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Abstract

The transport characteristics of monocarboxylic acid type drugs (ketoprofen, ibuprofen and gemfibrozil) across the excised
jejunal segments and artificial (octanol impregnated) membrane in side-by-side diffusion cells were studied. All three model
drugs permeated faster across the intestinal tissue in the mucosal-to-serosal direction than in the opposite direction. No polarised
transport of tested drugs was observed when the mucosal side of the intestine was treated with mucus disruptity sigéam,

1% (w/v), which significantly increased the microclimate pH atthe mucosal surface of the intestine. Similar effects on the transport

characteristics of model drugs and microclimate pH were observed when metabolic inhibitor, sodium azide (10 mM), was present
in the incubation medium. Furthermore, the direction of proton gradient across the artificial membrane was shown to significantly

influence the transport of model drugs across this membrane. The results of this study indicate that the inwardly directed proton
gradient maintained by the acidic microclimate pH at the intestinal surface could be considered as a driving force for the transport
of monocarboxylic acid type drugs across the intestinal epithelia and could explain rapid absorption of these drugs after oral

application.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction mucosal surface of the intestinBrodie and Hogben,
1957; Hogerle and Winne, 1983
Many drugs have monocarboxylic group in their It is difficult to reconcile rapid absorption of mono-

structure. These weak organic acids witQgpralues carboxylic acid type drugs with this concept because
between 3 and 5.5 are in general rapidly absorbed these substances are almost completely ionised at the
from the gastrointestinal tract, however, the mecha- pH onthe mucosal surface of the intestine (pH 6.0-7.1;
nism of transport across the intestinal epithelia is still Rechkemmer etal., 1986; Shimada, 1987; Ikumaetal.,
uncertain. The pH-partition hypothesis predicts that 1996.
weak electrolytes are absorbed from the gastrointesti- A mechanism which could explain rapid absorp-
nal tract by passive diffusion depending on the frac- tion of monocarboxylic acids has been suggested by
tion of undissociated organic acid at the pH on the Takagietal. (1998based on the uptake studies of sal-
icylic acid in artificial liposomes. They have suggested
"+ Corresponding author. Tek:386-1-4769-503: that the abso_rption of monogarboxylic gcid type drugs
fax: +386-1-4258-031. could be facilitated by the inwardly directed proton
E-mail addresskristla@ffa.uni-lj.si (A. Kristl). gradient across the brush border membrane, which is
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2.2. Transport studies across rat jejunum in vitro

The experiments conform to the European conven-
tion for the protection of vertebrate animals used for
0 X - .
O O experimental and other scientific purposes (Council of
Europe No. 123, Strasbourg, 1986).

0o Rat jejunum was obtained from male Wistar rats
(250-320g). All animals were starved for 18 h be-
OH o fore the experiments. After decapitation and laparo-

HO tomy, the small intestine was immediately excised
and placed into the ice-cold bubbled (carbogen, 95:5
02/COy) 10mM solution of p-glucose in standard
Fig. 1. Structures of (A) ketoprofen, (B) ibuprofen and (C) gem- Ringer buffer containing (in mM): 140.6 Na5 K*,
fibrozil. 1.2 C&t, 1.2 M¢?t, 121.8 Cf, 25 HCG, 0.4
HoPOy~, 1.6 HPQ?~. Jejunum 25cm distally from
the pyloric sphincter was used in the experiments.

- L . The tissue was rinsed with ice-cold standard Ringer
maintained by the acidic microclimate on the mucosal buffer to remove luminal content and cut into 3cm

surface. However, no direct evaluation of this mecha-

(A) (B) (©)

ism has b q ken in vi : . long segments, excluding visible Peyer’s patches. The
nism has been un ertaken in vivo or in an appropriate j,iaqfing| segments were opened along the mesenteric
In vitro system. border, stretched onto a special insert and placed

