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Abstract

The purpose of this study was to explore the intestinal absorption mechanism of acamprosate and to attempt to improve the bioavailability
(BA) of the drug through modulation of its intestinal absorption using two enhancers (polysorbate 80 and sodium caprate) based on in situ, in
vitro and in vivo models and comparing the results obtained. Intestinal transport of the drug, in the absence and in presence of polysorbate 80
(0.06, 0.28 and 9.6 mM) or sodium caprate (13 and 16 mM) was measured by using an in situ rat gut technique and Caco-2 cell monolayers.
Additionally, the effect of sodium caprate on drug oral bioavailability, measured as urinary recovery, was quantified by performing in vivo
experiments with the rat as animal model. Only sodium caprate was able to increase the absorption ratelgpudtachihprosate in the
mid-intestine of the rats from 0.28 0.07 ! in the absence of the promoter to 0£10.19 It* in the presence of C10 16 mM, along with
the apparent permeability?{,,) obtained in Caco-2 cells (around two-fold). However, the drug bioavailability in rats (around 20%) did not
improve in the presence of any of the concentrations tested (13, 16 and 50 mM). It is concluded that acamprosate absorption likely occurs via
paracellular pathway and can be enhanced by sodium caprate in situ and in vitro but not in vivo—thus suggesting that although in situ and in
vitro studies could be useful in early screening to select a potential promoter, in vivo studies in animal models are necessary to confirm the
utility of the enhancer and to determine the influence of physiological variables.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction or calcium bis-acetylhomotaurinate), a relatively new psy-
chotropic drug used for relapse prevention in alcoholism.
Numerous efforts are currently being made to ensure Its oral bioavailability in humans is very low (1t 1%)
successful absorption after peroral drug administration, this when administered as enteric coated tablets, which implies
being one of the greatest challenges in the field of drug the need for high doses (2 g/day®divin et al., 1998
delivery (Aungust, 1996; Langer, 1998; Ward et al., 2R00  Surprisingly, until recently the absorption mechanism of
The poor permeation of drugs across the intestinal mucosaacamprosate was completely unknown. In 198Babenat
(usually due to their high hydrophilicity) is one of the et al. (1988)conducted a physicochemical study of acam-
common factors leading to failed absorption and thus to prosate, showing it to be a highly hydrophilic compound
low drug bioavailability (BA). This seems to be the case almost completely dissociated in biological fluids—the
of acamprosate ((CH+CO-NH-CH—-CH,—CH,—-S(;),Ca, acetylhomotaurinic acid molecule having a strongly charged
functional group. These physicochemical properties of the
drug, combined with the fact that acamprosate is not me-
* Corresponding author. Tek:34 96 3544910; faxi34 96 3544911,  tabolized in either the intestine or liveBivin et al., 1998;
E-mail addressana.polache@uv.es (A. Polache). Zornoza et al.,, 2002 leads us to postulate that the low
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permeability of the drug in the intestinal mucosa is the most ~ The present study explores the absorption mechanism of
probable reason for its reported low bioavailability. Hence, acamprosate through in situ, in vitro and in vivo experiments.
knowledge of its intestinal absorption mechanism would be We have also attempted to enhance acamprosate absorption
crucial to maximize bioavailability. We started to address using additives that can easily be formulated with the drug
the problem in a previous paper involving a kinetic study and therefore may potentially increase the bioavailability of
of acamprosate intestinal absorption using an in vitro tech- acamprosate. On the other hand, the use of such compounds
nigue with intact rat jejunum. According to our results, the constitutes a valuable tool for evaluating the preferred route
drug is predominantly transported in the rat mid-jejunum of acamprosate transport (i.e., transcellular or paracellular)
by passive diffusion. A lesser percentage of the absorption (Knippt et al., 1997. In turn, the influence of the enhancers

is mediated by the iminoacid carrier. Moreover, in this ear- on drug oral bioavailability has been studied in order to
lier paper we postulated the possible existence of secretionconfirm their usefulness in vivo

transport limiting its bioavailability flas-Serrano et al.,

2000. Nevertheless, we did not elucidate whether diffusion

occurs via transcellular or paracellular routes—though oth- 2. Materials and methods

ers authors%aivin et al., 1998have postulated that acam-

prosate could cross the epithelial barrier via the paracellular2.1. Chemicals and animals

route, albeit without providing any experimental evidence.

