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To clarify the mechanism of the drug absorption enhancement by medium-chain glycerides (MCG),
the changes in membrane permeability provoked by MCG were investigated with liposomal uptake
experiments. Uptake of phenol red (PR) into liposomes increased with an increase in MCG content in
the liposomal membrane, suggesting that PR absorption was enhanced in the ‘‘transcellular route.”
However, the apparent membranous microviscosity obtained in fluorescence depolarization studies
tended to increase with the addition of MCG in both the hydrophobic core and the polar head regions
of the liposomal membrane. Thus, an enhancement in membrane permeability caused by MCG was
not accompanied by a decrease in the apparent membranous microviscosity.

KEY WORDS: enhancement of membrane permeability; uptake into liposomes; membranous micro-
viscosity; medium-chain glyceride; cholesterol; phenol red.

INTRODUCTION

As reported in previous papers, medium-chain glyc-
erides (MCG) have the potential to improve the bioavail-
ability of anionic compounds by affecting the processes of
both absorption and biliary excretion (1,2). The enhancing
mechanisms of intestinal absorption remained to be eluci-
dated, but the following observations were reported pre-
viously: (i) MCG could promote the transport of phenol red
(PR) in the water phase from mucosa to serosa in in vitro
intestinal everted sac experiments (2); (ii) enhancement of
PR absorption required the coexistence of MCG (2); and (iii)
the activation energies for the release of PR from liposomes
were not altered by the addition of MCG or MCG compo-
nents (3).

In the present study, the effects of MCG on membrane
permeability were investigated with liposomal uptake
studies. The changes in the apparent membranous microvis-
cosity were monitored for the interior hydrocarbon phase
and polar surface of lipid membranes by fluorescent depo-
larizing studies. The relationship between membrane perme-
ability and microviscosity is discussed herein.

MATERIALS AND METHODS

Materials. PR, 1,6-diphenyl-1,3,5-hexatriene (DPH),
and 8-anilino-1-naphthalenesulfonic acid (ANS) magnesium
salt were purchased from Nakarai Chemicals (Japan). Po-
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lyoxyethylene derivatives of hydrogenated castor oil
(HCO-100) and MGK as medium-chain glycerides, a mixture
of mono (MG)-, di (DG)-, and tricapryl glyceride (TG) and
caprylic acid (CA), were obtained from Nikko Chemicals
(Japan). Components of MCG were fractionated with a silica
gel column (Wako gel, Wako Pure Chemicals, Japan) as re-
ported previously. Phosphatidylcholine was prepared from
egg yolks and purified chromatographically on alumina and
silica columns. All other reagents of analytical grade were
obtained from Nakarai Chemicals and Wako Pure Chemicals
(Japan).

Preparation of Liposomes. For the uptake experi-
ments, liposomes were prepared from a mixture of egg
phosphatidylcholine (egg PC), cholesterol (Ch), and MCG or
MCG components dissolved in chloroform, according to the
method of Bangham et al. (4). The thin dry lipid film con-
taining 80 pmol of egg PC was resuspended with 6 ml of pH
6.5 buffered saline, using a Vortex mixer for 10 min. Under
nitrogen, the suspension was sonicated (Ohtake Sonicator-
150, Japan) for 2.5 min on ice. The obtained liposomes with
or without MCG were observed to have a multilamellar
structure, with the diameter ranging from 100 to 500 nm as
evidenced by electron microscopy. Dialysis experiments
using the cellulose tubing showed that 70 to 90% of the MCG
added to liposomes existed in the membranes. For fluores-
cence measurement, the lipid film was resuspended with
0.05 M phosphate buffer (pH 6.5) containing 0.1 M KCl and
the final concentration of egg PC was adjusted to 1 mM.

Determination of PR Uptake in Liposomes. The lipo-
somal suspension (5 ml) was mixed with 10 ml of a drug
solution in a flask and then the mixture was incubated by
shaking at 25°C. Two milliliters of the mixture was taken at a
suitable time period and immediately applied to a Sephadex
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Fig. 1. Effect of MCG on the liposomal uptake of PR. Compositions
and symbols for liposomes are as follows: control liposome, egg
PC:Ch = 4:1 (O); MCG-containing liposomes, egg PC:Ch:MCG =
4:1:0.5 (A), 4:1:1 (), and 4:1:2 (V). Uptake is represented as nano-
moles of PR per pmole of lipids. Mean values of more than three
experiments are represented and SD values are smaller than the size
of each symbol. Statistically significant differences between experi-
mental studies and the control are indicated as follows: (1) P <
0.001; (2) P < 0.01; (3) P < 0.02.