The aim_of th_e present study was to evaluate the between the two EasyMount side-by-side diffusion
effect of microclimate pH on the transport character- chambers with the exposed tissue area of 1cm

istics of three model monocarboxylic acid type drugs; (Physiologic Instruments, San Diego, CA, USA).
two non—sterqidal anti-infla.mmatory drpgs (NSAIDs): During the experiments the intestinal segments
ketoprofen Fig. 1A) and ibuprofen Kig. 1B) and a0 pathed on both sides with standard Ringer buffer
a hypohplc_iemlc drug, gemﬂbrom_lFQg. 1Q). Trans- (pH 7.5) supplemented with 10 mM+-glucose at the
qut experiments across th_e exmsed sggments 9f "alserosal and 10mM mannitol at the mucosal side.
jejunum were performed in side-by-side diffusion g hathing solution was continuously gassed with
chambers. Microclimate pH was measured with pH carbogen (95:5 @ICO,) and kept at 37C.
microelectrodes. Additionally, the transport of these — pqr preincubation for 25min, the investigated
r_n_odel monocarboxylic acid _type_ drugs across the_ ar- monocarboxylic acid was added to the mucosal or
tificial membrane mounted in S|(_j_e-by-5|de d|1_‘fu3|0n serosal side if studying mucosal-to-serosal (m-to-s)
chambers under d|ffer§nt conditions regarding pH or serosal-to-mucosal (s-to-m) transport, respectively.
gradient was also examined. The final volume of the solution in each compartment
was 2.5ml. The concentration of the investigated
substances in the donor compartment was 290

2. Materials and methods Samples of 25@.1 were withdrawn from the accep-
tor compartment at 25-min intervals up to 175min
2.1. Materials and replaced with fresh Ringer buffer containing

10 mM p-glucose (m-to-s transport) or 10 mM man-
Ketoprofen, ibuprofen, gemfibrozil andcysteine nitol (s-to-m transport) to maintain a constant vol-
were from Sigma Aldrich Chemie (Deisenhofen, ume. Effect of compound withdrawal was taken into
Germany). Fluorescein sodium was purchased from account for when calculating apparent permeability
Fluka (Deisenhofen, Germany). Sodium azide was coefficient Papp) values.
obtained from Riedel-de Haén AG Seelze (Hannover, The diffusion chambers were equipped with two
Germany). All chemicals used in this study were of pairs of Ag/AgCl electrodes connected to the cham-
analytical grade. bers via 3M KCI/3.5% agar bridges, for measuring
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transepithelial potential difference (PD) and for 2.4. Transport studies across the

passing current, respectively. The experiments were artificial membrane

performed under the short-circuited conditions; the

current was delivered by a multichannel voltage—  Permeability across the artificial lipid membrane

current clamp (model VCC MCB6, Physiologic In- was studied in Sweetana—Grass type diffusion cham-
struments). The tissue viability and integrity were bers custom made at the University of Utrecht, The

checked by monitoring PD, short circuit curreihd Netherlands (the volume of donor and acceptor so-
and tissue electrical resistance (TER) every 25min lution is 2.5ml, exposed surface area is 1.2Zxm
and additionally by recording the increaselgf and The artificial lipid barrier was prepared from a cel-

PD after the addition ob-glucose (25mM) to the Ilulose nitrate membrane filter with Oudm pore size
mucosal compartment at the end of experiments. (Sartorius, Gottingen, Germany), which was impreg-
TER was determined according to the Ohm'’s law. nated with 1-octanol for 1 day; the excess of octanol
and TER were corrected for fluid resistance before was removed by pressing the impregnated membrane
mounting the tissue in the diffusion chamber system. filter between the two pieces of blotting paper. The
The tissue integrity during transport studies was impregnated filter disc was then cut into six pieces,
also validated by measuring the permeability of a hy- which were mounted in the diffusion chambers. Af-
drophilic transport marker, fluorescein sodium, with a terwards, the membrane inside the diffusion chambers

donor concentration of pM. was exposed to the same buffers as used later in the
experiment for 90 min to ensure that the lipid phase

