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demonstrated for other 5-nitroimidazole drugs (Cosar et a1 
1966). 

These results suggest that the lactam nucleus is an important 
molecular moeity for antiprotozoal activity in the 2-substituted 
5-nitroimidazoles. 
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Gastrointestinal absorption of quaternary ammonium compounds correlated 
to their binding to small intestinal brush border membrane in rat 
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Abstract-The relationship between absorption of quaternary 
ammonium compounds (QACs) from rat intestine and their in-vitro 
binding to isolated brush-border membrane has been examined, 
using a series of n-alkyltrimethylammoniums. The binding of these 
QACs gradually increased with each extension of unbranched 
hydrocarbon chain from octyltrimethylammonium to tetradecyltri- 
methylammonium. However, hexyltrimethylammonium and hep- 
tyltrimethylammonium failed to bind to the membrane. On the other 
hand, the disappearance of these QACs from rat jejunal loop also 
increased with the length of hydrocarbon chain over the range of 8.9 
to 71.3%. A good correlation was found between binding to the 
brush-border membrane and disappearance from jejunal loop. 
From these results, it was suggested that the size of the hydrophobic 
part of a QAC molecule was a principal determinant of both 
absorption and membrane binding, and that the absorption of 
QACs, with an appropriate sized hydrophobic part, was closely 
associated with the degree of binding to the membrane. 

To elucidate the intestinal absorption mechanisms of quaternary 
ammonium compounds (QACs), we have studied the transport 
characteristics of these drugs by the intestinal brush-border 
membrane vesicles, and found that the binding of QACs to the 
membrane is a first step in the specialized transport mechanism 
driven by physiological membrane potentials (Saitoh et a1 1987, 
1988a, b, 1989). We have also demonstrated that the structure of 
the hydrophobic part of various organic cations is a determinant 
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factor of the binding activities (Saitoh et a1 1990). It remains 
unclear, however, whether the differences in the binding among 
QACs would be reflected in their absorption behaviour. In the 
current study, we have developed a simple and sensitive assay for 
n-alkyltrimethylammoniums and examined in-vitro binding to 
the brush-border membrane, in-situ absorption, and the correla- 
tion between the two. 

Materials and methods 

We expressed each n-alkyltrimethylammonium as the number of 
carbons of the n-alkyl group; hexyltrimethylammonium (C6), 
heptyl- (C7), octyl- (C8), nonyl- (C9), decyl- (CIO), undecyl- 
(CI l), dodecyl- (C12), and tetradecyl- (‘214). C12 and C14 were 
purchased from Nakalai Tesque, Inc. (Kyoto, Japan) and Tokyo 
Kasei Kogyo, Co. Ltd (Tokyo, Japan), respectively. Other 
QACs were synthesized in our laboratory as reported previously 
(Saitoh et a1 1990). 

The procedure for isolating the brush-border membrane from 
rat small intestine and the binding study to the membrane were 
described previously (Iseki et a1 1989; Saitoh et a1 1990). The 
absorption experiment was carried out at  pH 6.5 using the in-situ 
loop technique of Levine & Pelikan (1961). A jejunal loop (10 
cm) was prepared in a male Wistar rat, 200-250 g, and the 
proximal ligature of the loop placed about 10 cm from the 
pylorus. After washing the loop gently with 10 mL of a modified 
Ringer solution (Schultz et al 1966), 50 PM QAC (1 mL) 
dissolved in the Ringer solution was injected into the loop. After 
30 min, the contents of the loop were withdrawn as completely as 
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possible, and the lumen was washed with the Ringer solution to 
give a volume of 5 mL. For the determination of tissue 
concentration of methylchlorpromazine, scraped mucosa was 
homogenized with 1 mL of 20 mM sodium dodecyl sulphate 
(SDS) and diluted to a volume of 5 mL with the same SDS 
solution. 

The assay method of n-alkyltrimethylammonium was newly 
developed as follows; 0.5 mL of 2 mM sodium 2-naphthalene- 
sulphonate as an ion-pair reagent and 3 mL of dichloromethane 
were added to a sample solution (0.5 mL). The mixture was then 
shaken for 15 min and centrifuged at  1000 g for 5 min. After 
evaporation of 2 mL of the organic layer, the residue was 
reconstituted with 0.2 mL of distilled H2O containing resorcinol 
as a standard. 2-Naphthalenesulphonate in the solution was 
determined by HPLC. The conditions for HPLC (apparatus and 
column) were the same as described previously (Saitoh et al 
1990). Other conditions were as follows: mobile phase, 0.025 M 
KH2P04 adjusted to pH 2.5 with phosphoric acid-methanol 
(55:45); flow rate, 0.5 mL min-I; column temperature, 50"C; 
detector wavelength, 274 nm; and detector sensitivity, 0.01 -0.04 
aufs. 

Polypropylene tubes were used in all steps to minimize the 
adsorption of QACs to test tubes. If necessary to correct the 
adsorption, a known amount (0.5 nmol) of corresponding QAC 
was added to a sample solution. Protein concentration of 
membrane suspension was determined according to Lowry et al 
(1951) with bovine serum albumin as a standard. Methylchlor- 
promazine was determined as reported previously (Saitoh et al 
1990). 