One of the strategies for enhancing the oral bioavailabil-  *C-Mannitol (MW 182; specific radioactivity 53.7 mCi/
ity of hydrophilic drugs involves the use of intestinal per- mmol) was obtained from New England Nuclear, Boston,
meation enhancer&\(ngust, 1995 A variety of exogenous  MA (through Perkin-Elmer Life Sciences Inc.). The sodium
compounds have been identified as promoters, including sur-salt of capric acid (C10) (99-100% purity), polysorbate
factants and medium chain fatty acids (MCFAs). Whereas 80, Dulbecco’s modified Eagle medium (DMEM), fetal
non-ionic surfactants seem to enhance the transcellular pathbovine serum, non-essential amino acids, glutamine and
way (Anderberg et al., 1992; Bermejo et al., 199WICFA G-penicillin—streptomycin 10,000 U/ml were obtained from
increase hydrophilic drug permeability mainly through the Sigma Chemical Co., St. Louis, MO. Hanks balanced salts
paracellular routel(ndmark et al., 1998a)bIn fact, these  solution (HBSS) and Hanks balanced salts solution without
latter compounds are included in the category of paracellular Ca*2/Mg*2 (HBSS/CMF) were purchased from Biochrom
permeability enhancers (PPESY4rd et al., 200D The use AG, Berlin. *C-Acamprosate (MW 403.39; specific ra-
of such compounds could allow us not only to increase acam-dioactivity 90.0 mCi/mmol) was a gift from Merck-Lipha
prosate absorption but also to explore the transport pathwayinc.
of this drug. We selected polysorbate 80 (P80) as potential Male Wistar rats, bred and housed in the Animal Center
enhancer, since it reportedly increases the polarity of the of the Faculty of Pharmacy (University of Valencia, Spain),
absorbing intestinal membrane, rendering it more perme-were used. The rats were housed under standard conditions
able to very hydrophilic substanceBgrmejo et al., 1991 of temperature (26t 2°C), relative humidity (50%) and
and is also able to redudeglycoprotein activity. Sodium  light and dark cycle (12h/12h). The animals were fasted
caprate (C10), a MCFA capable of facilitating the transport prior to experiments, but having access to water ad libitum.
of hydrophilic model compounds via the paracellular route They were randomly distributed to the experimental groups,
(Anderberg et al., 1993; Sakai et al., 19@hdmark et al., each animal being used for one assay only. All procedures
1998a,h, was also tested. The enhancement properties ofwere conducted in strict adherence to EEC Council Directive
P80 and C10 have been extensively documented by in vitro86/609 and Spanish law (RD 223/1988), and policies on the
(mainly Caco-2 cells) and in situ animal studi&e(mejo protection of animals. Experiments were approved by the
etal., 1991; Anderberg et al., 1992, 1993; Sakai et al., 1997; Animal Care Committee of the Faculty of Pharmacy of the
Lindmark et al., 1998a However, data are sparse regard- University of Valencia.
ing their promoting effect in vivo. The results obtained are
moreover contradictory. Whil€hao et al. (1999)eported 2.2. In situ experiments
that sodium caprate can promote intestinal absorption of a
small peptide in vitro and in viva,.ennernas et al. (2002) 2.2.1. Experiment 1: Topographic study of acamprosate
showed this fatty acid alone to have a limited effect on hu- absorption
man permeability in vivo across the rectal epithelium when  All absorption tests were performed in male Wistar rats (
presented in solution. These latter authors also concluded= 35) weighing 200-240 g, through an in situ rat gut tech-
that in vivo studies are needed to validate the results ob- nique Bermejo et al., 1991 The animals were fasted for a
tained in vitro or in situ, in order to avoid the risk of inaccu- period of 20 h, with free access to water. After anesthetizing
rate predictions. Furthermore, it must be taken into accountthe rats, the abdomen was opened and the small intestine was
that in vivo studies are also required during formulation de- divided into three fractions of equal lengths: the proximal
velopment, to determine the effective dose of the enhancersegment (0-33 cm from the pylorus), the mid-segment (the
agent. middle 33 cm of the small intestine) and the distal segment
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(0—-33 cm from the ileocecal junction). In each animal, one obtained at each time in experiments 1, 2 and 3, using a
specific sector of the small intestine was randomly selected non-linear square regression program (Sigma plot 4.0):

and cannulated. Posteriorly, 5 ml of an isotonic solution of

0.22uM 14C-acamprosate (04iCi) buffered to pH 7.4 were A = Aoe ™ 1)
perfused at 37C. The drug concentrations remaining in the o

perfused solution were measured every 5min, for a total of WhereA represents the remaining acamprosate concentra-
30 min. Water reabsorption was evaluated in each animal bytion found in the luminal content at each sampling time,
measuring the remaining volume at 30 min, according to a corrected for water reabsorptiofy is the calculated inter-

previously reported procedurBérmejo et al., 1991 cr:-:ptd at zero time; anl, is the absorption rate constant of
the drug.

