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SUMMARY

The effects of various lipid—bile salt mixed micelles on the intestinal absorption of
streptomycin were investigated using in situ closed-loop method in the rat. Lipids used
were fatty acids, glycerides, oleyl alcohol and methyl oleate. Mixed micelles composed of
monoolein or unsaturated fatty acids markedly enhanced the absorption of streptomycin
in the large intestine. On the other hand, saturated fatty acids caused a small enhance-
ment of the absorption. Triolein, diolein, oleyl alcohol and methyl oleate had no enhanc-
ing effect on the absorption.

To clarify the difference in the enhancing effects of monoolein, unsaturated fatty
acids and saturated fatty acids, the interaction of the drug with mixed micelles, the
absorbability of lipids and the alteration of the mucosal membrane permeability induced
by mixed micelles were investigated. The alteration of the mucosal membrane permeabil-
ity was examined by an exsorption experiment. The difference in the enhancing effects
was not attributed to the interaction or the absorbability of lipids, but a close correlation
was found between the enhancing effects and the alteration of the mucosal membrane
permeability. Monoolein or unsaturated fatty acids mixed micelles markedly increased
the mucosal membrane permeability, while bile salt or saturated fatty acid mixed micelles
caused small or no alteration of the permeability. The enhancement of the intestinal
absorption by mixed micelles was mostly due to the alteration of the mucosal membrane
permeability.

INTRODUCTION

In the previous paper (Muranishi et al., 1979), we studied the effect of monoolein— or
oleic acid—bile salt mixed micelles on the intestinal absorption of streptomycin and
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gentamicin, which are poorly absorbable drugs. It was found that the absorption of these
drugs was gieatly enhanced in the presence of monoolein or oleic acid mixed micelles,
while bile salt had a small effect on the absorption. The enhancing effect of mixed
micelles was clearly elicited in the large intestine and the effect was reversible. The
intestinal absorption of heparin, a macromolecular substance, was also promoted by the
addition of monoolein mixed micelles (Tokunaga et al., 1978).

In the present investigation, streptomycin was chosen as a poorly absorbable drug and
the mechanism for the enhancement of the intestinal absorption induced by mixed
micelles was investigated by studying the effects of various lipid mixed micelles on the
absorption or on the mucosal membrane permeability.

MATERIALS AND METHODS

Materials. Streptomycin was supplied from Takeda Chemical Industries. Monoolein of
high purity grade (Nikko Chemicals) was used. Sodium taurocholate was synthesized
according to the method of Norman (Norman, 1955). All other chemicals were of analyti-
cal grade and were obtained from Nakarai Chemicals.

Absorption experiment. Male Wistar albino rats weighing 200250 g were used in all
experiments. The preparation of test solution and the procedure of loop method were
the same as those reported in the previous paper (Muranishi et al., 1979). Mixed micellar
solution was prepared with pH 6.5 isotonic phosphate buffer solution (NaH,PO,—
Na,HPO,). The test solution was introduced into the intestinal loop in a vol. of 4 ml to
the small intestine and 2 ml to the large intestine per 200 g body weight. At the end of an
absorption study, the concentration of the drugs in plasma or in the withdrawn solution
from the intestinal loop was determined.

Interaction of streptomycin with mixed micelles. With equilibrium dialysis cells which
had two chambers and were separated by a Visking tube membrane, the interaction of
streptomycin with mixed micelles was studied. Equal volumes of mixed micellar solution
(40 mM) and the drug solution (2 mg/ml) were separately placed into the chambers and
the cells were shaken overnight at 37°C. Binding (%) was calculated using the difference
of the drug concentrations on both sides.

Exsorption experiment. To examine the effect of mixed micelles on the mucosal
membrane permeability, an exsorption study was performed using the large intestine. The
operation was the same as the absorption experiment. Since perfusion was carried out with
Perista mini-pump (Mitsumi Scientific). Sulfanilic acid, 34.8 mg in 1 ml of 50% N,N'-
dimethylacetamide solution, was administered to the rat via the femoral vein, and imme-
diately the intestinal loop was perfused with isotonic buffer solution at the rate of 2 ml/
min. The perfusate was collected every 4 ml with a fraction collector, and the absorption
rate was calculated from the amount of sulfanilic acid in the solution. To investigate the
effects of various mixed micellar solutions on the permeability of the mucosal membrane,
the perfusate was replaced by the other new solution at definite times.