2.3. In vitro measurements of mucosal was saturated with agqueous phase. Experiments were

surface pH performed with Ringer buffer solutions, which were

modified in some cases to obtain the appropriate pH.
The pH measurements were performed with a flat The experimental conditions were: pH 6.5 on donor
membrane pH microelectrode (MI-406, tip diameter and pH 7.5 on acceptor side, pH 7.5 on both sides, pH
1.5 mm, Microelectrodes, Inc., Bedford, NH). Theref- 7.5 on donor and pH 6.5 on acceptor side. The con-
erence electrode, MI-402 (Microelectrodes, Inc.) was centration of ketoprofen, ibuprofen and gemfibrozil
dipped into the same incubation medium as the pH in the donor compartment was 5a8. Samples of
microelectrode. Both electrodes were connected to a 250wl were removed from the acceptor compartment
digital pH meter (model MA-5736, Iskra, Ljubljana, at 10-min intervals up to 60 min and replaced with the
Slovenia). The tissue was first incubated in the dif- equal volume of the appropriate Ringer buffer.
fusion chambers under the same conditions as ap-
plied in the transport experiments. The insert with the 2.5. Analytical procedure
mounted tissue was then placed into a thermostated
bath (37°C) with the mucosal surface upwards. The  The concentrations of ketoprofen, ibuprofen, gemfi-
flow (4 ml/min) through the bath was maintained with brozil and fluorescein in the samples from the transport
the same solution as used in the diffusion chambers. experiments were analysed with HPLC system (Series
This solution was kept in a reservoir at 37 and 1100, Hewlett Packard, Waldbron, Germany). The col-
gassed with carbogen. After pH determination of the umn Eurospher C-8 (&Bm, 250 mmx 4 mm; Bia Sep-
bathing solution, the pH microelectrode was advanced arations, Ljubljana, Slovenia) was used at'85 The
to the epithelial surface by using a micromanipulator mobile phase for all studied substances was composed
until the tip of the electrode touched the mucus layer; from acetonitrile and phosphate buffer (pH 7.5) in
this was noticed as a change in pH. Afterwards the different ratios; 15:85 for ketoprofen and fluorescein,
electrode was lowered down for additional 0.5mm. 23.5:76.5 for ibuprofen and 28.5:71.5 for gemfibrozil.
Stable pH reading was achieved within 3—4 min. The detection was by UV absorption using diode ar-
The procedure of the pH determination did not af- ray detector at 262 nm for ketoprofen and 225 nm for
fect the tissue viability. This was checked by monitor- ibuprofen and gemfibrozil. Fluorescein was detected
ing the electrical parameters of the tissue before and by fluorescence detectoihdx = 487nm,igm =
after pH measurements. 510 nm) (model RF-535, Shimadzu, Kyoto, Japan).
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2.6. Data analysis and statistics

The Papp value of the investigated substances was
calculated from the following equation:

do 1

o ACo (cm/s)

1)

Papp =
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pH and transport characteristics of the investigated
substances were observed when metabolic inhibitor
sodium azide was present in the incubation medium.
The acidity of the microclimate layer was reduced

significantly P < 0.0001, t-test) to 733 &+ 0.02

(n = 6). At the same time no significant differences

between theP,pp values estimated for m-to-s and

where dQ/dt is the steady-state appearance rate on the s-to-m transports were observedable 1. Similar

acceptor side of the tissue or artificial membrafe,
is the exposed area of the tissue (¥ror artificial
membrane (1.22 cf), Cp is the initial concentration
of the drug in the donor compartment.

All data are presented as meah$.E.M. Statisti-
cal significance was evaluated by two-tailed Student’s
t-test or ANOVA.

3. Results and discussion

The effect of microclimate pH at the mucosal sur-
face of rat jejunum on the m-to-s and s-to-m transport
of three model monocarboxylic acid type drugs [ke-
toprofen (K5 = 4.6; Fagerholm et al., 1996gem-
fibrozil (pKa = 5; Ungell et al., 1998and ibuprofen
(pKa = 5.3; Beetge et al., 20QPacross rat jejunum

effects of metabolic inhibitors (iodoacetate and dini-
trophenol) on the microclimate pH were observed by
Said et al. (1987)

