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Abstract

Drug interactions with diosmectite, a gastric-protective drug, were studied in vitro using an artificial stomach–duo-
denum model. The behavior of neutral and ionisable drugs with pKa values ranging between 2 and 8 was monitored
to determine the physicochemical characteristics of the interactions. The main neutral (digoxin) and acid (valproic
acid) drug substances were moderately fixed by clay (B27%), in a pH-independent manner. Basic compounds with
a pKaB7 (dapsone, metronidazole, cimetidine) were strongly fixed in acid medium (\62%), and fully released under
neutral conditions. Amphoteric (fluoroquinolones) and basic compounds with a pKa]7 (ranitidine, pyrimethamine)
were adsorbed by more than 81% by diosmectite in gastric and duodenal compartments. In the part of the model
representing the distal duodenum, the potential site for drug absorption, only the active substances which remained
positively charged (amphoteric and basic compounds) showed a large reduction (]80%) in their available free
fraction. Ionisation of drug substances administered per os concomitantly with diosmectite plays a crucial role in
these interactions. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

Diosmectite is a clay preparation used as a
gastric-protective drug in the treatment of gastro-

intestinal disorders (gastritis, diarrhea, etc). In
addition to self-administration by patients, dios-
mectite is commonly co-prescribed with other
drugs to patients with gastrointestinal disorders
(H2 receptor blockers, antibiotics, etc) and with
cardiovascular or neurological diseases, etc. Dios-
mectite avidly adsorbs certain compounds (Vatier
et al., 1989).
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This is explained by its multilayer organisation,
which creates a large surface for exchanges. In
addition, the diffuse negative charges confer a
large adsorption capacity for mineral and organic
cations. In the interlayer space, water molecules,
captured by aluminium silicates layers, are ar-
ranged in a partly ordered structure around the
cation. Depending on the capacity of clay to
swell, one to three sheets of water are present
between the layers; this determines the space be-
tween the layers and that available for binding
organic compounds (MacEwan and Wilson,
1980). The degree of adsorption of the drugs
studied varied widely. This can be explained by
the mechanisms involved. Different types of
bonds are involved in the formation of complexes
with organic compounds: ionic bonds with
cations, ion–dipole bonds involving interlayer
cations, hydrogen bonds, Van der Waals forces, P
bonds and, in some cases, covalent bonds (MacE-
wan and Wilson, 1980). Porubcan et al. (1979)
have demonstrated the ‘physical’ adsorption of
digoxin: at physiological pH, this interaction is
sensitive to dilution and independent of pH. Simi-
larly, with anionic compounds, there is a surface
interaction involving physical mechanisms
(McGinity and Lach, 1976). In neutral medium
the appearance of a negative charge can lead to
detrimental interactions, through electrostatic re-
pulsion between drugs and the negatively charged
surface of the layers. In the case of cationic and
amphoteric compounds, a twin mechanism has
been forwarded by McGinity and Lach (1976),
Porubcan et al. (1978), involving ‘physical’ ad-
sorption common to all organic compounds, and
a chemical interaction (cation exchange). Cation
exchange is pH-dependent. In vitro studies have
demonstrated the adsorption of organic drug sub-
stances by clay (montmorillonite, attapulgite), in-
cluding digoxin, tetracycline, clindamycin,
amphetamine, propoxyphen, chlorpheniramine,
theophylline, neomycin, quinidine and cipro-
floxacin.

These interactions have been analysed by means
of static physical methods (X-ray diffraction and
IR absorption spectroscopy) as well as in studies
of dissolution and dialysis (Khalil and Moustafa,
1973; McGinity and Hill, 1975; McGinity and

Lach, 1976, 1977; Porubcan et al., 1978, 1979;
Moustafa et al., 1987; Tunçel and Bergisadi,
1992).

The artificial stomach–duodenum model
(Vatier et al., 1994) is a dynamic system which
can be used to determine the physicochemical
parameters of these interactions (gastroduodenal
pH) and to predict their therapeutic impact. In
this study we quantified interactions by testing
neutral, acidic, basic and amphoteric compounds
in this system.