Analytical methods. Streptomycin: streptomycin was determined by a modification of
the method of Faure (Faure and Blanquet, 1964). Sample solution (0.5 ml) was
alkalinized with 1 ml of 2 N NaOH in a brown tube and 5 ml of sodium S-naphtho-
quinone4-sulfonate solution (20 ug/ml) was added. After 1 h the fluorescence of the
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reaction product was measured on a Hitachi 512 spectrofluorometer using activation and
emission wavelengths of 355 and 430 nm, respectively. Streptomycin in plasma was deter-
mined by the paper disc method using Bacillus subtilis PCI 219 as the test organism.
Sulfanilic acid: sulfanilic acid was diazotized and coupled with 2-diethylamino-ethyl-1-
naphthylamine. The colored material was extracted with isoamyl alcohol by the addition
of sodium chloride and the organic phase was determined spectrophotometrically at 560
nm. Monoolein: monoolein was extracted with chloroform by the addition of sodium
chloride and determined by the method of van Handel (van Handel, 1961) with some
modification. The chloroform was removed and the monoolein was hydrolyzed. The
product glycerol was oxidized by sodium periodate to formaldehyde. The latter was
colored with chromotropic acid and determined at 570 nm after adding thiourea. Fatty
acid: fatty acids were extracted with chloroform by the addition of N HCl and deter-
mined by the method of Duncombe (Duncombe, 1963).

RESULTS

Effects of various lipid—bile salt mixed micelles on the intestinal absorption of strepto-
mycin

Mixed micellar solutions were prepared by dissolving lipid in sodium taurocholate
(NaTC) micellar solution containing the drug and by sonicating the mixture at 37°C for
3 min. Table 1 shows plasma concentrations of streptomycin at 1 h after administration
to the small intestine in various formulations. The previous paper indicated that the 1-h
plasma concentration was on the increasing portion of plasma level (Muranishi et al.,
1979). Plasma concentration was negligible with no adjuvant in the buffer solution and a
sma" increase of plasma concentration was seen in the case of the 40 mM bile salt micel-
la: solution. On the other hand, a significant increase in 1-h sample was elicited after
administration of the 40 mM mixed micellar solution which was composed of monoolein,

TABLE 1

PLASMA CONCENTRATION OF STREPTOMYCIN AT 1 h AFTER ADMINISTRATION OFF VARI-
OUS FORMULATIONS INTO THE SMALL INTESTINE

Composition 3 Cm:n® pg/ml £+ SEM. ¢

None <15 (5)4d
40 mM NaTC 3.820.2 5)
40 mM NaTC + 40 mM monoolein 116 + 0.6 )
40 mM NaTC + 40 mM oleic acid Ci8:1 119+1.6 ©)
40 mM NaTC + 40 mM lauric acid Ci2:0 116+ 0.8 (5)
40 mM NaTC + 40 mM palmitic acid Ci6:0 8.0+1.2 (5)
40 mM NaTC + 40 mM stearic acid Ci1s:0 40z:C.1 (L))

2 All formulations were prepared in pH 6.5 isotonic phosphate buffer solution. Administered dose ol
streptomycin was 8 mg/200 g rat.

b m = number of carbon; n = number of double bonds.

¢ Figures represent the mean & S.E.

d Figures in parentheses refer to the number of animals.
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oleic acid or lauric acid. The enhancement of the absorption was rather small when lipid
was replaced by palmitic acid or stearic acid.

In the previous paper, it was demonstrated that the enhancement of the absorption
occurred to an effective degree using even the 10 mM mixed micellar solution in the
large intestine. The subsequent absorption experiments in the large intestine were per-
formed using the 10 mM mixed micellar solution. Table 2 shows the 15-min plasma con-
centration of streptomycin after administration of various mixed micellar solutions into
the large intestine. The 15-min concentration was almost regarded as the peak of the
plasma level as described in the previous paper. Streptomycin in the 15-min sample was
not detected after administration of buffer solution or the 10 mM bile salt micellar solu-
tion, but a marked enhancement in plasma concentration was observed after administra-
tion of monoolein or the unsaturated fatty acid mixed micellar solution. Lauric acid and
myristic acid had a small effect on the absorption. There was no increase of plasma con-
centration after administration of the mixed micellar solution composed of oleyl alcohol,
methyl oleate, diulein, triolein, caprylic acid and palmitic acid.

