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Abstract

While there are no reports concerning the effects of extracellular nucleotides on the intestinal
absorption of drugs, it is well known that extracellular nucleotides are important regulators of
intestinal epithelial ion transport. This report using fluorescein isothiocyanate dextran 4000 (FD-4)
as the model compound is the first to investigate the effects of purine nucleotides on absorption of
poorly absorbed drugs from intestine. ATP enhanced the absorption of FD-4 from rat ileum in a con-
centration-dependent manner. ADP also enhanced the absorption of FD-4. Other purine nucleotides
(adenosine, AMP, UTP and UDP) did not show an absorption-enhancing effect. The absorption-
enhancing effect by ATP was inhibited by suramin and pyridoxalphosphate-6-azophenyl-2 ;4’-disul-
fonate (PPADS), which are known P2 receptor antagonists. Additionally, 2-methylthio ATP (a P2Y
receptor agonist) enhanced the absorption of FD-4, but @, -methylene ATP (a P2X receptor agonist)
did not. These findings suggest that activation of the P2Y receptor may improve the absorption of
water-soluble and high-molecular compounds from the ileum.

Introduction

Nucleotides are ubiquitous signalling molecules that induce a wide spectrum of biological
responses (Communi & Boeynaems 1997). Extracellular nucleotides are generally thought
to regulate a wide range of tissue functions via direct stimulation of membrane P2 receptors
(Ralevic & Burnstock 1998). P2 receptors are subdivided into two families, P2X and P2Y
receptors (Abbracchio & Burnstock 1994; Fredholm etal 1994). P2X receptors are ATP-
gated ion channels and P2Y receptors belong to the superfamily of G-protein-coupled
receptors (Benham & Tsien 1987; Dubyak 1991). To date, at least seven P2X receptors
(P2X1 to P2X7) and seven P2Y receptors (P2Y1, P2Y2, P2Y4, P2Y6, P2Y11, P2Y12 and
P2Y13) have been identified in various animal species (Ralevic & Burnstock 1998). P2X
and P2Y receptors are found in a variety of epithelial tissues and have been shown to func-
tion as important regulators of ion transport (Leipziger 2003). P2 receptors in gastrointesti-
nal epithelial cells also regulate ion transport (Inoue etal 1997). However, there have been
no reports or investigations on the effects of P2 receptors on the intestinal absorption of
drugs, especially water-soluble macromolecules.

In the intestine, drug absorption is classified into transcellular and paracellular pathways.
The lipophilic compounds are mainly transported through the former, and water-soluble or
ionized drugs permeate through the latter. However, the absorption of water-soluble high-
molecular compounds is frequently restricted by their poor intestinal permeability through
the paracellular pathway. This is because a tight junction exists as a barrier in intestinal epi-
thelium and regulates the permeability of these compounds (Madara 1989; Anderson & Van
Itallie 1995). Thus, it is important to study how absorption can be improved. Several com-
pounds, including protease inhibitors, surfactants, bile salts, chelating agents and fatty
acids, have been developed to increase the intestinal absorption of polar drugs (Lee &
Yamamoto 1990; Tomita etal 1996; Sakai etal 1999). Fatty acids are reported to be able to
open the tight junctions through an increase in the intracellular calcium level (Lindmark
etal 1998; Hayashi etal 1999; Kimura etal 2001).

In this study, the effect of ATP and other purine nucleotides on the absorption of water-
soluble high-molecular compounds was investigated by an in-situ loop and everted sac
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method. Fluorescein isothiocyanate dextran 4000 (FD-4),
which is known to have poor absorption, was chosen as the
model compound. We also examined the degradation of ATP
in intestinal lumen.

Materials and Methods

Materials

FD-4, ATP disodium salt, 2-methylthio ATP (2-MeSATP),
a,B-methylene ATP (a,-meATP) and pyridoxalphosphate-
6-azo-phenyl-2’,4" disulfonic acid (PPADS) were purchased
from Sigma Chemical Co. (St Louis, MO, USA). Sodium
laurate (C12), sodium deoxycholate (DC-Na) and suramin
sodium were obtained from Wako Pure Chemicals Ltd (Osaka,
Japan). All other chemicals were of the finest reagent grade
available.

