v.
(AUC)i.V.'(dose)ileal

Absorption = X 100%,

where AUC is the area under the curve from 0 and 240 min
after dose administrations calculated from the trapezoidal
rule. The relative absorption is the ratio of ileal drug absorp-
tion in individual animals in the presence of compound 9 to the
mean ileal drug absorption in its absence, for the same drug
dose.

Erythrocyte Lysis. Erythrocyte lysis was determined by the
method of Hirai et al. (4) with the following exceptions.
One-milliliter samples of rabbit blood were washed three times
with 1 ml of erythrocyte buffer (0.15 M NaCl/0.06 M K,HPOy,
pH 7) and then diluted with 5-7 ml of erythrocyte buffer.
Amphiphile solutions of various concentrations in erythrocyte
buffer were mixed with 63 ul of dilute red blood cell suspension
to a final volume of 500 ul. After incubation and centrifugation
(as described), 400 ul of each supernatant was diluted with 700
pl of erythrocyte buffer. The absorbance of each solution
(hemoglobin) was measured at 540 nm using a Cary Varian 1E
spectrophotometer to determine the percentage of lysed cells.
Trials were repeated for reproducibility; variance in data
indicated +4% error.

HPLC Assay. A Hitachi L-6200A Intelligent Pump was used
with a Protein and Peptide Cig Vydac column (250 X 10 mm,
Cig-coated 5-um silica particles) with an isocratic aqueous
mobile phase with 0.1% TFA/1% acetonitrile at a flow rate of
4.5 ml/min. Ten-milligram bile salt and 20-mg glycosylated
steroid samples were dissolved in 1 m1 0.1% of TFA /water and
filtered through Whatman poly(vinylidene difluoride)
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(PVDF) 0.45-pm filters; 50 ul of each solution was injected.
The 210-nm absorbance was measured with a Waters 484
tunable absorbance detector, and peak retention times were
recorded at an attenuation of 512 or 256 on a Waters 745 data
module. The retention factors (k') were calculated from
solvent and peak retention times according to the method of
Armstrong and Carey (14).

CMC Determination. Dye solubilization. Glycosylated ste-
roids and bile salts were dissolved in 1.0 ml of 0.15 M NaCl and
filtered through Millex GV 0.22-um Millipore filters into
screw-cap vials. Fifty milligrams of solid organic dye orange
OT was added to each solution and the vials were sealed and
shaken on an Orbit shaker at 190 rpm for 48 hr. The solutions
were refiltered to remove the solid dye and the UV absorbance
of the solutions was measured at 492 nm with a Cary Varian
1E spectrophotometer. The first solution concentration that
resulted in a nonzero absorbance was taken as the CMC.
Surface tension measurements. Compounds were dissolved in
0.15 M NacCl at increasing concentrations. The solutions were
delivered by means of a syringe pump at 1 drop/30 sec through
a 5.0-mm brass tube. Five drops were collected per trial and the
average mass per drop was calculated for each solution on the
basis of two trials. The surface tension, vy, was calculated from:
vy = mg/2rf, using the correction factor, f, from the Harkins
and Brown table (15). The surface tension was plotted as a
function of the logarithm of the amphiphile concentration,
giving the CMC at the break point of the graph.

RESULTS AND DISCUSSION

Design of the Compounds. Although the bile acids are
amphiphiles, they differ from conventional head-to-tail am-
phiphiles because the polar and nonpolar domains are sepa-
rated along the longitudinal axis of the molecules. This gives
rise to distinct polar and nonpolar faces. The facial amphiphi-
licity of the bile acids influences the way in which they organize
in solution and presumably plays a role in their ability to
promote the absorption of polar drugs across membranes. We
attached glucose units to the C7 and C12 hydroxyl groups of
cholic acid, 1 (Fig. 1), to evaluate how increasing the hydro-
philicity of the polar surfaces would affect drug transport
activity. The sugar hydroxyls create an extensive polar surface
of hydrogen-bonding groups. We reasoned that if the hydro-
phobicity of the steroid nucleus is a major determinant of
transport activity, these glycosylated bile acid derivatives
should be poor absorption promoters. However, if interactions
of the polar surfaces—either with themselves or with polar