Fig. 1 shows the time course of the disappearance of streptomycin and oleic acid from
the large intestinal loop after administration of the mixed micellar solution. The absorp-
tion rate of oleic acid was fast during the first 15 min and after that became slow. The dis-
appearance of streptomycin showed a similar pattern with oleic acid. Consequently, it is
considered that the absorption of lipid may trigger the absorption of streptomycin.

To clarify the difference of the enhancing effects of monoolein and fatty acids, the
absorbability of lipids, the interaction of streptomycin with mixed micelles and the
alteration of the mucosal membrane permeability were examined. Table 3 shows the dis-
appearance of streptomycin and lipids from the large intestine for 1 h after administra-
tion of various mixed micellar solutions. Although about 50% or more of all lipids were
absorbed, streptomycin was absorbed to a greater extent in the presence ot monoolein or
unsaturated fatty acid mixed micelles than saturated fatty acid mixed micelles. The
difference of the enhancing effects was not attributed to the absorbability of lipids.

Tokunaga et al. suggested that the interaction of heparin with mixed micelles might

TABLE 2

PLASMA CONCENTRATION OF STREPTOMYCIN AT 15 MIN AFTER ADMINISTRATION OF 10
mM MIXED MICELLAR SOLUTION TO THE LARGE INTESTINE

Administered dose of streptomycin was 4 mg/200 g rat.

Composition pg/ml ¢+ S.EM. Composition Cm:n ug/ml £ S EM.

None <1.5 “) Caprylic acid Cs.0 <1.5 (5)
10 mM NaTC <1.5 (5) Lauric acid Ci2:0 5.0 1.7 )
Monoolein 142+ 1.7 (5) Myristic acid Ci4:0 3408 “)
Diolein <1.5 (5) Palmitic acid Ci16:0 <1.5 (CY)
Triolein <1.5 5) Palmitoleic acid Cie6:1 7.7+0.7 3)
Oleyl alcohol <1.5 ) Oleic acid Cis:1 149 + 2.1 4)
Methyl oleate <1.5 5) Linoleic acid Cis:2 144+ 1.3 )

Linoleic acid Cis:3 13.2+ 1.0 “4)
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Fig. 1. Time course of the disappearance of streptomycin and oleic acid from the large intestine. Each
value is the mean ¢ S.E.M. for 4-5 animals. o, streptomycin after administration of buffer solution.
e, m_streptomycin and oleic acid, respectively, after administration of 10 mM mixed micellar solution.

play a critical role in the enhancement of its absorption (Tokunaga et al., 1978). In this
investigation, the interaction of streptomycin with mixed micelles was examined and the
results are shown in Table 4. There was no correlation found between the interaction and
the difference in the enhancing effects.

Effect of mixed micelles on the mucosal membrane permeability

To examine the alteration of the mucosal membrane permeability in the presence of
mixed micelles, an exsorption experiment was done using sulfanilic acid which is almost
impermeable to the intestinal membrane and the results are shown in Fig. 2. At the
beginning, buffer solution was perfused into the large intestinal lumen, and then the
perfusate was exchanged for 10 mM micellar or a mixed micellar solution after 20 or 40
min. At 60 min again the perfusate was changed to buffer solution. The exsorption of
sulfanilic acid was very small during perfusion with buffer solution and the exsorption

TABLE 3

DISAPPEARANCE OF STREPTOMYCIN AND LIPID FROM THE LARGE INTESTINE IFOR 1 h
AVFTER ADMINISTRATION OF 10 mM MIXED MICELLAR SOLUTION

Composition % Disappeared + S.EM.
Streptomycin Lipid

None 70+ 14 - “4)
10 mM NaTC 135 1.0 - “)
Monoolcin 29.1: 24 53629 4)
Lauric acid 171+ 2.0 80.7 £ 1.7 (5)
Myristic acid 16.6 + 3.0 52714 4)
Palmitic acid 1152 1.0 68.0t 4.1 (5)
Palmitoleic acid 289+23 53441 4)
Oleic acid 385+ 35 539:31 4)

Linoleic acid 344+33 522+31 4)