2. Materials and methods

2.1. Artificial stomach–duodenum model

The model comprises a gastric reservoir (S),
containing a fragment of hog stomach mucosa: it
receives an acid secretory flux (HCl 0.1 N) and
empties into compartments D1 and D2, which
represent the proximal and distal duodenum, re-
spectively. The latter have a fixed volume of 30
ml, and are spontaneously emptied; they receive
simulated alkaline secretions (0.1 N NaHCO3)
from the proximal duodenum and pancreas.
Influx and outflux are maintained at a constant
rate (3 ml/min) by a microcomputer, allowing to
establish the physicochemical characteristics of
interactions. Influx and outflux can also be ad-
justed to simulate gastroduodenal flux in both
healthy subjects and duodenal ulcer patients, in
order to assess the therapeutic impact of interac-
tions with clay. Under these conditions, the pH of
S modulates gastric outflux and alkaline secretion
from the duodenum in D1. The acid load pene-
trating into D1 modulates the flux of alkaline
secretion from the pancreas in D2 (Fig. 1).

2.2. Experimental design

2.2.1. Constant flux model
At zero time, S was filled with 100 ml of 0.1 N

HCl. Compartment D1 and D2 were filled with 30
ml of 0.1 N HCl and 30 ml of 0.1 N NaHCO3,
respectively. The fluxes of gastric secretion, of
gastric emptying and alkaline secretion were kept
constant at 3 ml/min throughout the experiment.
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Fig. 1. Schematic representation of the model simulating gastroduodenal fluxes.

2.2.2. Simulation of gastro-intestinal flux
regulation

A time t0, S was filled with 200 ml of 0.1 N
HCl. D1 and D2 were filled with 30 ml of 0.1 N
HCl and 30 ml of 0.1 N NaHCO3 respectively.
Gastric emptying and D1 alkaline secretion were
regulated according to intragastric pH, and D2
alkaline flux was regulated to the pH in D1.

The pH was recorded in each compartment
throughout the 60-min experiment.

Samples were taken every 15 min from S, D1
and D2. After centrifugation, the supernatants
were stored at −20°C for HPLC determination
of the drug substances (Lee et al., 1972; Randolph
et al., 1977; Carr et al., 1978; Carey and Martin,
1979; Kaye et al., 1980; Lagana, 1987; Meyers
and Blumer, 1987; Le Coguic et al., 1988).
Digoxin and valproic acid levels were measured
by FPIA (TDX® Abbott)

A control was run with the test drugs alone
(without clay) in the gastric reservoir. The clay–
drug interaction was studied by adding to
S a ground dose unit of the test drug simulta-
neously with 3 g of smectite (one sachet). Each
combination was tested twice under the same
conditions.

2.3. Drugs studied

(1) Clay: sachet of diosmectite (intergrade
smectite of phyllitic structure) 3 g. The test drugs
belonged to various pharmacologic classes (an-
timicrobial agents, H2 receptor blockers, car-
diotonic drugs and antiepileptic drugs) chosen for
their physicochemical characteristics.

(2) Neutral compound: digoxin (250 mg)
(3) Acidic compounds: valproic acid (200 mg),

nalidixic acid (250 mg).
(4) Basic compounds: dapsone (100 mg),

metronidazole (250 mg), cimetidine (400 mg),
pyrimethamine (50 mg) and ranitidine (150 mg).

(5) Amphoteric compounds: pipemidic acid
(200 mg), ofloxacin (200 mg), norfloxacin (400
mg), ciprofloxacin (500 mg) and sparfloxacin (100
mg).

The pKa and pHi values of the test drugs are
given in Table 1 (Ross and Riley, 1992a,b; Bu-
davari et al., 1989).

Five of these active substances (dapsone,
metronidazole, cimetidine, pyrimethamine and
ranitidine) were subsequently selected to study the
potential therapeutic impact of interactions with
clay in the variable-flux model (described
previously).
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Table 1
Ionization constants of the drugs studieda

pKa2 pHipKa pKa1

Acidic compounds
Valproic acid 5.0

6.0Nalidixic acid

Basic compounds
Dapsone 1.5
Metronidazole 2.5

6.8Cimetidine
Pyrimethamine 7.0

Dibasic compound
2.3 8.2Ranitidine 5.25

Amphoteric compounds
5.8 7.258.7Pipemidic acid

7.158.2Ofloxacin 6.1
6.3 8.4Norfloxacin 7.35

8.76.1 7.40Ciprofloxacin
8.9 7.60Sparfloxacin 6.3

a Ross and Riley (1992a,b), Budavari et al., (1989).