G-50 column (9). Liposomal fractions were completely col-
lected and PR in these fractions was determined spectropho-
tometrically at 560 nm after alkalinization with 1 N NaOH.
The uptake rate constant was obtained from the slope of the
semilogarithmic plot of the remaining percentage of PR
against time.
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Fluorescence Labeling of Liposomes. For DPH, a
DPH solution (I mM) in tetrahydrofuran was diluted about
1000-fold with a vigorously stirred liposome solution (5,6).
For ANS, ANS dissolved in 0.05 M phosphate buffer was
added to the lipid film to obtain a final concentration of 10
pM ANS in the liposomal suspension (7).

Fluorescence Measurements. Fluorescence polariza-
tion and microviscosity were obtained by simultaneous mea-
surement of I, and I, parallel and perpendicular to the di-
rection of polarization of the excitation beam, with a Shi-
mazu PR450 spectrofluorophotometer equipped with a
Shimazu P/N 204-03290 fluorescence polarizer. The degrees
of fluorescence polarization (P) and apparent microviscosity
(m) were calculated by the following equations (8):

h-1I,

pP=
L +1,

2P
042 -P
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In the measurement of fluorescence, excitation and emission
wavelengths were 390 and 430 nm for the measurement of
DPH and 380 and 470 nm for ANS, respectively. The DPH-
labeled liposomal suspension was exposed to the excitation
light for less than 10 sec to avoid the irreversible photoiso-
merization of DPH (6). In all fluorescence measurements,
temperature was controlled with a Yamato thermoelite
BH-51 (Japan).

Statistical Analyses. Statistical analyses were per-
formed using Student’s ¢ test.
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Fig. 2. Relationship between the PR uptake rate constant logarithmic scale and the
apparent microviscosity of the liposomal membrane. Uptake rate constants are
calculated from the results in Fig. 1. Each datum is represented as the mean = SD
of more than three studies. The straight line was acquired from liposomes con-
sisting of egg PC and Ch by a least-squares method. Compositions and symbols for
liposomes are as follows: egg PC:Ch (O) = 4:0(a), 4:0.5 (b), 4:1 (c), and 4:2 (d); egg
PC:Ch:MCG (@) = 4:1:0.5 (¢), 4:1:1 (f), and 4:1:2 (g); egg PC:Ch:MG (A) = 4:1:1;
egg PC:Ch:DG (A) = 4:1:1; egg PC:Ch:TG ({0) = 4:1:1; and egg PC:Ch:CA (W) =

4:1:1.
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Table I. Effect of MCG on the Apparent Microviscosity of the Core Region of the Liposomal Membrane®

Apparent microviscosity () (P)

MCG/egg PC ratio 4°C 15°C 25°C 37°C
Control 1.4171 + 0.0484 1.0139 + 0.0217 0.7521 = 0.0460 0.4752 = 0.0291
0.025 1.5344 + 0.0799 1.0398 = 0.0324 0.7774 + 0.0086 0.5274 + 0.0070
0.125 1.3787 + 0.0413 1.0131 + 0.0211 0.7890 * 0.0154 0.4956 + 0.0089
0.250 1.7893 + 0.0141* 1.2314 + 0.0349* 0.8418 + 0.0411 0.6063 = 0.0014**
0.500 1.6214 + 0.0283** 1.0606 = 0.0290 0.7989 + 0.0063 0.4775 = 0.0091

2 DPH was employed as a fluorescence probe. The composition of the control liposome was egg PC:Ch, 4:1.
MCG/egg PC ratio is the molar ratio of adding MCG to egg PC. Data are the means + SD of more than three
experiments.

* Statistically significant difference between experimental studies and the control, P < 0.001.

** Statistically significant difference between experimental studies and the control, P < 0.01.

Liposomal preparations containing a MCG/egg PC
RESULTS AND DISCUSSION molar ratio of 0.025 or 0.125 did not show a statistically sig-

In the liposomal preparations containing 10 to 40 pmol  nificant change in microviscosity. Although the preparation

of MCG, the uptake of PR was investigated for 90 min (Fig. with a MCG/egg PC ratio of 0.25 was slightly altered in
1). The amount of PR taken up into liposomes per micro- membrane fluidity from the control at 4, 15, and 37°C, no
mole of lipids increased with the addition of MCG. Lipo- statistically significant alteration in microviscosity was
somes with 40 pmol of MCG showed the highest uptake, shown for any preparation at 25°C.
about 8.35 pmol/pumol of lipids for 90 min, which was about Table II summarizes the apparent microviscosity of li-
four times greater than that of the control preparation. posomal formulations determined using ANS as a polar head
These results corresponded with previous findings that PR region fluorescence probe. At 25°C, preparations with MCG
was released more rapidly with the addition of MCG (3). PR ratios of 0.125 and 0.250 showed a significant increase in
uptake rate constants in the initial phase for liposomes with  microviscosity.
10, 20, and 40 wmol of MCG were 4.40 = 1.17 (P < 0.1), As for MCG components, TG caused a significant de-
6.53 + 0.28 (P < 0.01), and 16.37 = 0.10 min~' (P < 0.01), crease in 1 in both the hydrocarbon core and the polar head
respectively (Fig. 2). These constants are two to eight times  regions (q = 0.6178 = 0.0191 and 0.6918 =+ 0.0095, respec-
larger than that of the control (2.39 + 0.67 min~!). tively) at 25°C (Fig. 2).

