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Abstract—Mucosal loperamide inhibited the absorption of glycine
by everted sacs of rat small intestine over 10-, 30- or 60-min
incubation periods, but loperamide oxide was without effect. In
stripped intestinal sheets, loperamide inhibited the rise in short-
circuit current associated with Na*-linked glucose absorption, but
this effect was not observed with loperamide oxide. It is concluded
that although there is evidence that loperamide oxide is converted to
Jloperamide in the intestinal lumen, the rate at which free loperamide
appears is not sufficient to inhibit absorptive processes.

Loperamide is a popular anti-diarrhoeal agent, providing long-
lasting and effective protection against diarrhoea (Stockbroeckx
et al 1973). This is due, at least in part, to its ability to inhibit
intestinal secretion (Hardcastle et al 1981). In addition, however,
loperamide also reduces the Na*-linked absorption of nutrients
by the intestine (Hardcastle et al 1986). Since net fluid movement
results from the balance between absorptive and secretory solute
fluxes, this action will reduce its effectiveness as an anti-
diarrhoeal agent. The pro-drug of loperamide, loperamide
oxide, has recently been developed and since this is converted to
loperamide by the luminal contents of the intestine (Lavrijsen et
al 1984; Hardcastle et al 1990) it was the aim of this study to
determine whether the oxide exhibited the same anti-absorptive
actions as the parent compound.

Materials and methods

Male Wistar rats, 230-250 g, from the Sheffield Field Laborator-
ies, were allowed free access to food and water, and were
anaesthetized with sodium pentobarbitone (Sagatal, 60 mg

kg=! i.p.).

Measurement of fluid, glycine and Na* absorption. Small intesti-
nal fluid, Na* and nutrient absorption was measured using the
everted sac preparation (Wilson & Wiseman 1954). Two 10-cm
sacs were made from the mid-intestine. Each was filled with 0-5
mL serosal fluid and incubated for varying times at 37°C in 25
mL mucosal fluid. Mucosal and serosal solutions were Krebs
bicarbonate saline (Krebs & Henseleit 1932) equilibrated with
95% 0,-5% CO; and containing additions as described.

Fluid transport was measured gravimetrically and the volume
of fluid taken up by the sac, mucosal fluid transport, was
expressed as mL (g initial wet wt)~! time~ L.

Glycine absorption was determined using ['*Clglycine (10 nCi
mL ") added to the mucosal fluid which contained unlabelled
glycine at a concentration of 7-5 mM. At the end of the
Incubation, the serosal fluid was collected and the empty sac was
deproteinized with 0-33 M H,S0O, and 10% sodium tungstate and
homogenized. Samples were added to scintillation fluid (Opti-
phase Safe) and counted in a liquid scintillation counter (LK B,
1215 Rackbeta). Glycine absorption was expressed as the
amount taken up by the sac in umol (g initial wet wt)~ ! time !,
and as the T/M ratio; the glycine concentration in tissue water
Compared with that in the mucosal solution at the end of the
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incubation. Tissue concentration was calculated from the
amount of glycine in the homogenate and the volume of tissue
water (80% initial wet weight plus the volume of fluid taken up
during the incubation). The T/M ratio provides an index of
active nutrient uptake.

Na* transport was determined from the difference in the Na*
content of the sac (gut+serosal fluid) at the beginning and the
end of the incubation. Following incubation, each sac was
deproteinized with 5% trichloroacetic acid and the Na* concen-
trations of the homogenate and the serosal fluid samples were
analysed by a Corning flame photometer (model 430), allowing
the final Na* content of the sac to be determined. The initial
Na* content of the gut wall was measured in separate experi-
ments and that of the initial serosal solution calculated from the
initial serosal volume and the Na* concentration of the Krebs
bicarbonate saline. Uptake was expressed as umol (g initial wet
wt)~! time~".

Measurement of transintestinal electrical activity. Transintestinal
electrical activity was measured in sheets of mid-intestine from
which the muscle layers had been removed. These were mounted
in Ussing chambers (exposed tissue area=1-925 cm?) and
incubated at 37°C in Krebs bicarbonate saline gassed with 95%
0,-5% CO, as described previously (Hardcastle et al 1981;
Hardcastle & Hardcastle 1986, 1987). The serosal fluid con-
tained 10 mMm glucose and the mucosal solution 10 mM mannitol
and each had a volume of 5 mL. The potential difference (PD)
was measured using salt bridge electrodes connected via calomel
half-cells to a differential input electrometer. Current was
applied across the tissue by Ag/AgCl electrodes which made
contact with mucosal and serosal solutions via wide-bore salt
bridges and the short-circuit current (SCC) was determined as
described by Field et al (1971). Three tissues were taken from
each animal. One acted as the control, one received loperamide
and one loperamide oxide. Tissues were left to stabilize for 10
min following mounting and readings were then taken at 1 min
intervals. After 5-min basal readings, loperamide, loperamide
oxide (10~* M in both cases) or ethanol (1-4% v/v) was added to
the mucosal solution and after a further 10 min, glucose (10 mm)
was added.