The equilibrium concentrations were determined
in the supernatant by HPLC. Data have fitted the
linear form of the Langmuir equation:

Ce

X/M
=

1
a · b

+
Ce

b
,

where Ce is the equilibrium concentration; X/M
the amount of drug adsorbed per mass unit of
adsorbent; b, the limiting adsorptive capacity con-
stant; a, the adsorption coefficient related to the
forces involved in binding the drug to the clay.

3. Results

3.1. Constant flux model

Changes in gastroduodenal pH during a typical
experiment are shown in Fig. 2. The presence of
clay did not influence intragastric pH, which re-
mained constant for 60 min (close to pH 1). In
D1, the acid pH at t=0 increased after 15 min to
a mean of pH 5.5 due to the simulated bicarbon-
ate secretion. The pH in D2 fell within a few
minutes from 8.4 to 6.5, and remained at this
mean value until the end of the experiment.

During control runs, the quantity of active
substance in S fell, due to gastric emptying and
dilution by simulated acid secretion. In D1 and
D2, the quantities of drug increased for 20 min
and subsequently fell. In the presence of diosmec-
tite, the kinetics of certain drugs were modified,
leading to a reduction in the quantity of drug in
solution. The changes induced by clay varied
widely among drug substances and from one com-
partment to the next (Fig. 3).

2.4. Data analysis

Drug concentrations at each sampling time
were used to construct a curve showing the quan-
tities of active substance in solution as a function
of time in the three compartments as well as to
calculate the area under the curve (AUC) (mg 60
min). The free fraction of drug in each compart-
ment was calculated as the ratio of the AUC
measured in the presence or absence of clay.

Compartment D2 represents the main site at
which drugs administered per os are absorbed,
and the amount of free drug in D2 thus represents
the fraction available for gastrointestinal
absorption.

2.5. Adsorption isotherms

Cimetidine (12, 18, 36 mg), pyrimethamine (1,
2, 4 mg) and ranitidine (5, 10, 20 mg) were
transferred into polypropylene tubes and dis-
solved in 4 ml of aqueous solutions at a defined
pH (1, 4, 7 or 8). Clay (120 mg) was then added
to each tube. The tubes were placed in a mechan-
ical shaker at room temperature. After 2 h, the
samples were centrifuged at 3000 rpm for 10 min. Fig. 2. pH changes with time in the three compartments.
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Fig. 3. Drug quantity changes with time in the three compart-
ments in absence of diosmectite (control) or in presence of
diosmectite (diosmectite). Example of dapsone.

AUC value). Four main types of behavior were
identified:

(1) In the case of dapsone and metronidazole,
adsorption by diosmectite exceeded 79% in S, in
acid medium. However, the increase in pH follow-
ing passage into the duodenal compartments led
to the release of both compounds. Finally, in D2,
the free fraction exceeded 70%. Cimetidine was
bound less extensively in S (62%), but it was also
fully released in neutral medium.

In acid medium, these drugs were mainly
present in ionized form (positively charged) and
were strongly adsorbed. When the pH increased,
the nonionized form became predominant and the
drug was released.

(2) The fluoroquinolones and pipemidic acid
were extensively adsorbed by clay (]92%) in an
irreversible manner. This was also the case of
ranitidine, a dibasic compound (]81%).

(3) At therapeutic doses, digoxin and valproic
acid were poorly adsorbed to diosmectite (527%
in the three compartments), independently of pH.

Table 2
Free fraction of the test drugs in the three compartmentsa

D2 (pH=7)S (pH=1) D1 (pH=5)

Acidic compounds
64 12Nalidixic acid 27

Valproic acid 8788 101

Basic compounds
701 54Dapsone

21Metronidazole 72 95
Cimetidine 38 89 90

53 8Pyrimethamine

Dibasic compounds
7Ranitidine 1910

Amphoteric compounds
2 41Pipemidic acid

0.1 0.5Ofloxacin 3
Norfloxacin 4 3 6
Ciprofloxacin 13 2

0.1 66Sparfloxacin

Neutral compounds
10073 79Digoxin

a AUC in presence of clay, expressed as a percentage of the
control AUC.

After 1 h, 75% of clay or initial drug quantities
had gone through the model, 19% remained in S,
3% in D1, and 3% in D2. Reproductibility has
been estimated to be 7% (Vatier et al., 1994).