1 Cholic acid: R;=0H, R, =0OH
OH 2 Deoxycholic acid: Ry =H, R, = OH
3 Taurocholate: Ry = OH, R, = NHCH,CH,SO4
4 Taurodeoxycholate: Ry =H, R, = NHCH,CH,SO;5"

, Rz = OH, Ry = OH

, Ry =OH, Ry = OCHj
, Rp = OPMB, Ry = OH
Ry =H, Ry =OH

Ha, Ry = H, Ry = OCHg

H
H
H
H
N

I w

Fic. 1. Bile acids and glycosylated steroid amphiphiles.
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drugs—play an important role in the transfer of hydrophilic
drugs across membranes, then perhaps these glycosylated
molecules would actually work better than transport agents
that have natural bile acid cores. To provide a more diverse set
of compounds to evaluate, we also varied the substituents and
stereochemistry at C3 and esterified the carboxylic acid on the
steroid side chain.

Selection of Promising Transport Agents. Because in vitro
screens to evaluate absorption promoters do not adequately
reflect their ability to promote transport across intact mucosa,
we judged the potential efficacy of the different glycosylated
compounds from their ability to increase the intranasal ab-
sorption of insulin in rats (4). Blood glucose levels were
measured after intranasal administration of insulin (8 TU/kg)
in the presence of a given transport agent (1.6 mg/kg).
Decreased blood glucose levels were presumed to be due to the
absorption of insulin into the circulation. Rats treated with
insulin solutions ranging from 5 to 10 IU/kg in the absence of
a transport agent showed no change in blood glucose level.
Five glycosylated compounds, 5-9, were evaluated in the assay
(Fig. 1). Sodium deoxycholate, an effective but irritating
absorption promoter, was used as a standard for evaluating
transport efficacy. In the presence of this compound, blood
glucose levels dropped to 60% of initial levels after 30 min
(results not shown). None of the carboxylate salts were effec-
tive compared with sodium deoxycholate. However, 6 and 9,
which are both esterified on the side chain, caused blood
glucose levels to drop to 55% and 80% of initial levels,
respectively, 30 min after administration. Compounds 6 and 9
are identical except at C3 of the steroid nucleus. Compound 6
has a C3 a-hydroxyl group like the parent bile acid, while 9 has
a C3 B-amino group. Both compounds were subjected to more
intensive study to evaluate their efficacy for promoting ab-
sorption through the intestinal mucosa.

In Vivo Absorption of Polar Drugs. Gentamicin, vancomy-
cin, and calcitonin are polar drugs that have poor oral avail-
ability. Gentamicin is a broad-spectrum aminoglycoside anti-
biotic (M, 550) and vancomycin is a glycopeptide antibiotic that
has important utility in fighting antibiotic-resistant Gram-
positive bacterial infections (M, 1,400). Calcitonin is a peptide
hormone that has been investigated for the treatment of
osteoporosis (M, 3,500). Gentamicin and vancomycin are
currently administered by injection in a hospital setting. It
might be desirable to have oral or nasal delivery routes for
administering these compounds as well as calcitonin. This
requires developing strategies to breach intestinal or nasal
mucosa without seriously damaging the membranes. We eval-
uated the ability of compounds 6 and 9 to facilitate the ileal
absorption of gentamicin in rats by using well established in
vivo assays (Materials and Methods). The absorption of calci-
tonin and vancomycin was evaluated in this system only with
compound 9, which was found to be significantly less damaging
to membranes than compound 6 (see Hemolytic Potential
below). Sodium taurocholate, 3, a well studied nonglycosylated
bile acid enhancer, was used as a reference to evaluate the
efficacy of the glycosylated bile acid derivatives for enhancing
absorption.