Animals

Male Wistar/ST rats (Japan SLC, Hamamatsu, Japan), weigh-
ing 220-290 g, were used in accordance with the Guidelines
for Animal Experimentation of the Mukogawa Women’s
University, which are based on the Guidelines for Animal
Experimentation of the Japanese Association for Laboratory
Animal Science.

In-situ loop experiments

Absorption studies of FD-4 from the in-situ loop of rat ileum
were performed by the method described previously
(Yamamoto etal 1996; Numata etal 2000). Briefly, the rats
were allowed to fast for 18-20 h before the experiments, with
water freely available. After the rats had been anesthetized
with ethyl carbamate (1 gkg_l), the ileum was exposed by a
middle abdominal incision. The lumen of ileum was washed
with phosphate buffered saline (PBS, 20mL) twice and a
loop, 5 cm in length, was prepared by closing both ends with
glass tubes attached to a syringe. Test compounds were dis-
solved with PBS and their pH adjusted to 7.0 with 1.0Mm
NaOH. They were then administered into the loop at a dose of
8.8 mg kg_l. After administration, blood samples from the
jugular vein were collected periodically. The plasma concen-
tration of FD-4 was measured using a fluorescence spectro-
photometer. The peak concentration (C,,,,) and time to reach
Chax (Thay) were determined directly from the concentra-
tion—time profiles. The area under the plasma concentration—
time curve (AUC) was calculated by the trapezoidal method
from time zero to the final sampling time.

In-vitro everted sacs experiments

Everted sacs of rat ileum were prepared using a method
described before (Kimura etal 1997; Barthe etal 1998). After
decapitation of the rat and laparotomy, the ileum was taken
above the caecum, washed with isotonic saline and everted. It
was cut into 5-cm segments that were ligated at one end, filled
on the serosal side with 0.5 mL modified Krebs—Henseleit

bicarbonate buffer (KHBB contained in mmM: NaCl 119, KCl
4.7, CaCl, 2.5, MgSO, 1.2, KH,PO, 1.2, NaHCO; 25, glu-
cose 11) and tightly ligated to create a gut sac. Immediately,
this everted sac was placed in 20mL of KHBB incubation
solution containing 1.1 mg mL~' FD-4 with or without ATP.
In some experiments suramin was added in the mucosal solu-
tion. The solution was gassed by 95% O,/5% CO, and main-
tained at 37°C throughout the experiment. After 30 min the
sac was removed, washed three times in isotonic saline and
blotted dry. The sac was cut open and the serosal fluid
drained into a small tube.

Reversibility study

The recovery of the intestine after exposure to the ATP was
studied by measuring the plasma concentration of FD-4 after
pretreatment with ATP. In this study, initially ATP solutions
were administered into the loop on the rat ileum and the loop
was washed with 15mL PBS after 60 min. Subsequently, FD-
4 was administered into the loop and the plasma concentra-
tion of FD-4 was assayed by the same method used for the
absorption study.

FD-4 measurement

Three millilitres of PBS was added to each 100 uL of plasma
sample or serosal fluid. The concentration of FD-4 was meas-
ured with a fluorescence spectrophotometer (Jasco FP-750,
Tokyo, Japan) at excitation and emission wavelengths of
495 and 515nm, respectively. A standard calibration curve
for FD-4 (0.1-5.0 ugmL™") was constructed using a known
amount of FD-4. Correlation coefficients greater than 0.999
were obtained.

ATP degradation experiment

The ATP degradation experiment in rat ileum was performed
by the following method. Male Wistar/ST rats, weighing 220-
290 g, were used and a loop was prepared in the ileum using the
same method as described in the above absorption study. ATP
was dissolved in PBS and the solution of ATP was adminis-
tered into the loop at a dose of 8.8 mg kgfl. After the experi-
ment, intestinal fluids were collected by washing the area with
15 mL PBS. The concentrations of adenine nucleotides in these
samples were measured by the following method.