2.2.2. Experiment 2: Influence of polysorbate 80 on the
intestinal absorption of acamprosate 2.3. In vitro transport experiments
To analyze the effect of the non-ionic surfactant polysor-
bate 80 on acamprosate absorption, we measured drug ab2.3.1. Cell culture
sorption in the absence (control group) and in the presence Caco-2 cells originating from a human colorectal carci-
of a wide range of surfactant concentrations (below, equal to,noma (obtained from American Type Culture Collection
and above the critical micellar concentration (CMC)). The (ATCC) (Rockville, MD) were maintained at 3T in an
CMC of P80 was previously determinated in our laboratory atmosphere of 5% Cfand in high-glucose DMEM sup-
in the medium we have used to perform the experiments plemented. Cells were seeded in 23.1 mm i.d. Tran§well
(Pla-Delfina et al., 1987 Five milliliters of an isotonic so-  inserts (polycarbonate membrane, @t pore size) in
lution containing 0.22.M 14C-acamprosate (04Ci) and six-well plates at a density of 120,000 cellskcnCon-
polysorbate 80 (0.06, 0.24 (CMC) or 9.6 mM) buffered to fluent cell monolayers were studied 21 days after seed-
pH 7.4 were perfused at 3T in the mid-segment. The in  ing. The transepithelial electrical resistance (TEER) of
situ rat gut technique mentioned above was used to performthe filter-grown monolayers reached a value of at least
the experiments. 840Q cn? before use in the experiment. This cell line
has been used in our laboratory to study the secretion
2.2.3. Experiment 3: Influence of sodium caprate on the process of several fluorquinolones demonstrating that
intestinal absorption of acamprosate P-glycoprotein is functional in our experimental conditions
The potential enhancing effect of C10 on drug absorp- (Rodriguez-lbafiez et al., 20P3
tion was tested using three experimental groups of animals.
Acamprosate absorption was evaluated in the absence (con2.3.2. Permeability studies in Caco-2 cells
trol group) and in the presence of two concentrations of Inserts were washed twice for 30 min with warm transport
C10 (13 (CMC) and 16 mM). Five milliliters of an iso- buffer, HBSS pH 7.4. All the experiments were performed in
tonic solution of 0.22\M 14C-acamprosate (04Ci) and air at 37°C and 95% relative humidity. In general, the baso-
sodium caprate (0, 13 or 16 mM) buffered to pH 7.4 were lateral chamber was bathed in 3 ml of HBSS, and 2 ml of the
perfused in the mid-segment. In three additional experi- test solution, prepared in HBSS/CMF to avoid precipitation
mental groups, we analyzed the effect of previous expo- of the sodium caprate, was added to the apical chantber (
sure (40 min) to the promoter (16 mM) upon acamprosate = 0). Several authordhderberg et al., 1993; Watson et al.,
intestinal absorption. In control group I, the mid-segment 2001) have demonstrated that the absence ot*@dg®*
of the rat small intestine was pre-exposed for 40 min to a in the apical chamber does not affect either monolayer in-
buffer (pH 7.4) solution. Posteriorly, an isotonic solution of tegrity or mannitol flux if HBSS in the basolateral chamber
0.22puM 1C-acamprosate was perfused, and the absorptionalways contains CGa/Mg%*; normal compound transport
assay was performed as previously. In control group Il, the would thus be assured.
mid-segment was pre-exposed identically as in control group  Acamprosate permeability was determined in the apical
I, though in the absorption experiment a solution containing to basolateral (AP-BL) and basolateral to apical (BL-AP) di-
0.22uM 4C-acamprosate plus 16 mm C10 was perfused. rection. The concentration-dependent effect of the promoter
In an additional group of animals, the mid-intestine was was studied testing permeability values BiC-mannitol
pre-exposed to an isotonic and buffered solution of 16 mM (8.2uM), a well known paracellular pass marker, and
C10 for 40 min. After perfusing 0.22M 14C-acamprosate  14C-acamprosate (4;9M) in the absence and presence of
plus 16 mM C10, the absorption test was carried out as intwo concentrations of sodium caprate (13 or 16 mM). In

experiments 1 and 2. order to determine the possible time-dependent effect of
the enhancer, monolayers (apical chamber) were previously
2.2.4. Absorption rate measurements incubated with sodium caprate 16 mM in HBSS/CMF for