276

TABLE 4
INTERACTION OF STREPTOMYCIN WITH MIXED MICELLES

Composition % Binding
NaTC + lauric acid 61.6
NaTC + oleic acid 68.2
NaTC + linoleic acid 46.2
NaTC + monoolein 18.2

rate did not increase when the perfusate was changed to sodium taurocholate micellar
solution (Fig. 2A). On the contrary, the exsorption rate increased when the perfusate
was subsequently changed to monoolein—bile salt mixed micellar solution. Finally, when
mixed micellar solution was replaced by buffer solution, the exsorption rate was rapidly
reduced to the control level (Fig. 2A). In a similar manner, oleic acid and linoleic acid
mixed micelles increased the exsorption of sulfanilic acid. The enhancement of the
exsorption was less noticeable in the case of lauric or palmitic acid mixed micelles (Fig.
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Fig. 2. Effect of mixed micellar solution on the exsorption of sulfanilic acid in the large intestine, A:
NaTC = sodium taurocholate, MO = monoolein. B: LaA = lauric acid, OA = oleic acid. C: PA = pal
mitic acid, LiA = linoleic acid.
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2B and C). A close correlation was found between the enhancing effect of mixed micelles
on the intestinal drug absorption and the increase in the permeability of the mucosal
membrane.

DISCUSSION

The effect of bile salts on the intestinal absorption of drugs has been investigated
(Gibaldi, 1970; Kimura et al., 1972). Bile salts enhanced the absorption of poorly
absorbed drugs such as phenol red (Feldman et al., 1970), sulfaguanidine (Kakemi et al.,
1970) and urogastrone (Hori et al., 1977). In this investigation bile salt also caused an
enhanced absorption of streptomycin to a sinall degree. On the other hand, monoolein—
or unsaturated fatty acid—bile salt mixed micelles enhanced the absorption of strepto-
mycin more than bile salt alone. Inui et al. investigated the effect of long-chain fatty acids
on the absorption of water soluble drugs in sodium taurocholate solution (Inui et al.,
1976). They reported that a significant increase in the absorption of procaine amide, a
poorly absorbable drug, was observed in the presence of sodium taurocholate alone and a
similar effect in the presence of oleic acid with sodium taurocholate was also found in the
small intestine. The disagreement with our results in the enhancing effect of mixed
micelles may be due to the difference of the concentration of mixed micelles.

The effect of bile salts on the function of the small (Russel et al., 1973; Teem and
Phillips, 1972) and large intestine (Mekjian and Phillips, 1970, 1971) were studied and it
was demonstrated that trihydroxy-bile salts such as sodium taurocholate were much less
harmful to the intestinal tract in contrast to dihydroxy-bile salts. The following facts are
known about lipid—bile salt mixed micelles. The addition of oleic acid or monoolein
to a 10 mM solution of sodium taurodeoxycholate resulted in a protective effect on the
everted intestinal membrane from the gross histological effect of the bile salt. The
presence of taurocholate and fatty acid or monoolein within the intestinal lumen
markedly modified a number of the toxic effects of deoxycholate on jejunal function
(Lamabadusuriya et al., 1975). Taurocholic acid depressed amino acid absorption but the
additon of monoolein restored amino acid absorption to normal (Dimagno et al., 1977).
These findings suggest that mixed micelles may be a suitable and safe adjuvant to induce
the intestinal absorption of poorly absorbed drugs.

Unsaturated fatty acids enhanced the intestinal absorption of streptomycin more than
saturated fatty acids (Tables 1, 2 and 3). The lower the melting point of the fatty acid
was, the more the drug absorption was increased in the presence of mixed micelles.
Methy! oleate, oleyl alcohol, triolein and diolein which do not have a polar head did not
increase the absorption. Therefore, it is suggested that lipids which have a polar head and
a low melting carbon chain such as monoolein and oleic acid may enhance the intestinal
absorption of poorly absorbable drugs when administered in the form of a bile salt mixed
micellar solution.

It is interesting to note that lipids which enhanced the intestinal absorption of drugs
are fusogenic lipids (Ahkong et al., 1973). Lucy et al. suggested that the presence of a low
melting point fusogenic lipid might produce an increase in the permeability of the lipid
bilayer (Maggio and Lucy, 1976). Exsorption experiments showed that the mucosal mem-
branc permeability markedly increased in the presence of monoolein, oleic acid or linoleic
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acid mixed micelles within the intestinal lumen, and the results of the previous pretreat-
ment study showed that the alteration of the permeability was reversible. It was found
that lipids such as monoolein or unsaturated fatty acids markedly enhanced the permeabil-
ity of liposomal membranes, prepared from egg phosphatidylcholine, when incorporated
into the membrane (the latter report). Based on the above-mentioned studies, it is con-
sidered that the enhanced intestinal absorption of drugs by the addition of mixed micelles
is mostly due to the increase in the permeability of the mucosal membrane caused by the
incorporation of the lipid component of mixed micelles.
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