All three drugs showed negligible absorption through the
ileum when administered in either saline or water. Baseline
absorptions were 4.1, 1.9, and 1.6% of the injected dose for
gentamicin (5 mg), vancomycin (20 mg), and calcitonin (0.2
mg), respectively (Table 1). Both glycosylated steroids were
significantly more effective than sodium taurocholate at en-
hancing the absorption of gentamicin (Table 1): only 30.4% of
gentamicin reached the circulation when administered to the
ileum in the presence of 100 mM sodium taurocholate, but at
the same concentrations of either 6 or 9, 100% of the drug was
absorbed. For compound 9 this corresponds to a 27-fold
increase in gentamicin absorption relative to the baseline
absorption level (Fig. 2). With vancomycin, only 2.3% of the
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Table 1. Absorption of gentamicin, vancomycin, and calcitonin
through the rat ileum in the presence of sodium taurocholate, 3,
glycosylated steroids 6 or 9, or no drug transport agent

Absorption
Drug Alone With 3 With 6 With 9
Gentamicin 4.1+ 1.6 304 =68 104.7+36.4 109.7x152
Vancomycin 1.9 +05 23 *0.6 ND 84+ 15
Calcitonin 1.6+ 1.1 ND ND 268 = 8.7

Compound 3, 6, or 9, at a concentration of 100 mM, was combined
with a 5-mg dose of either gentamicin or vancomycin, or 0.2 mg of
calcitonin. Absorption was calculated as described in Materials and
Methods. Results are mean = SEM of three or four rats. ND, not
determined.

5-mg dose was absorbed in the presence of 100 mM sodium
taurocholate 3, whereas 8.4% was absorbed with 100 mM 9,
corresponding to a 13-fold increase over the vancomycin
baseline absorption (Fig. 2). Calcitonin absorption also in-
creased significantly, about 17-fold over baseline, when mixed
with 100 mM 9. Ileal coadministration of each drug with 9 also
resulted in increased peak concentrations of the drug in the
circulation compared with the ileal controls. These concen-
trations were maintained for a significantly longer time than
the peak concentrations achieved when the drug was admin-
istered i.v. as shown in Fig. 3. Therefore, the glycosylated
steroid not only increased the amount of drug absorbed but
also altered the pattern of absorption and clearance.

These in vivo results are not consistent with previous ob-
servations suggesting that the hydrophobicity of the steroid
nucleus correlates with transport efficacy (2). Sodium tauro-
cholate 3 contains a cholic acid steroid framework with three
hydroxyl groups on the polar surface, whereas 6 and 9 contain
a bis-glycosylated cholic acid framework with either eight or
nine hydroxyls on the polar surface. Thus, 6 and 9 should
present a much more hydrophilic steroid nucleus than sodium
taurocholate. In addition, 9 contains a B-amino group at C3
that is charged at physiological pH. This charge would be
expected to augment the hydrophilicity of the steroid nucleus
of 9 considerably. The efficacy of the glycosylated compounds
prompted us to investigate some of their physicochemical
properties in an attempt to explain their apparently anomalous
behavior.

Hydrophobic-Hydrophilic Balance. Although it seemed ob-
vious that the steroid nucleus of 6 and 9 would be more
hydrophilic than that of sodium taurocholate 3, we wanted a
quantitative comparison of the overall hydrophobic-
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Concentration (pg/mL)

0 60 120 180 240
Time (min)

F16.3. Pharmacokinetics of vancomycin in the plasma of rats after
ileal or i.v. administration. Vancomycin (20 mg) was mixed with either
100 mM compound 9 (a) or water (®) and introduced into the ileum
as described in the text. Alternatively, vancomycin (1 mg) was injected
i.v. through the jugular vein (m). The graphs represent the mean and
SEM for three rats.