Since acamprosate is absorbed mainly by passive dif-40min. The medium was then changed to HBSS/CMF
fusion (Méas-Serrano et al., 20Q0the first-order equation  containing 16 mM C10 and the analyt¥C-acamprosate
was fitted to the corrected remaining drug concentrations or 1*C-mannitol). In both cases and in all the experiments
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performed, the total concentration of radiolabelled com- In all cases, radioactivity was determined with a Micro-
pound used was always 0.4€i/ml. beta Trilu® spectrometer through liquid scintillation count-

Samples from the basolateral chamber were collected 30,ing (Ecoscint H; National Diagnostics, Atlanta, Georgia)
60, 90, 120 and 150 min after addition of the test solution, of 150wl (in vitro experiments) or 20l (in situ and in
and were then replaced with the same volume of fresh HBSS.vivo experiments) of the sample. All samples were subjected
Cumulative concentrations were calculated after correction to counting in triplicate. The coefficient of variation was
for dilution caused by replacement with fresh HBSS. The ap- always <2%. The concentration of the radiolabelled com-
parent permeability coefficienPgpp,, cm/s) was determined  pound (acamprosate or mannitol) was calculated by refer-
using the following equation: ence to a standard calibration curve, obtained by analyzing
i v known amounts in the liquid scintillation spectrometer.
AP = — 2

dr ACo 2.6. Statistical methods

whereV, is the volume of the receptor chamber (3 mil)is
the surface area of the membrane (4.2)%1@ is the initial
concentration in the donor chambei\), and (dC/dt) is the
flux (J) (wM/s) determined by the linear slope of receptor
drug concentration corrected for dilution versus time.

Statistical comparisons were performed by the one-way
analysis of variance (ANOVA). When significant differences
were found, the multiple comparison Tukey test was applied.
Statistical significance was accepted Fox 0.05.

2.3.3. Measurement of TEER 3. Results
After 1 h exposure of each monolayer to fresh HBSS, ™

the TEER of the monolayers was measured (initial value at

t = 0) using the MILLICELL electrical resistance system

(Millipore Corp., Bedford, MA). At the end of each experi- . i .
ment ¢ = 150 min), the TEER of the monolayers was mea- zbls.i;pﬁggerlment 1: Topographic study of acamprosate

sured again. Results are presented as the percentage of the After fitting the first-order equatiorEg. (1) to the cor-

initial (t = 0) value in the same monolayer. rected remaining acamprosate concentrations at each sam-
) ) pling time, the following first-order absorption constants,
2.4. In vivo experiments ka, Were obtained: proximal segmemi£ 12) ky = 0.38+
S ~0.13h%, mid-segmentr{ = 13) ky = 0.35+ 0.09 ! and
Acamprosate bioavailability after oral administration gistal segmentr( = 12) ka = 0.35 + 0.13 1. The anal-
was studied in male Wistar rats (280-3209). The ani- ysis did not reveal any statistically significant differences
mals were fasted overnight prior to drug administration. among theks-values testedR = 0.797). Thus ka-values
14 i i i e o
C-Acamprosate (2.7M, 0.5pCi) was dissolved in  seem to be invariable along the rat small intestine. Based
2ml of distilled water. The animals were randomly dis- on these results, the existence of a preferential absorption
tributed into four experimental groups that received the zone in the small intestine can be discarded. It must be
t4C-acamprosate solution orally with the addition of 0, 13, stressed that thie-values obtained are quiet low in compar-
16 or 50 mM C10 via gastric intubation. During the experi- json with those corresponding to well absorbed compounds
ments, the animals were housed in metabolic cages in orderg,ch as flumequinkg-value = 6.87 + 1.09 2, bioavail-
to collect urine (0-24h). We have previously used HPLC gapijity 949%) Sanchez-Castario et al., 20Ghd antipyrine
analysis to show that acamprosate is completely eliminated __value = 2.75 T2, bioavailability near 100%)Merino
(98%) in the form of unchanged drug in the urine of animals gt 5., 1989; Peris-Ribera et al., 199Probably this fact
(Zornoza et al., 2002 Moreover, we have proven that after coyld explain the low oral bioavailability of acamprosate.
oral administration of the drug, the total amount excreted in  gincek,-values did not differ along the small intestine, we
urine and in feces is very close to 100% (data not shown). have chosen the mid-intestine for the enhancement experi-
Thus, urinary recovery following oral administration could - ments, because we recorded less variability in this segment,

be used as a measure of drug bioavailability. Twenty-four ity the need for fewer animals to obtain reliable values.
hours after drug administration, samples were diluted with