Results 

The present assay method of n-alkyltrimethylammoniums lack- 
ing UV absorbance, is based on an ion-pair extraction method 
with an appropriate counter-anion. The anion used here is 
required to satisfy the following conditions; i) not to transfer 
into organic layer by itself, ii) to form a lipophilic ion-pair with 
n-alkyltrimethylammonium quantitatively, and iii) to be highly 
UV-absorbing. Among various organic anions tested, 2-naph- 
thalenesulphonate was the most suitable and could be deter- 
mined by HPLC with the conditions presented in Materials and 
methods. The coefficients of variation at the initial concentra- 
tion of 10 p~ were 4.39% for C8 and 3.12% for C12. Minimum 
detectable amounts were 15 pmol (C8) and 8 pmol (C14) per 
injection. It was demonstrated that the assay method developed 
here was more sensitive and reproducible compared with the 
method described elsewhere (Denkert et al 1981; Larson & 
Pfeiffer 1983). 

Fig. 1 shows the binding behaviour of eight n-alkyltrimethyl- 
ammoniums to the brush border membrane. The binding 
gradually increased with each extension of the unbranched 
hydrocarbon chain from C8 to C14. On the other hand, C6 and 
C7 failed to bind under the present experimental conditions. The 
binding behaviour of these QACs did not correlate with their 
lipid solubility (data not shown). These findings directly indi- 
cated that the size of the hydrophobic part of molecule was an 
important factor in QAC binding to the brush border mem- 
brane. The curve shown in Fig. 1 was very similar to that of 
inhibitory effects of these QACs on methylchlorpromazine 
binding (Saitoh et al 1990), and there was a good correlation 
(r = 0.988) between binding behaviour and inhibitory effect, 
suggesting the presence of common binding sites on the 
membrane. 

The absorption of n-alkyltrimethylammoniums following 
injection into the jejunal loop is shown in Fig. 2. The percentage 
of disappearance after 30 min was gradually increased with the 
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FIG. 1. Binding of eight n-alkyltrimethylammoniums to rat small 
intestinal brush-border membrane. The concentration of n-alkyltri- 
methylammonium was 16 PM. Each point represents the mean k 
s.e.m. of 5-7 measurements with three membrane preparations, 
some s.e.m. lie within the symbol area. 
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FIG. 2 .  Absorption of six n-alkyltrirnethylammoniums from rat 
intestinal loops. Thedose was 1 mL of 5 O p ~  n-alkyltrimethylammo- 
nium in modified Ringer solution (pH 6.5) per 10 cm loop. Each 
point represents the mean s.d. of 3-4 experiments. 
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FIG. 3. The relationship between binding of n-alkyltrimethylammo- 
niums to rat small intestinal brush-border membrane and their 
disappearance from rat intestinal loops. The line was determined by 
linear regression analysis (r=0.991). 
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length of the hydrocarbon chain over a wide range of 8.9 to 
71.3%. The relationship between binding to the brush border 
membrane and the disappearance are shown in Fig. 3. A good 
correlation was found between the two (r = 0.991), demonstrat- 
ing that the absorption of n-alkyltrimethylammonium, which 
lacks bindingactivity, was extremely low. Moreover, the binding 
and absorption data of methylchlorpromazine, a QAC having a 
large tricyclic structure, were well fitted to the regression line 
shown in Fig. 3. The amount of methylchlorpromazine accumu- 
lated in mucosa was found to be 20% of the initial dose. The net 
absorption calculated from the difference between disappear- 
ance and mucosa accumulation amounted to ca. 30% of initial 
dose. It was, therefore, obvious that the disappearance shown in 
Fig. 3 did not imply the binding to the brush-border membrane 
alone, although mucosa concentration of n-alkyltrimethylam- 
moniums could not be determined due to the interference of 
endogeneous substances. 

Discussion 

In the present study, it  has been shown that the absorption of 
QACs is closely associated with the degree of binding to the 
brush border membrane and that the size of the hydrophobic 
part of a QAC molecule is a principal determinant of both 
absorption and membrane binding. We have reported pre- 
viously that physiological membrane potentials across the brush 
border membrane (inside-negative) is a driving-force to move a 
QAC, which is bound to the membrane, into the epithelium 
(Saitoh et al 1988a). It is possible that the movement of a QAC 
into epithelium is more sensitive to the membrane potentials 
when there is a large concentration gradient between the 
membrane and cell interior as a result of higher membrane 
binding. Therefore. it seems reasonable that QAC absorption 
should be correlated to the degree of membrane binding. 

I t  should be noted that both binding and absorption exhibited 
slight saturability with extension of hydrocarbon chain length 
(Figs I ,  2). Although the reason is not clear, the introduction of 
an excessively large hydrophobic part into the QAC molecule 
seems not always to  be effective in enhancing QAC absorption. 
As shown in Fig. 3, the hydrophobic part of methylchlorproma- 
zine containing a phenothiazine ring was equivalent to that of 
CIO. Since orally-active QACs have various structures of the 
hydrophobic part, it may be useful to compare their binding as a 
convenient estimate of their absorption. 

It may be assumed that QACs without a hydrophobic part 
would be absorbed from the intestine with difficulty. However, 
some investigators have pointed out that small-molecular QACs 
such as choline and tetramethylammonium (TMA) are well 
absorbed, and that carrier-mediated transport systems partici- 
pate in their membrane transport (Sanford & Smyth 1971; 
Kuczler et a1 1977; Kessler et al 1978; Hegazy & Schwenk 1984; 
Tsubaki & Komai 1986). Recently, we have found that the 
transport mechanism of paraquat, a harmful bis-QAC, is 
different from that of a large QAC, with a hydrophobic part; 

initial uptake of paraquat by the brush border membrane 
vesicles is significantly inhibited by choline and TMA (unpub- 
lished data). It is, therefore, probable that small and large QACs 
are absorbed by different transport mechanisms. 
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