hydrophilic balance of the molecules (2, 6). We also wanted to
evaluate the effect of glycosylation on the hydrophobic-
hydrophilic balance of the steroid framework. Various glyco-
sylated bile acid derivatives were compared with nonglycosy-
lated bile acid derivatives by using a reverse-phase HPLC assay
which is commonly used to evaluate the hydrophilic—
hydrophobic balance in sets of amphiphiles (14). In this assay,
the retention factor of an amphiphilic molecule reflects the
partitioning of the amphiphile between a hydrocarbon station-
ary phase and a polar mobile phase (14, 16). The more
hydrophilic the molecule, the faster it is eluted from the
column. Table 2 shows the relative ranking of 6, 9, the
nonglycosylated diol 10, and the taurine conjugates of the bile
salts. A comparison of 9 and 10 shows that glycosylation of the
C7 and C12 hydroxyl groups substantially increases the hy-
drophilicity of the steroid molecule, as expected. We could not
directly compare methyl cholate and 6 with this mobile phase
(1% acetonitrile/water with 0.1% TFA) because of solubility
problems with methyl cholate. However, the fact that 6 is
highly water soluble whereas methyl cholate is not indicates
that the sugars increase the hydrophilicity of the steroid
nucleus significantly. As might be expected, esterifying the
carboxylic acid substantially reduces the overall hydrophilicity
of the molecule. Accordingly, bis-glycosylated compound 6 is
more hydrophobic than either of the nonglycosylated taurine

conjugates, which contain a negatively charged side chain.
Because 6 is a more effective transport agent than the taurine
Vancomycin | conjugates, one might be tempted to conclude that even if the
hydrophobicity of the steroid nucleus is not always important,
Calcitonin — Table 2. Hydrophilicity rankings and CMC determinations of
transport agents
Gentamicin S —— CMC, mM
Transport Hydrophilicity* Orange Surface
agent k' oTt tension¥
L L L A R L
o 5 10 15 20 25 30 35 3 0.55 -8 8-9
4 1.92 1-2 1-2
Relative Absorption 6 338 1-2 1
. . 9 0.43 11-12 11
FiG. 2. Relative absorption of 20 mg of vancomycin, 0.2 mg of 10 1.85 ND ND

calcitonin, or 5 mg of gentamicin in the presence of 100 mM compound
9. Each drug was mixed with 9 and administered to the rat ileum as
described in the text. The relative absorption is the ratio of ileal drug
absorption in individual animals in the presence of 9 to the mean ileal
drug absorption in its absence, for the same drug dose. Relative
absorption was calculated from the individual values of three or four
animals and is shown as the mean + SEM.

ND, not determined.

*Hydrophilic amphiphiles are represented by small retention factors,
k', signifying short retention times. Mobile phase: 0.1% TFA/1%
CH3CN /water.

TSolubilization of orange OT dye in 0.15 M NaCl, pH 7.0.

#Surface tension measurements in 0.15 M NaCl.
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the overall hydrophobicity of the molecule is critical for
efficacy. However, compound 9 clearly shows that overall
hydrophobicity does not correlate with transport efficacy. The
equatorial C3 amine functionality of 9 increases its overall
hydrophilicity so much that special HPLC conditions had to be
developed to get any retention on a Cyg reverse-phase column.

CMCs of the Glycosylated Steroids. The ability to self-
associate is a property that may play an important role in the
transport efficacy of absorption promoters (2). Carey’s model
for how the bile acids function emphasizes the formation of
aggregates in which the polar surfaces are self-associated (2).
The ability to self-associate can be evaluated from the con-
centrations at which amphiphiles form micelles in water.
Accordingly, the CMCs of the glycosylated steroids were
measured using both dye-solubilization (10, 17) and surface-
tension methods (18).