3.1. In situ experiments

70ml of distilled water. 3.1.2. Experiment 2: Influence of polysorbate 80 on the
intestinal absorption of acamprosate
2.5. Analytical method Fig. 1 summarizes the-values (1) obtained after

fitting Eq. (1)to the corrected remaining acamprosate con-
Samples from in vitro and in situ experiments were an- centrations measured in the absence and presence of the
alyzed for theirl*C-acamprosate of*C-mannitol content.  non-ionic surfactant. As can be seen, tkevalues de-
The radioactivity content from urine samples was also creased significantlyRl < 0.001, ANOVA) to 63% (0.21
measured. + 0.05h 1), 66% (0.22+ 0.04h1) and 42% (0.14+
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Fig. 1. Effect of polysorbate 80 on acamprosate intestinal absorption in
situ in rat mid-small intestine. Bars represent the intestinal absorption rate
constants of acamprosate,, in the absence (control group) and in the

presence of polysorbate 80 at concentrations of 0.06, 0.24 and 9.6 mM.

The standard deviation of each mean value is also plotted §). Groups
with different letters are statistically different at a 5% significance level
(Tukey test).

0.02 1) of the control value (0.33 0.03 1) in the pres-
ence of 0.06, 0.24 and 9.6 mM of surfactant, respectively.

Hence, acamprosate absorption in the rat small intestine not
only does not increase in the presence of the surfactant but

actually decreases.

3.1.3. Experiment 3: Influence of sodium caprate on the
intestinal absorption of acamprosate
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Fig. 2. (A) Enhancing effect of sodium caprate on acamprosate intestinal
absorption in situ in rat mid-small intestine. Bars represent the intestinal
absorption rate constants of acamproskigin the absence (control) and

The kg-values of acamprosate in the absence and in thein the presence of 10 and 13mM sodium caprate. (B) The plot shows

presence of C10 are summarizedHig. 2 As can be seen,
ka increased significantlyR < 0.0001) to 179% (0.52
0.17 1) and 176% (0.5 0.19 1) of the control value
(0.29+ 0.07 1) in the presence of 13 and 16 mM of the
promoter, respectivelyHg. 2A).

On the other hand, the effect of prior 40 min exposure
of the rat intestine to C10 (16 mM) did not increase the
ka-value significantly with respect to the value obtained with
C10 16 mM in the absence of pre-exposure [200% (G50
0.18h 1) and 191% (0.45+ 0.13h 1Y) of control | value
(0.25+ 0.13hY)] (Fig. 2B).

the ky of acamprosate obtained in three additional groups. In control
group | the intestine was pre-exposed for 40min to a buffer solution
followed by the perfusion of a solution of 0.3M 14C-acamprosate. In
control group IlI, the pre-exposition to a buffer solution was followed
by the perfusion of 0.2aM 14C-acamprosate plus 16 mM C10. In the
last group, the intestine was pre-exposed to a solution of 16 mM C10
for 40min followed by the perfusion of 0.32M “C-acamprosate plus

16 mM C10. The standard deviation of each mean value is also plotted
(n = 10). Groups with different letters are statistically different at a 5%
significance level (Tukey test).

Table 1 summarizes the permeability coefficients of

These in situ results suggest that sodium caprate could14c.acamprosate afdC-mannitol in the absence and in the
be an effective excipient for use in enhancing acamprosatepresence of C10 under several experimental conditions. As

absorption.

3.2. In vitro experiments

The AP-BL (1.074x 10°% 4+ 0.158 x 10-%cm/s) and
BL-AP (1.098x 10~ 4+ 0.045x 10-®cm/s) permeabilities
of 14C-acamprosate were determined. The BL-AP/AP-BL
permeabilities ratio was 1.022 0.156 (S.D. was calculated
using the delta method). This ratio was close to unity, which
may indicate that there is not any transporter implicated in

is shown by the statistical analysis, the permeabilities of both
compounds were enhanced as the concentration of the pro-
moter or the duration of exposure was increased—exhibiting
a clear concentration- and time-dependent effect of sodium
caprate in the absorption of both compounds.Fig. 3,
the Pyprvalues of acamprosate and mannitol in the ab-
sence and presence of C10 at different exposure times were
plotted.