ATP measurement

Samples (100 uL) were deproteinized with methanol (1 mL) and
centrifuged. Supernatants (1 mL) were collected and evaporated
before being dissolved with 10mm KH,PO, buffer (pH=7.0).
The ATP concentration was subsequently analysed by reverse-
phase HPLC. The HPLC system consisted of a pump
(LC-10ADvp, Shimadzu, Kyoto, Japan), a UV detector
(SPD-10Avp, Shimadzu, Kyoto, Japan) and an integrator
(SCL-10Avp, Shimadzu, Kyoto, Japan). Separation of nucle-
otides was performed on a 4.6x150mm column packed with
CrestPak C18S (Jasco Co., Tokyo, Japan) using a 10mMm
KH,PO, buffer (pH="7.0) containing 10.0% (v/v) methanol and
1.95 mM of the ion-pairing agent tetrabutylammonium hydrogen
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sulfate as eluate and a flow velocity of ImLmin~! at ambient
temperature. Mobile phases were filtered through 0.45 um fil-
ters (Millipore) before use. Sample volumes of 50 ul. were
injected onto the column and ATP was detected as the absorb-
ance at 254nm. ATP concentrations for each of the samples
were calculated by a standard calibration curve for ATP
(5.0-100.0 g mL’l). Correlation coefficients were obtained
greater than 0.998. Additionally, the reproducibility of quantifi-
cation was guaranteed. The inter-day and intra-day coefficients
of variation were 1.20 and 0.97%, respectively.

Statistical evaluations

All results were expressed as mean *s.e.m. Statistical signifi-
cance was determined by analysis of variance with the
Bonferroni method used to compare individual data for a
significant F value. Differences were considered significant
when the calculated P value was < 0.05.

Results

Figure 1 shows the time course of FD-4 concentration in
plasma after its administration into the ileum with or without
ATP. While FD-4 only was poorly absorbed from the ileum,
it was rapidly absorbed when co-administered with ATP. The
absorption of FD-4 increased in an ATP concentration-
dependent manner. The pharmacokinetic parameters of FD-4
are listed in Table 1. The values of the maximum concentra-
tion (C,,,,) and AUC at 10 mm ATP were about five and four
times higher than the values for samples where ATP was
absent, respectively. To evaluate the mucosal cytotoxicity of
ATP, the reversibility of the enhancement effect by ATP was
studied by measuring the plasma concentration of FD-4 after
pretreatment with O to 10 mm ATP. The concentration of FD-
4 after pretreatment with various concentrations of ATP
decreased compared with the co-administration of FD-4 and
the same concentrations of ATP.

To further investigate whether or not the ATP-induced
enhancement effect was mediated by stimulating the P2

1.5 1
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Plasma FD-4 concn (ug mL™")
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Figure 1 Time course of plasma FD-4 concentrations after FD-4
administration into rat ileum in the absence (M) or presence of 5 mm
(0) or 10mm (4) ATP. Each point and the vertical bars represent the
mean * s.e.m. (n=4-6, respectively).
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Table 1 FD-4 pharmacokinetic parameters after FD-4 administration
into rat ileum in the absence or presence of 5 or 10 mm ATP

ATP(mM) Cp(pgmL™) T, (min)  AUC (ugmL~min)
0 0.21£0.07 14254448 248424

5 0.61+0.07 100.0+£70.0  73.3£6.9°

10 0.98+0.19* 30.0£0.0°  945+11.1°

Each value represents the mean £ s.e.m. (n=4-6, respectively). *P <0.05
compared with 0 mm ATP. "P<0.01 compared with 0 mM ATP. “The
standard error of T, ,, was not observed.