Expression of results. Results were expressed as mean values
+s.e.m. for the number of observations indicated. The signifi-
cance of drug action was assessed using Student’s ¢-test, paired
or unpaired as appropriate.

Chemicals. Glucose and glycine were obtained from BDH
Chemicals, Poole, UK; [U-"*C]glycine from Amersham Inter-
national, Amersham, UK. Loperamide and loperamide oxide
were generously provided by Janssen Pharmaceutica, Beerse,
Belgium.

Results

Effects on basal fluid and Na* absorption by everted sacs. In the
absence of nutrient the intestine exhibited a net absorption of
fluid and Na™* (Table 1). Neither loperamide nor the oxide (both
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Table 1. Effects of loperamide and loperamide oxide on mucosal fluid transport and Na* uptake by everted sacs of rat mid-
intestine. Loperamide or loperamide oxide was present in the mucosal fluid at a concentration of 10~ M, with control sacs
receiving an equivalent volume of the ethanot vehicle (0-2% v/v). The incubation period was 30 or 60 min as indicated.

30 min

60 min

Mucosal fluid transport
(mLg™")
0-46+0-03 (11)
0-44+0-01 (12)
0-47 £0-02 (12)

Ethanol
Loperamide
Loperamide oxide

Nat uptake
(umol g™ ')
63:9+3-5(11)
57-142+4 (12)
61-:6+2-5(12)

Na* uptake
(pumol g™")
1057428 (7)
91-31+4-8 (8)*
108-4+3-8 (8)

Mucosal fluid transport
(mLg™)
0-69+0-02 (7)
0-5540-03 (8)**
0-68+0-03 (8)

Each value represents the mean +s.e.m. of the number of observations in parentheses and an unpaired r-test was used to
assess the significance of loperamide or loperamide oxide action. *P < 0-05, **P < 0-01.

at 10~* M) affected fluid and Na* uptake over 30 min incubation,
but after 60 min loperamide caused a significant inhibition
although loperamide oxide was still without effect (Table 1).

Effects on fluid and glycine absorption by everted sacs. Lopera-
mide (10~*M) reduced the amount of glycine taken up by the sacs
during 10, 30 and 60 min incubation (Table 2). During the two
longer periods this was associated with a significant inhibition of
the T/M ratio and net fluid uptake (Table 2). In contrast,
loperamide oxide at the same concentration failed to influence
either glycine or fluid uptake (Table 2). Increasing the concentra-
tion to 2x 10~* M did not increase the inhibitory actions of
loperamide nor did it reveal any effect of loperamide oxide
(Table 2).

Effects on basal and glucose-stimulated transintestinal electrical
activity. The addition of 10* M loperamide to the mucosal
solution caused a small but significant (P < 0-05) reduction in the
basal SCC of 4+ 1 (6) uA cm 2 (Fig. 1). The equivalent volume
of the ethanol vehicle (1-4%, v/v) had no effect (change in
SCC=—1%1(6) pA cm~2, P>0-05). Loperamide oxide (10~*
M) had no effect on basal SCC (change in SCC=0+1 (6) pA
cm™2, P> 0-05). The addition of 10 mM glucose to the mucosal
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FiG. 1. Effects of loperamide and loperamide oxide (both at 10~* m)
on the short-circuit current generated by stripped sheets of rat mid-
intestine under basal conditions and in the presence of glucose (10
mM). Loperamide (®) or loperamide oxide (O) was added to the
mucosal solution 15 min after the sheets were mounted, while
control sheets (a) received an equivalent volume of the ethanol
vehicle (1-4%, v/v). After a further 10 min glucose was added to the
mucosal solution. Each point represents the mean+s.e.m. of six
observations. The absence of an error bar indicates that the s.e. is less
than the size of the symbol.

Table 2. Effects of loperamide and loperamide oxide on mucosal fluid transport and glycine transport by everted
sacs of rat mid-intestine. Loperamide or loperamide oxide was present in the mucosal fluid at the concentration
indicated, with control sacs receiving an equivalent volume of the ethanol vehicle (0-2%, v/v). The incubation

period was 10, 30 or 69 min as indicated.