The concentration- and time-dependent effects of C10 on
TEER, an indicator for opening of the tight junctioBgkai

the absorption process. The ratio also indicates that no druget al., 1997 are shown inFigure 4 The TEER values

secretion occurs under our experimental conditions.

in the control monolayer did not change in the course of
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Table 1
Comparison of apparent permeability coefficierfgyf) of the transport oft*C-mannitol and“C-acamprosafe
Enhancer Papp (107 cmi/s)

14C-Mannitol 14C-Acamprosate
Control 280+ 0.85b =4 10.33+ 1.58 b i =6)
13mM C10 4.95+ 1.33 bc o =4) 12.26+ 0.80 c o =4)
16 mM C10 727+ 0.90 c 6 =4) 14.89+ 0.79 d 6 = 4)
16 mM C10 (40 min pre-exposition) 2152 3.28d 6 =5) 2411+ 199 e ( =5)

Groups with different letter (b—e) are statistically different at a 5% significance level (Tukey test).
@ Calculated from the results of in vitro transport of mannitol and acamprosate across Caco-2 monolayers and represented asttt&Dnean
(standard deviation).

the experiments (150 min) with acamprosate and mannitol. tion being attained when the monolayers were previously
In contrast, the TEER values significantly decreased in a pre-exposed to the fatty acid salt during 40 min (21.28 and
concentration-dependent manner when C10 was added t0o24.93% of the control value for the drug and mannitol,
gether with acamprosate or mannitol—the maximum reduc- respectively).

In the same way as the in situ results, these experiments

Acamprosate suggest that sodium caprate is a good candidate for enhanc-
3% ing acamprosate absorption.
—@— Control
I —A— 13mM C10
—v— 16 MM C10
—#— 16 mM C10 (40 min preexposition) Acamprosate
120
@ 25 4
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Fig. 3. Time-dependent effects of sodium caprate on the transport of Fig. 4. Transepithelial electrical resistance (TEER) of the Caco-2 mono-
acamprosate and mannitol across Caco-2 cell monolayers. The graphlayers measured at the end of the different permeability studies (150 min)
representsPap-values determined during different time intervals after with acamprosate and mannitol. The TEER values are represented as the
addition of C10 13 or 16 mM. The time-dependent effect of 40 min percentage of the intial valué £ 0 min) in the same monolayer. Groups
pre-exposure to C10 16 mM was also plotted. Mean valieS.D. ( with different letters are statistically different at a 5% significance level

= 4-6). (Tukey test).
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Table 2 the usefulness of any particular enhancer is the selection of

Percentage of“C-acamprosate excreted in urlné’g(‘) in the absence its concentration, because some enhancers show scant sep-
f C1 | inistration in th . e . . i

and presence of C10 after oral administration in the rat aration between toxicity and efficacy (increased permeabil-

C10 concentration (mM) n Ug* (%) (mean+ S.DP) ity) (Ward et al., 200D In these experiments, we selected
0 12 19.87+ 4.57 a concentration range based on the data found in the liter-
13 8 24.18+ 8.81 ature Bermejo et al., 1991; Anderberg et al., 1992, 1993;
16 8 23.824+ 5.12 Sakai et al., 1997; Lindmark et al., 1998Rolysorbate 80,
50 8 2340+ 6.71 at the concentrations tested, was unable to increase acam-
Significance - n.s. prosate absorption. This lack of effect of P80 could lead us
2 n.s.: non-significant in the ANOVA test at a 5% significance level. to discard the transcellular route as the preferential route
b S.D.: standard deviation. for acamprosate absorption. Nevertheless, the experiment
is not conclusive, since the effects of non-ionic surfactants
3.3. In vivo experiments on intestinal permeability are quite complex.

While P80 failed to enhance acamprosate absorption, ef-
Table 2 summarizes the percentage administered oral fective absorption increases occurred with sodium caprate.
dose eliminated in the urine of the animals over the 0-24 h This fatty acid has been extensively characterized as an
post-administration period in the four experimental groups absorption-enhancing excipiersingust, 200), and there
(0, 13, 16 and 50 mM C10). Although a slight tendency to is extensive agreement that sodium caprate increases the in-
increase acamprosate recovery in urine is observed whenestinal absorption of hydrophilic drugs mainly through the
administered with sodium caprate, the statistical analysis paracellular pathwayAnderberg et al., 1993; Sakai et al.,
revealed no significant differences. 1997; Lindmark et al., 1998b; S6derholm et al., 200%-
cordingly, we present the first experimental evidence that
acamprosate absorption may occur preferentially via the