receptor, the effect was assessed in the presence of suramin
and PPADS, both of which are P2 receptor antagonists. As
shown in Figure 2, the ATP (10 mM)-induced effect was sig-
nificantly inhibited by the co-administration of 2 mM suramin
or 2mM PPADS. Figure 3 shows the effects of 2-MeSATP
(P2Y receptor agonist) and a,8-meATP (P2X receptor ago-
nist) on FD-4 absorption. Absorption of FD-4 was enhanced
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Figure 2 Effect of suramin and PPADS on ATP-induced enhance-
ment of FD-4 absorption in rat ileum. Symbols: control (®); 10 mm
ATP (#); 10mM ATP+2mM suramin (O); 10mM ATP+2mMm
PPADS (¢). Each point and the vertical bars represent the
mean £ s.e.m. (n=4-6, respectively).
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Figure 3  Effects of P2 receptor agonist and purine nucleotides on plasma
FD-4 concentrations after FD-4 administration into rat ileum. Symbols:
control (W); 1 mM 2-MeSATP (e); 1 mM @, 3meATP (O); 25 mM adenosine
(@); 25mM AMP (A); 25mM ADP (A); 25mMm UDP (©); 25mm UTP
(#). Each point and the vertical bars represent the mean+ts.e.m. (n=4).
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Figure 4 Time course of ATP dephosphorylation in the lumen after
ATP (10 mm) administration into rat ileum. Symbols: ATP (®); ADP (0O);
AMP (#); adenosine (< ). Each point and the vertical bars represent the
mean £s.e.m. (n=06).

by 2-MeSATP (1 mm) but not by «,8-meATP (1 mm). Fur-
thermore, the effects of other purine nucleotides on FD-4
absorption were also investigated. Among the purine nucle-
otides used in this study, only ADP enhanced the absorption
of FD-4 (Figure 3). The ADP-induced effect was also inhib-
ited by the presence of suramin (data not shown).

Figure 4 shows the dephosphorylation of ATP after the
administration of ATP (10 mM) in the ileum. ATP was rapidly
dephosphorylated in the lumen, ultimately to ADP, AMP and
adenosine. We further examined the effect of ATP on the
transport of FD-4 across the intestine with an in-vitro everted
sac method. The transport of FD-4 increased with 1 mM or
greater ATP concentration in the mucosal side (Figure 5).
The enhanced transport of FD-4 to the serosal side was signif-
icantly inhibited by suramin.
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Figure 5 Effects of ATP (0.5-5 mMm) and suramin (1 mm) on the per-
meability of FD-4 (0.25 mM) in rat everted sacs from ileum. Each point
and the vertical bars represent the mean +s.e.m. (n=4-6, respectively).
P <0.05 when compared with FD-4 only.
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Figure 6 Effects of suramin and PPADS on C12 (A) or DC-Na (B)
induced enhancement of FD-4 absorption in rat ileum. Symbols: (A) con-
trol (W); 5mM C12 (4); 5mm CI12 with SmMm suramin () or 5 mMm
PPADS (O). (B) control (®); 5mm DC-Na (A); 5mm DC-Na with 5 mm
suramin (/) or 5 mM PPADS (o). Each point and the vertical bars rep-
resent the mean + s.e.m. (n=4-0, respectively).

Next, we studied the effect of the P2 receptor antagonist on
the absorption-enhancing effect of the other absorption enhanc-
ers reported previously. C12 and DC-Na were selected as the
absorption enhancers because their enhancing effects are well
known (Lindmark etal 1995; Sakai etal 1997). These com-
pounds increased the absorption of FD-4 from the ileum.
However, the enhancing effects of these compounds were dimin-
ished with the co-administration of suramin or PPADS (Figure 6).

Discussion

Extracellular ATP acts on the cell surface P2 receptors of
the P2X and P2Y types (Abbracchio & Burnstock 1994;
Fredholm etal 1994). P2 receptors are widely expressed in
mammalian tissues and regulate a broad range of activities.
In a variety of epithelial tissues, including in the intestine,
P2 receptors are also found and have been shown to func-
tion as important regulators of ion transport (Leipziger
2003). Recently, Tanaka etal (2003, 2005) suggested that
the activation of the P2Y receptor enhanced the permeation
of marcomolecules through the endothelial cells isolated
from the rat caudal artery. However, there are no reports
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that have investigated the effects of P2 receptors on the
absorption of drugs that are poorly absorbed from the gas-
trointestinal tract.