Table 2 shows the free fraction in the presence
of diosmectite in S, D1 and D2 (expressed for
each compound as a percentage of the control
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Table 3
Free fractions of the test drugs in the three compartmentsa

Duodenal ulcerHealthy subject

D2 D1 D2SS D1

6.4 1 1.3 5.6Mean pH 1 5.1
–––Dapsone 741 67

76 16 18 68Metronidazole 13 59
594833Cimetidine 7418 53
––Pyrimethamine 10 11 12 –

0.3 1.5Ranitidine 1 5 8 0.1

a AUC in presence of clay, expressed as a percentage of the control AUC. Comparison of conditions simulating the healthy
subject and the duodenal ulcer patient.

(4) Nalidixic acid behaved differently in acid
medium, where it was weakly bound by clay
(36%), whereas in neutral medium it was exten-
sively bound (88%), like the other quinolones.

3.2. Variable flux model

When physiological gastroduodenal flux was
simulated, dapsone, metronidazole and cimetidine
were adsorbed in acid medium and released in
neutral medium, whereas pyrimethamine and ran-
itidine remained mainly bound to clay, as in the
constant flux system. The amounts available for
gastrointestinal absorption in D2 were, respec-
tively, 74, 76, 74, 12 and 8% (Table 3).

In the duodenal ulcer simulation, emptying of a
large amount of acid, together with the reduction
of alkaline secretion, led to a D1 pH of less than
2. This led to the persistence of the drug sub-
stances in ionized form and to a 10 and 20%
reduction in the release of metronidazole and
cimetidine, respectively. Ranitidine remained ad-
sorbed, such that the amount available for uptake
was low (1.5%) (Table 3).

3.3. Adsorption isotherms

Table 4 shows the equation of the Langmuir
isotherms, the limiting adsorptive capacities (b)
and the adsorption coefficients (a) of cimetidine,
pyrimethamine and ranitidine at different pH
values.

These adsorption capacities vary from 0.05 to
0.72 mmol/g. Two types of variations can be
distinguished: for cimetidine (pKa=6.8) or
pyrimethamine (pKa=7), adsorption capacity de-
creases when pH increases; for ranitidine (pKa1=
2.3), adsorption capacity increases with increasing
pH.

These adsorption coefficients vary from 0.84 to
1178. For pyrimethamine, the a values are very
high.

Table 4
Equation of Langmuir adsorption isotherms, limiting adsorp-
tive capacity (b) (mmol of drug/g of clay) and adsorption
coefficient (a) for cimetidine, pyrimethamine and ranitidine by
diosmectite at different pH-valuesa

pH=1 6BpHB8

y=1.41+1.40 CeCimetidine y=1.88+1.57 Ce

r=0.9996 r=0.9999
b=0.71 b=0.64
a=0.99 a=0.84

y=0.64+7.69 Ce y=−0.018+21.68 CePyrimetha-
mine r=0.9996 r=0.9996

b=0.05b=0.13
a=12.1 a=1178

y=−0.97+7.19 Ce y=0.87+1.64 CeRanitidine
r=0.9994 r=0.9999
b=0.14 b=0.61

a=1.89a=7.35

a where y=Ce (M/X) with X/M amount (mmol) of drug
adsorbed per g of clay and Ce is expressed in mmol/g.
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4. Discussion

The artificial stomach–duodenum is a dynamic
model reproducing the range of gastroduodenal
pH values and variations of gastroduodenal flux.
It can be used to study drug interactions related
to adsorption and pH. The constant flux model
provides an approach to the physicochemical
mechanisms of drug interactions, whereas the
variable flux model allows to determine the likely
therapeutic impact by simulating gastroduodenal
flux in healthy subjects and in duodenal ulcer
patients. The artificial stomach–duodenum model
was used in this study to determine the parame-
ters influencing interactions with clay.

Diosmectite was capable of adsorbing all the
drug substances studied. This property results
from its multilayer organisation, which confers a
large external surface, and the presence of uncom-
pensated negative charges on the border plane of
the layers, which are a site of cation exchanges
(Caillère et al., 1982). Between pH 3 and 7, the
composition of clay is not modified and exchanges
are independent of pH (Frysenberg and Thomas,
1960).

Interactions between drug and diosmectite are
based on cationic exchange. Basic compounds are
released into D1 and D2, as their positive charge
disappears into neutral medium. Amphoteric
compounds with pHi values between 6 and 8 are
present in cationic or zwitterionic form at gas-
troduodenal pH values and thus remain bound to
clay. Further experiments showed that
ciprofloxacin is only released at pH 11.