4, Discussion paracellular route. The results reported here also indicate that
under our conditions and in the concentration range studied,
4.1. In situ and in vitro experiments the promoting effect of C10 (between 1.75- and 2-fold) is not

concentration-dependent. Regarding the time dependency of

For an in-depth exploration of the intestinal transport of the promoting effect, we designed the experiment on the ba-
acamprosate, we planned several experiments using an irsis of the results reported #ynderberg et al. (1993These
situ rat gut technique. We first conducted a topographic authors showed that, in Caco-2 cells, at concentrations above
study to assess drug absorption in the proximal (duodenum),13 mM (particularly at 16 mM), sodium caprate exhibits a
middle (jejunum) and distal (ileum) segments. These exper- clearly time-dependent effect on the transport of mannitol
iments allowed us to detect or discard possible preferential (a typical paracellular probe) and penicillin V. Nevertheless,
absorption at some point along the intestine attributable to according to our results, 40 min of tissue pre-exposure to
localization of the iminoacid carrier or simply to differ- sodium caprate does not increase acamprosate absorption
ences in permeability along the intestinal canal, as has beenversus the respective control groufig. 2B). Curiously, on
reported for different marker moleculeér{ursson et al., performing in vitro studies with Caco-2 cells we observed
1993. As the results show, the first-order rate constant doesthe time- and concentration-dependent effect, as will be
not vary in the different intestinal regions tested, yielding a commented below.
meankg-value of 0.35h!, which is quite low. These data In the in vitro experiments, we obtained a permeabil-
confirm that diffusion is the preferential mechanism of ab- ity value (AP-BL) of 1.03x 10-8cm/s for acamprosate.
sorption and suggest that the low permeability is the main Moreover, no significant asymmetry was observed for acam-
cause for the low bioavailability of acamprosate—discarding prosate in Caco-2 cells (AP-BL and BL-AP fluxes were not
the possibility that preferential carrier localization could be statistically different). This observation, together with the
responsible of this behavior. These conclusions, while partly lack of effect of verapamil on acamprosate intestinal absorp-
redundant with respect to our previous studidag-Serrano  tion (data not shown), may allow us to discard the possibility
et al., 2000, provided a valuable basis for designing the that the existence of secretion transport of the drug limits its
following permeation enhancement experiments with acam- oral bioavailability Mas-Serrano et al., 2090
prosate. In fact, we selected the mid-segment of the rat On the other hand, on comparing the permeabilities of
small intestine to improve acamprosate absorption, becauseacamprosate and mannitol, the permeability of the former
the absorption rate constant obtained in this region was lessis seen to be about three-fold greater than that of man-
variable (se&ection 3. nitol. Both compounds have a similar molecular weight

According to the above cited physicochemical character- (182 Da for mannitol and 181.65 Da for acetylhomotaurine);
istics of acamprosate, this is the typical type of compound accordingly, their hydrodynamic radii, estimated according
that may benefit from permeation-enhancing excipients to Tavelin et al. (2003)are effectively comparable (around
(Aungust, 200D A critical issue to consider in evaluating 3.6 A)—these values in turn corresponding to the average
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pore radius of the Caco-2 cells. Nonetheless, several authorghis species is better than the dog for predicting the human
(Artursson et al., 1993; Pauletti et al., 199¥ave shown bioavailability of paracellularly absorbed drugs. These au-
that characteristics other than molecular weight (e.g., shapethors have demonstrated a good correlation between the BA
flexibility of the structure and charge) are also important for of some hydrophilic substances, which are predominantly
paracellular permeability. Mannitol is a neutral compound excreted unchanged following intravenous administration, in
while acamprosate is negatively charged—a fact that could humans and rats—the latter tending to underpredict BA in
explain the observed differences in tRgyrvalues. The ef- humans. Acamprosate is a hydrophilic drug excreted 95%
fect of charge on permeability is not clearly defined, the as unchanged drug (on average) in urine after intravenous
reported results being controversi®aletti et al., 1997 administration Zornoza et al., 2002 No studies have been
Watson et al. (200thave reported similar findings with PEG ~ published to date in relation to acamprosate bioavailability
282 and mannitol. Although their hydrodynamic radii are after oral administration in rats. Hence, we first planned a
similar, PEG 282 exhibits three- to four-fold greater perme- series of experiments to address this aspect. Urine collection
ability than mannitol across Caco-2 cells. over 24 h after drug oral administration was used to estimate