These results demonstrate the importance of in-
wardly directed proton gradient across the brush bor-
der membrane in the transport of monocarboxylic acid
type drugs across the intestinal epithelia. Inwardly di-
rected proton gradient across the apical membrane is
maintained because of the differences between the mi-
croclimate pH at the mucosal surface®.0) and the
intracellular pH (7.2; Wakabayashi et al., 199 4Un-
der these conditions, the lipophilic non-ionised form
of monocarboxylic acid is quickly transported across
the lipoidal membrane, followed by a redissociation
in the intracellular compartment. High concentration
gradient of the non-ionised form of organic acid is
thus maintained across the brush border membrane,

in vitro was examined. Polarised transport of all three which facilitates the transport of organic acids in the
investigated substances was observed when both sidesn-to-s direction. At the same time, the gradient of
of the tissue were bathed with standard Ringer buffer the non-ionised form of organic acid across the apical
(pH 7.5). The transport of the investigated substances membrane in the s-to-m direction is reduced, which
in the m-to-s direction significantly exceeds the trans- hinders the transport of organic acids in this direction.
port in the opposite direction (contrdlable 1. Un- This mechanism predicts that the transport of mono-
der these conditions (control), an acidic microclimate carboxylic acids across the apical membrane is the rate
layer on the mucosal surface was detected with pH limiting factor in the absorption of these compounds
6.99+ 0.03 (n 10), which is significantly lower  from gastrointestinal tract.

(P < 0.0001,t-test) than the incubation medium pH
7.51+0.02 (» = 10).

Destruction or solubilisation of mucus by S-S
reducing agents, such as 1,4-ditmio-threitol,
L-cysteine andN-acetyli-cysteine, is known to affect
microclimate pH because the role of mucus being a
barrier to H- movement is deterioratedSkhimada,
1987; Ikuma et al., 1996 When the mucosal side of
the tissue was treated withrcysteine, the microcli-
mate pH increased (compared to the control experi-
ment) significantly £ < 0.0001,t-test) to 7284+0.02
(n = 6), while the asymmetry in the transport of the

One could expect no or very low proton gradient
across the brush border membrane in the case of
L-cysteine or sodium azide treatment because the mi-
croclimate pH increased significantly (from 6.99 to
7.28 and 7.33 for-cysteine and sodium azide, respec-
tively). In addition, sodium azide as an ATP-depleting
agent affects the regulation of intracellular pMierts
et al., 1994; Hayashi and Suzuki, 199&hich fur-
ther prevents the formation of the inwardly directed
proton gradient across the apical membrane. Conse-
guently, there exists no driving force for the m-to-s
and no hindering force for the s-to-m transport of the

investigated substances across the intestine was abolinvestigated substances across the apical membrane,

ished {Table ). Similar effects on the microclimate

which leads to the non-polarised transpdraffle ).
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Table 1
The effect ofL-cysteine and sodium azide on the transport of model monocarboxylic acid type drugs (ketoprofen, ibuprofen and gemfibrozil)
across rat jejunum in vitfo

Investigated substance Conditions Apparent permeabifify, (10~5cm/s) P;g;to—s/ Pasgg"—m
m-to-s s-to-m

Ketoprofen Control 1.9% 0.14 1.14+ 0.14 1.68+ 0.38
L-Cysteiné 1.89+ 0.06 2.08+ 0.19 0.91+ 0.08
Sodium azide 1.72+ 0.09 1.65+ 0.03 1.04+ 0.07

Ibuprofen Control 3.2H 0.12 2.00+ 0.04 1.60+ 0.09
L-Cysteiné& 3.05+ 0.22 2.54+ 0.09 1.20+ 0.13
Sodium azide 2.86+ 0.25 2.51+ 0.13 1.14+ 0.17

Gemfibrozil Control 2.7+ 0.14 1.86+ 0.21 1.494+ 0.27
L-Cysteiné 2.78+ 0.20 2.31+ 0.11 1.20+ 0.15
Sodium azide 3.27+ 0.18 3.35+ 0.03 0.98+ 0.06

& The incubation medium pH was 7.51 on both sides of the tissue.PEfgevalues were estimated for the mucosal-to-serosal (m-to-s)
and serosal-to-mucosal (s-to-m) transport. Data are presented as-m84nbl. of three to six determinations. The donor concentration
of the monocarboxylic acid was 2pM.
b Mucosal side was treated for 15min with 1% (whAcysteine (mucus disrupting agent) before the addition of investigated substance
to the donor compartment.
¢ Sodium azide (10 mM, metabolic inhibitor) was present in the incubation medium on both sides of the tissue throughout the experiments.
* Significantly different from the correspondirigypp value estimated for the s-to-m transpoR & 0.05, t-test).