Ionization of drug substances is thus a crucial
parameter in determining interactions with clay.
The involvement of a chemical mechanism of
cation exchange induces stronger bonds and more
extensive adsorption. ‘Physical’ adsorption is due
to hydrogen bonds and ion–dipole interactions,
which are weak links: the drugs are thus readily
released, for example by dilution.

Other mechanisms can be involved, such as
poor solubility and chelation of interlayer ions
(Porubcan et al., 1979). This latter mechanism
may be involved in the case of nalidixic acid,
which behaved differently than the acidic com-
pounds in neutral medium. In D2, in anionic

form, nalidixic acid interacted strongly with clay,
like the other quinolones. These compounds can
all give rise to particularly stable chelates in neu-
tral and alkaline medium (Ross and Riley, 1992b,
1993).

The artificial stomach–duodenum model repro-
duces the physiological pH and fluxes observed in
vivo and revealed different interactions with dios-
mectite in therapeutic conditions. The degree of
adsorption was highly variable, as it depends on
multiple physical and chemical mechanisms (Al-
bengres et al., 1985). These two types of interac-
tions have very different therapeutic
consequences. In the duodenum, neutral, acidic
and basic compounds are eventually released: clay
only delays gastrointestinal absorption, as demon-
strated by McGinity in the case of amphetamine
(McGinity and Lach, 1977). In contrast, ampho-
teric and dibasic compounds remained trapped by
clay at physiologic pH. Diseases modifying gas-
troduodenal pH will influence these interactions.
The flux of gastric emptying is greater in the
duodenal ulcer model as compared to the normal
subject model. This decreases the contact time
between diosmectite and the drug in S. The low
pH in D1 and D2 block the release of active basic
or amphoteric compounds. In the case of the
simulation of duodenal ulcer, the bioavailability
of both amphoteric and basic compounds is re-
duced by the interaction with smectite.

Our conclusions concerning the influential
parameters obtained with the constant flux model
are in agreement with those of Albengres et al.
(1985) who corellated in vivo and in vitro studies
for phenylbutazone and diazepam. In contrast,
for cimetidine Fredj et al. (1986) showed that
AUC values of plasma concentrations were re-
duced by 54% in the presence of diosmectite. In
the constant flux model, the free fraction in D2
was 90%. For the regulated flux models it was
74% for the normal subject model and 59% for
the duodenal ulcer model. Using the constant flux
model, the interaction was thus under estimated
due to an underestimation of the Control test.
Indeed, the concentrations obtained in S are close
to the solubility limits of cimetidine at pH=1 (3.6
g/l).
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In order to better understand the behaviour
of basic molecules, the isotherms of adsorption
allow one to calculate the maximal adsorption
capacity (AC) from the concentrations at equi-
librium. For the three basic drugs studied, the
AC’s obtained varied greatly (5–72 mmol/100 g
diosmectite). These complementary experiments
in a static model also demonstrate that the ad-
sorption of basic drugs is pH dependent. These
results are in agreement with the AC’s deter-
mined by Porubcan et al. (1978) for cin-
damycine or tetracycline, which behave like
cimetidine or pyrimethamine.

In contrast, the correlation of adsorption
isotherms with a dynamic system such as the
artifical stomach–duodenum model is difficult.
Indeed the three active compounds are strongly
fixed by clay at a pH of 1 with AC’s varying
from 13 to 72 mmol/100 g. At a pH of about 7,
the AC of cimetidine was only decreased by
12% while the free fraction of cimetidine in-
creased nonetheless from 38 to 90%. In contrast,
at pH 8, the AC of pyrimethamine was reduced
by 64% but the drug remained fixed by clay.
The force of the interaction, expressed by the
adsorption coefficient, may explain these differ-
ences. In the dynamic model the interaction be-
tween cimetidine and diosmectite is more
sensitive to the effects of dilution than is
pyrimethamine because the forces involved be-
tween the latter and diosmectite are weaker. In
additon at the level of S the drug/diosmectite
ratio represents 50% of the AC for
pyrimethamine and 75% for cimetidine. At the
D2 level, this percentage is unfavorable for the
release of pyrimethamine.

In conclusion, given the pH-dependent mecha-
nism of adsorption of basic and amphoteric
drug substances, their ionization state is the
most important parameter determining their in-
teractions with diosmectite. This provides a
criterion for identifying drugs likely to show
marked interactions with diosmectite. In addi-
tion, the artificial stomach–duodenum model
can be used to predict the behavior of these
drugs in the presence of clay, thereby avoiding
the need for lengthy (and costly) studies of
bioavailability.
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