As pointed out above, our in vitro results show the effect BA, since this drug is stable in plasma, is not metabolized
of C10 to be concentration- and time-dependent, the maxi- in the biological medium, and the total amount excreted in
mum enhancement effect being obtained after pre-exposureurine and feces is close to 100% (80% in feces and 20%
experimentsRp-value was 233% of the control value). The in urine; data not shown). Collectively, these data strongly
same behaviour has been observed with mannitol, though insupport the idea that urine recovery following an oral dose
this case the permeability increased to 760% of the control yields a close measure of drug bioavailability and the extent
value. These differences are probably related to the differentof its intestinal absorption. As can be seenTable 2 the
intrinsic permeabilities observed for both compounds and to estimated oral BA of acamprosate in rats is close to 20%,
the mechanism of action of sodium caprate. doubling that obtained in humans (11%kg{vin et al., 1998

The improvement of acamprosate permeability was ac- Published studiesGhao et al., 19909indicate that C10
companied by a decrease in the TEER values. According toconcentrations greater than those used in our in situ and in
Fig. 4, the TEER values show a significant decrease as thevitro experiments are able to increase the in vivo bioavail-
concentration of sodium caprate increases, yielding a max-ability of an enteral peptide without causing detrimental
imum reduction after the pre-exposure experiments. Thesealterations of the intestinal mucosa. Therefore, a greater
data correlate well with those obtained in the acamprosateconcentration of the fatty acid (50 mM) was also assayed
permeability studies, demonstrating a greater permeability in the in vivo enhancement experiments. According to the
of the drug in the presence of C10, attributable to tight results obtained, although the percentage drug excreted in
junction aperture. The results of the TEER measurementsurine is always high in the presence of sodium caprate, no
in the mannitol experiments exhibit a truly similar profile, significant differences between the values were found. Thus,
even though the observed increments in mannitol perme-the enhancing effect of C10 on acamprosate absorption
ability are greater than those obtained with acamprosate, asobserved in situ and in vitro has not been confirmed in vivo.
we have pointed out above. It should be taken into account This lack of effect in vivo is in concordance with previous
that Artursson et al. (1993have reported that permeability data presented blyennernas et al. (2002Yhere could be
to marker molecules affords a more correct description than several explanations for this observation. In fact, these and
TEER of the selective barrier function in tighter epithelia other authors Takahashi et al., 1994ave indicated that
such as Caco-2 cell monolayers. In addition, others inves-fatty acid permeability into the tissue upon which it acts is
tigations have shown that changes in TEER and mannitol very important for obtaining a promoting effect for poorly
permeability are not always correlatdglalda et al., 1996 permeable compounds. In additid®aoof et al. (2002have

Overall, the results from the in situ and in vitro experi- shown that sodium caprate presents a rapid onset and short
ments support the idea that poor absorption may be the mainduration of action, which could be one of the reasons why
cause of the low oral bioavailability of the drug. Moreover, no significant efficacy of C10 was detected in our in vivo
these studies nicely illustrate that sodium caprate is able tostudies. Accordingly, an increase in enhancer residence time
significantly enhance acamprosate intestinal absorption inin the intestine and the prolongation of sodium caprate ex-
the concentration range tested. As a result, this compoundposure to the intestinal membrane was associated with im-
would be a good candidate for use as an excipient in for- proved oral BA Raoof et al., 200RFurthermore, as can be
mulation to increase drug absorption. However, the perfor- seen inFig. 3, the time-dependent effect of sodium caprate
mance of in vivo studies in experimental animals is required on the intestinal permeability of mannitol and acamprosate

to validate the efficiency of this fatty acid. is clearly evident in the case of pre-exposure to C10 16mM.
It seems to exist an initial phase (lasting less than 30 min),
4.2. In vivo experiments characterized by a rapid increase in permeability. This ini-

tial phase has been reported by other authbrsdfnark
We chose the rat as animal model for performing the et al., 1998a In our experiments, this phase could not be
in vivo studies because, as reported g et al. (1998) studied since our first sample was taken at 30 min. In the
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pre-exposure group, a second phase is observed, charactethis fatty acid has been unable to improve oral drug bioavail-

ized by a more prolonged and important increase in per- ability.

meability. This time-dependent effect could account for the  The comparison of the results obtained in the in situ, in

lack of effect of sodium caprate in vivo in our experimental vitro and in vivo experiments indicates that although in situ

conditions. Another crucial and related point is the con- and in vitro studies could be very useful in early screening

centration of the enhancer at the site of drug absorption. Into select the compound to be used for promoting drug ab-

contrast to the conditions of the in situ and in vitro experi- sorption, in vivo studies are needed to confirm the usefulness

ments, when C10 is administered in vivo, calcium is present of the potential enhancer and to determine the influence of

in the luminal content and can reduce fatty acid concentra- both formulation and physiological variables.

tion by precipitation—thus probably reducing its efficacy.

The same effect causes fatty acid dilution by intestinal fluids
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