The dye-solubilization assay is a simple technique in which
the CMC is determined from the minimum concentration of
amphiphile that solubilizes a detectable amount of a hydro-
phobic dye. The dye is not solubilized in water until an
aggregate with a hydrophobic interior sufficiently large to
encapsulate the dye is formed. The CMCs of the absorption
promoters and bile salts are shown in Table 2. The measured
values for the natural bile salts are in excellent agreement with
earlier reports (19), giving us some confidence in the CMCs
obtained for the glycosylated molecules. However, the addition
of the hydrophobic dye could affect the results by providing a
hydrophobic surface to promote aggregation of the steroids or
by requiring an unnaturally large amphiphile aggregate to
accommodate the dye molecule. Therefore, we employed the
noninvasive surface-tension technique to verify the results.
With this method, the CMC is derived from the change in the
surface tension of a solution as amphiphile concentrations are
increased (15). The CMC values obtained from surface-
tension data are in excellent agreement with the dye-
solubilization data (20), and they show that the CMC of 6 is 1-2
mM whereas the CMC of 9 is 11 mM. Therefore, although the
glycosylated compounds must be administered at concentra-
tions above their CMCs to be effective, there is no direct
correlation between transport efficacy and CMC as there
reportedly is with other bile acid-based transport agents (2, 5).

Although CMC values do not predict the transport efficacy
of the glycosylated steroids, they can provide some insight into
the molecular interactions that may be involved in the absorp-
tion process. The CMC values for both 6 and 9 are surprisingly
low, given the number of additional hydroxyl groups incorpo-
rated into the molecules upon glycosylation. Compound 9 has
a CMC only slightly higher than sodium cholate (8§ mM) even
though it has six additional hydroxyls and contains a full
positive charge at C3 (9, 19). In a previous study on the
aggregation of various bile acid derivatives in water, we found
that bis-glycosylated bile acids consistently have lower CMCs
than their nonglycosylated counterparts in which every other
feature of the molecules is identical (9). Thus, the glycosylated
compounds self-associate more effectively in water than their
nonglycosylated counterparts. Because only the hydrophilic
faces of the glycosylated and nonglycosylated molecules are
different, we have suggested that the polar surfaces of the
glycosylated molecules interact more favorably than those of
the nonglycosylated bile acids (9). This leads to the rather
surprising conclusion that the formation of multiple hydrogen
bonds facilitates self-association in water. Crystal structures of
glycosylated steroids support this idea, revealing that the
solid-state structures are ordered by the formation of multiple
hydrogen bonds between sugars on opposing molecules (8).
Thus, hydrogen bonding complementarity may explain the
relatively low CMC values of these apparently polar molecules.
As proposed by Carey, the ability of the polar surfaces to
self-associate may play an important role in transport efficacy
(2). However it cannot be the only important factor because 9
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is at least as good a transport agent as 6 even though its CMC
is severalfold higher.

Hemolytic Potential. The requirement that the glycosylated
transport agents be administered at concentrations above their
CMCs raises questions about the effect of the amphiphiles on
membranes (2, 5). Although it may be acceptable to cause
transient and rapidly reversible increases in membrane per-
meability by a variety of mechanisms, it is not acceptable to
solubilize membranes substantially. Many compounds that
enhance absorption seem to do so by extracting membrane
lipids into mixed micelles with the absorption promoters (4, 6,
21). These compounds irritate intact mucosa and raise con-
cerns about the long-term effects of repeat administration.
Therefore, we compared the membrane-damaging effects of 6
and 9 to those of various bile acid transport agents.