One can see that the s-to-m permeability increased conditions, respectively). Similar increase in paracel-
pronouncedly, while the m-to-s permeability did not lular permeability after ATP-depletion was observed
decreaseTable 1. This could be explained by the by other authorsNlandel et al., 1998 These effects
fact thatL-cysteine and sodium azide do not selec- of L-cysteine and sodium azide could thus modify the
tively affect the microclimate pH, but have also other effect of the abolishment of proton gradient across
effects on the intestinal tissue. Firstlycysteine re- the brush border membrane on the transport of model
duces viscoelasticity of the mucus by disruption of drugs across the intestinal tissue.

disulphide linkages between glycoprotein sub-units  To evaluate the effect of proton gradient across a
(Poelma et al., 1990; Khanvilkar et al., 200Mu- simple lipid membrane, we studied the transport of in-
cus layer could represent a significant barrier to the vestigated substances across the octanol-impregnated
absorption of various substanced/ikman Larhed artificial membrane, which could represent the apical
et al., 1998; Legen and Kiristl, 2001; Khanvilkar et al., membrane of the enterocytegable 2shows that the
2001). The destruction of the mucus structure could transport of all three model monocarboxylic acid type
thus lead to the increased transport of model mono- drugs across the artificial membrane was the highest
carboxylic acids across the intestinal tissue in both in the direction of increasing pH (pH®— pH 7.5),
directions. Secondly, sodium azide in the incubation and the lowest in the direction of decreasing pH (pH
medium caused a rapid decrease of TER values during7.5 — pH 6.5). These results demonstrate the impor-
the experiments, which was associated with the sig- tance of proton gradient across the lipid membrane
nificantly (P < 0.0001,t-test) increased transport of in the transport of weak organic acids and support
a paracellular transport marker fluorescein in both di- the suggested mechanism of the transport of monocar-
rections Papp values: 600 x 1064+0.52x 10 6 cm/s boxylic acids across the excised intestinal segments.

(n=29),674x106+051x 10 8cm/s @ = 9) for In summary, we have demonstrated the importance
m-to-s and s-to-m transport under the control condi- of low microclimate pH at the mucosal surface and
tions, respectively, and83x 10-6+0.39x 10-6 cm/s normal intracellular metabolism in the transport of
(n=12),114x 105+ 0.7 x 10 6cm/s @@ = 9) for three model monocarboxylic acid type drugs across rat

m-to-s and s-to-m transport under the ATP-depleted jejunum in vitro. The results from this study suggest
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Table 2
The effect of proton gradient on the transport of model monocarboxylic acid type drugs (ketoprofen, ibuprofen and gemfibrozil) across
the artificial lipid membrarfe

Investigated substance Apparent permeabifgyy, (10-5cml/s)

pH 6.5— pH 7.5 pH 7.5 pH 7.5 pH 7.5 pH 6.5
Ketoprofen 10.3+ 1.1 2.90+ 0.28 2.50+ 0.20
Ibuprofen 38.7+ 1.3 175+ 0.7 7.40+ 0.22
Gemfibrozil 19.1+ 1.0 14.6+ 0.9 3.59+ 0.14

For each model monocarboxylic acid a significant influence of experimental conditions (pH gradient) on apparent pernfiagg)ilitag
found (P < 0.01, ANOVA).
a Data are presented as meanS.E.M. of four determinations. The donor concentration of monocarboxylic acid wag.B00

that the inwardly directed proton gradient across the Khanvilkar, K., Donovan, M.D., Flanagan, D.R., 2001. Drug
apical membrane of the enterocytes could representthe ~ transfer through mucus. Adv. Drug Deliv. Rev. 48, 173-193.

.. . . Legen, I., Kristl, A., 2001. Comparative permeability of some
driving force for the transport of weak organic acids acyclovir derivatives through native mucus and crude mucin

across the intestinal epithelia. This mechanism might  gispersions. Drug Dev. Ind. Pharm. 27, 669-674.

explain rapid absorption of monocarboxylic acid type Mandel, L.J., Bacallao, R., Zampighi, G., 1993. Uncoupling of the

drugs from gastrointestinal tract. molecular fence and paracellular gate functions in epithelial
tight junctions. Nature 361, 552-555.

Poelma, F.G.J., Breés, R., Tukker, J.J., 1990. Intestinal absorption
of drugs. IV. The influence of taurocholate angysteine on
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