PR incorporation into liposomes containing each of the To elucidate the relation of membranous permeability
MCG components (egg PC:Ch:MCG components, 4:1:1) and microviscosity, natural logarithms of uptake rate con-
was also investigated (Fig. 2). DG and TG promoted PR up-  stants calculated from liposomal uptake studies were plotted
take into liposomes. The uptake rate constants for DG and  against m at 25°C for liposomes with different lipid composi-
TG were 16.85 = 0.39 (P < 0.001) and 4.20 = 0.36 (P < tions (Fig. 2). In liposomal preparations with various con-
0.01) min~?, respectively. These results coincided with the tents of Ch, the same experiments were carried out as with
report that phosphatidylcholine (PC) with a shorter fatty MCG, and the results are also summarized in Fig. 2. The
acid chain could increase the liposomal membrane perme- linear least-squares regression for these data gives a straight
ability (10). line with a regression coefficient of —0.9974. It is well

Membrane fluidity of the liposomal membrane with or  known that Ch decreases the fluidity of the membrane above
without MCG was investigated. The values summarized in  the transition temperature but increases the fluidity below it
Table I were obtained by utilizing DPH as a fluorescence (11,12). The increase in membrane fluidity was reported to
probe. In all preparations, M increased with a decrease in accompany the increase in membrane permeability to K*
temperature, which meant that the membrane fluidity dimin- and Na* (13) and to glycerol and erythritol (14). In accor-
ished at lower temperatures. dance with these findings, a good correlation was obtained

Table II. Effect of MCG on the Apparent Microviscosity of the Polar Head Region of the Liposomal Membrane#

Apparent microviscosity (1) (P)

MCG/egg PC ratio

Temp. Control 0.025 0.125 0.250 0.500
25°C 0.7216 = 0.0058 0.7327 * 0.0087 0.7609 + 0.0131* 0.8022 * 0.0074** 0.7456 + 0.0130
37°C 0.4994 + 0.0116 0.5056 = 0.0085 0.5129 = 0.0006 0.5759 = 0.0138*** 0.5120 = 0.0114

2 ANS was employed as a fluorescence probe. The composition of the control liposome was egg PC:Ch, 4:1. MCG/egg PC ratio is the molar
ratio of adding MCG to egg PC. Data are the means *+ SD of more than three experiments.
* Statistically signficiant difference between experimental studies and the control, P < 0.02.
** Statistically significant difference between experimental studies and the control, P < 0.001.
*+* Statistically significant difference between experimental studies and the control, P < 0.01.
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between the effects of Ch on membrane permeability and
microviscosity in the present study.

The apparent microviscosity, n, was less affected by
MCG addition (Table I and II), although the membrane per-
meability was manifestly enhanced (Fig. 1). At 25°C, MCG
increased the microviscosity not in the region of the acyl
chain but in the polar head region. The increase in 7 in the
polar head region by MCG was very similar to the results of
Muranushi et al. (15). It was shown that the enhancement of
drug absorption by the mixed micelle preparation, i.e., oleic
acid or monoolein plus bile acids, should be ascribed to the
increasing flexibility of the acyl chain of egg PC by oleic acid
or monoolein and to their interaction with the polar head of
egg PC. However, monoolein did not alter the order param-
eters of liposomal and brush border membranes, and they
suggested that the “‘interaction’” of monoolein with the polar
head group of lipid would destabilize the membrane configu-
ration. Both MCG and monoolein did certainly interact with
the polar head region of lipids. It is known that the phase
transition temperature and cooperativity of the transition
can be influenced by the nature of the head group (16,17).
Thus, the changes in the polar head region can modulate the
state of the inner hydrocarbon core of a membrane.

Levine et al. (18) suggested that the glycerol group is
likely to provide the main permeability barrier of the bilayer.
Information on the changes in mobility of the glycerol
moiety should also be necessary to evaluate the effect of
MCQG. In any case, the mobility of the membrane was less
influenced by MCG than Ch, suggesting differences in the
mechanism regulating membrane permeability between
these two compounds.

Recently the contribution of proteins to the enhance-
ment of drug absorption has been disputed (19,20). It was
shown that the effect of a protein fraction on the membrane
fluidity was comparatively large (21) and that the fluidity
also influenced the configuration of the proteins in the mem-
brane (22). Probably MCG can influence the membrane pro-
teins when administered in the form of an emulsion in in situ
absorption studies.

Although the contribution of the changes in protein
fractions to promoting the action of MCG must be investi-
gated hereafter, it was clarified that MCG influenced the
lipid fraction of the membrane and enhanced the membrane
permeability to PR.
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