Mucosal fluid transport

(mL g™")
10-min incubation
Ethanol (6) 0-231+0-01
10~* M Loperamide (6) 0-22+0-02
10~* M Loperamide oxide (6) 0-20+0-02
30-min incubation
Ethanol (10) 0-58 +0-03
10~* M Loperamide (10) 0-43 +£0-02*
10~* M Loperamide oxide (10) 0:51+0-03
Ethanol (8) 0-56+0-04
2% 10~* M Loperamide (8) 0-45+0-05
2 x 10~* M Loperamide oxide (8) 0-61+0-04
60-min incubation
Ethanol (8) 0-82+0-07
10~* M Loperamide (8) 0-64+0-02*
10~* M Loperamide oxide (8) 0-76 +0:05

Total amount transferred

(umol g~ 1) T/M ratio
8:90 +0-59 1-06 £0-06
7-40+0-32* 0-92+0-06
7-82+0-76 0-93+0:08
26-:53+1-51 2:29+40-12
16-35+1-13* 1-504+0-07*
25-35+1-50 2:284+0:13
28-16 +1-79 2-51+0-14
16-02 + 1-89* 1-41 +0-14*
28221 1-84 2:49+0-14
40-14+4-29 3-25+0-29
2279 £ 1-67** 1:7540-14***
39-87+1-69 347+0-10

Each value represents the mean +s.e.m. of the number of observations in parentheses and an unpaired
i-test was used to assess the significance of loperamide or loperamide oxide action. *P <0-05, **P < 0-01,

**xP<0-001.
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solution increased the SCC by 246 + 32 (6) uA cm~?2 in control
tissues. This response was unaffected by the presence of
Joperamide oxide (change in SCC=225429 (6) uA cm™?,
P> 0-05), but it was significantly reduced by loperamide (change
in SCC=152+7 (6) upA cm~?, P<0-05).

Discussion

It has previously been demonstrated that as well as inhibiting the
secretory response of the small intestine (Hardcastle et al 1981),
foperamide also reduces its ability to absorb fluid, nutrients and
Na* (Hardcastle et al 1986). There are several mechanisms for
the active transport of Na*' across the intestine: electrogenic
Na+ absorption where its movement is not coupled to that of
any other solute, Na* absorption coupled to the absorption of
autrients and the neutral cotransport of NaCl (Fondacaro
1986). The inhibition of nutrient-linked Na* absorption by
loperamide is more marked than that of nutrient-independent
Na* movement. This could account for the greater effect of
loperamide on glycine transport than on net fluid transport, as
the latter has a component not linked to nutrient uptake. This
anti-absorptive action will reduce its effectiveness in combating
the fluid loss resulting from excessive intestinal secretion. A
prodrug of loperamide, loperamide oxide, has been developed to
overcome the occasional reports of loperamide overdosage
(Friedli & Haenggeli 1980; Minton & Smith 1987). Like other V-
oxides (Bickel 1969) loperamide oxide itself is inactive, but on
contact with the luminal contents it is converted to the parent
compound which produces its normal therapeutic actions
(Lavrijsen et al 1984; Hardcastle et al 1990). It might therefore be
expected that the oxide would exhibit the same effects as
loperamide and in its ability to inhibit prostaglandin-induced
intestinal secretion this is certainly the case (Hardcastle et al
1990). However, as this study shows, loperamide oxide does not
share the anti-absorptive actions of loperamide (Tables 1, 2; Fig.
1). It is not clear why this is so. The finding that 2x 1074 M
loperamide produces the same inhibition of fluid and glycine
transport as 10~* M indicates that a maximal effect is attained.
Extending the incubation period to 60 min did not reveal any
inhibitory actions of the oxide and previous studies have shown
that 10-min incubation of loperamide oxide with the contents of
the intestinal lumen is adequate to activate loperamide oxide so
that it exerts an antisecretory effect (Hardcastle et al 1990).
Both compounds, administered orally, lead to the appearance
of loperamide in the portal vein (Monbaliu et al 1984) so it is
evident that loperamide can cross the intestinal mucosa. This is
confirmed by the recent observation that loperamide in the
lumen of one intestinal loop can influence fluid movement in an
adjacent, yet separate, loop where the only means of access is via
the circulation (Hardcastle et al 1993). It is therefore possible
that in the present experiments, loperamide that is produced
from the oxide is taken up by the intestinal mucosa so that its
concentration in the mucosal fluid never reaches the minimal
!eve] necessary to inhibit absorptive processes. In addition, in the
In-vitro preparations employed, the area of intestine in contact
with the oxide-containing medium may not provide sufficient
Converting factor to produce an effective concentration of

loperamide. Whatever the reasons, the oxide possesses a poten-
tial therapeutic advantage over loperamide in that it is as
effective in terms of its ability to inhibit secretion, but it lacks
loperamide’s anti-absorptive actions. This will result in a more
pronounced reduction in net fluid secretion and hence greater
anti-diarrhoeal efficacy.

We gratefully acknowledge financial support from Janssen
Pharmaceutica, Beerse, Belgium.
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