We used a well established assay involving the lysis of red
blood cells to evaluate the membranolytic potential of 6 and 9
(4). In this experiment red blood cells are incubated with
glycosylated transport agents or bile acid transport agents at
various concentrations. Solutions that disrupt cell membranes
substantially cause hemoglobin to be released from the cells
into the surrounding buffer. Intact cells can be separated from
the buffer, and the released hemoglobin can be detected by
monitoring the absorbance at 540 nm. The percentage of total
cellular hemoglobin released can be used as a measure of cell
damage at the given amphiphile concentration. As shown in
Fig. 4, 6 damages blood cells at concentrations comparable to
hydrophobic bile salts such as sodium deoxycholate 2, which is
an effective absorption promoter but is irritating to mem-
branes. Compound 6 also has a CMC very similar to the CMCs
of the hydrophobic bile salts. The behavior of 6 in the
hemolysis assay suggests that its ability to promote absorption
could be related to its ability to disrupt cell membranes
significantly. Compound 9, however, behaves very differently
from 6. It does not fully lyse red blood cells even at concen-
trations as high as 100 mM—more than twice the concentra-
tion at which sodium taurocholate 3 completely obliterates all
blood cells. Others have noted an inverse correlation between
membrane-damaging effects and the polarity of absorption
enhancers (5, 6). It is generally the case that increasing the
polarity of an enhancer decreases its damaging effects on cell
membranes, but with the unfortunate consequence of dramat-
ically reducing its efficacy. Compound 9 is far more polar than
6 or even sodium taurocholate, so the hemolysis results are not
surprising; however, it is surprising that 9 promotes absorption
as well or better than many compounds that have lower CMCs
and that substantially damage membranes. Clearly, transport
efficacy does not have to correlate with membranolytic effects.
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F1G. 4. Percentage of erythrocytes lysed as a function of amphi-
phile concentration in 0.15 M NaCl/0.06 M K;HPO4, pH 7.0. Asso-
ciated error =4%.
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CONCLUSION

More work is necessary to understand the complex relation-
ship between the physicochemical properties of the glycosy-
lated steroids and their efficacy as transport agents. For
example, it will also be important to establish whether trans-
port is transcellular or paracellular for both 6 and 9. Never-
theless, from the work reported above we have drawn an
important conclusion that has implications for the study and
design of absorption promoters. Neither the hydrophobicity of
the steroid nucleus nor the overall hydrophobicity of the molecule
is predictive of the transport efficacy of bile acid-based enhancers.
The example of 9 shows that it is possible to find compounds
that are hydrophilic and yet are highly effective in transporting
polar drugs across membranes barriers. Furthermore, al-
though the ability to self-associate may be an important
property of effective absorption promoters, the concentration
at which micelles form does not correlate directly with efficacy.
Therefore, it is possible to design absorption promoters that do
not disrupt cell membranes significantly or cause substantial
cell damage.

A comparison of 6 and 9 suggests one factor that may be
involved in the success of 9. Compounds 6 and 9 differ only in
the substituent and stereochemistry at the C3 position. The
amine at C3 clearly increases the hydrophilicity of 9 relative to
6 and is presumably responsible for the corresponding de-
crease in cell membrane damage. At the same time, the
presence of the amine improves the transport efficacy, al-
though it is not clear how. The positive charge sets 9 apart from
the taurine conjugates and other negatively charged bile salts,
and suggests that it is worth investigating whether positively
charged groups are useful features to include in the design of
other absorption promoters. Cationic lipids and other cationic
polymers have been shown to increase the uptake of plasmid
DNA and other negatively charged oligonucleotides in various
cell types (22-28). The efficacy of cationic polymers in DNA
delivery has been partly attributed to their attraction for
negatively charged cell membranes. Ionic pairing of oppositely
charged lipids with proteins and nucleic acids has also been
shown to promote transport through hydrophobic solvents and
biomimetic membranes (29, 30). However, the incorporation
of positive charges into small-molecule delivery agents has not
been investigated. The behavior and properties of compound
9 as an absorption promoter raise new possibilities for the
delivery of hydrophilic drugs across membrane barriers.

Further study of hydrophilic positively charged amphiphiles
may lead to a better understanding of the structural features
critical for effective transport and the development of addi-
tional compounds with superior activity. Nevertheless, our
findings on the behavior and properties of compound 9 may
revive expectations for absorption promoters as a way to
increase the bioavailability of polar drugs and to make possible
the use of nonparenteral delivery routes.
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