In the present study we examined the participation of P2
receptors in the intestinal absorption mechanism and selected
FD-4 for use as the poorly absorbed model compound.
Indeed, the absorption of FD-4 from rat ileum was found to
be poor (Figure 1), but rapidly absorbed when co-adminis-
tered with ATP (Figure 1). Thus, ATP significantly increased
the absorption of FD-4 in a concentration-dependent manner.
As one possible explanation for this effect of ATP, mucosal
cytotoxicity of the intestine by ATP is postulated. It is well
known that extracellular ATP is a broad-spectrum cytotoxic
agent that produces an effect via the cell surface P2 receptor.
The ligand gated P2 receptor subtype has very high sequence
homology with the RP-2 gene, which encodes for apoptosis
(Lundy etal 1998). Thus, we evaluated the reversibility of the
enhancement effect of ATP by measuring the plasma concen-
tration of FD-4 after pretreatment with ATP. Significant
differences were not observed between the control and the
pretreatment with ATP groups (data not shown). Addition-
ally, ileum morphological damage was not observed on
pathologic examination of the ileum specimen, which was
collected after the in-situ loop experiment (data not shown).
These results suggest that the enhancement effect of ATP did
not result from cytotoxicity.

Suramin and PPADS, both of which are P2 receptor
antagonists (Dunn & Blakeley 1988; Lambrecht etal 1992),
inhibited the enhancing effect of ATP (Figure 2). These
results suggest that the activation of the P2 receptor
enhances the absorption of FD-4 from the ileum. P2 recep-
tors are subdivided into two families, P2X and P2Y recep-
tors (Abbracchio & Burnstock 1994; Fredholm etal 1994).
P2X receptors are ATP-gate ion channels and P2Y receptors
belong to the superfamily of G-protein-coupled receptors
(Benham & Tsien 1987; Dubyak 1991). To investigate
whether it was the P2X or P2Y receptors that were par-
ticipating in the absorption enhancing effect of ATP,
2-MeSATP (a P2Y receptor agonist) and «,8-meATP (a
P2X receptor agonist) were used. Absorption of FD-4 was
enhanced by 2-MeSATP (1 mm), but not by «,5-meATP
(1 mm) (Figure 3). These results suggest that the activation
of P2Y receptors enhances the absorption of FD-4 from the
ileum. To date, at least seven P2Y receptors (P2Y1, P2Y2,
P2Y4, P2Y6, P2Y11, P2Y12 and P2Y13) have been identi-
fied in various animal species (Ralevic & Burnstock 1998).
The present study showed that ATP, 2-MeSATP and ADP
enhanced the absorption of FD-4 from the ileum. Other
purine nucleotides (AMP, UTP and UDP) and adenosine did
not show any enhancing effect. ATP, 2-MeSATP and ADP
are all known to be P2Y1 receptor agonists. Our observa-
tions suggest that the receptor associated with the enhancing
effect of FD-4 absorption may be P2Y1.

The concentration of ATP in cells is about 3 to 10 mm
(Schwiebert & Zsembery 2003) under normal physiological
conditions. However, in this study, the concentrations of ATP
used were higher than those seen under normal conditions. It
is well known that ATP is rapidly degraded to ADP, AMP
and adenosine by a series of cell surface enzymes (Welford
etal 1986; Bailey & Hourani 1990), thus to confirm the
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degradation of ATP in this study the rate of dephosphoryla-
tion of ATP in the rat ileum was measured. ATP was rapidly
degraded to ADP, AMP and adenosine (Figure 4). At 30 min,
which corresponds to the T, of the plasma FD-4 after ATP
co-administration, only 10% of the initial ATP remained in
the ileum. From these results it is considered that 5 mMm or less
of ATP enhances the absorption of FD-4 from the ileum. To
further investigate the effect of ATP concentration on the per-
meation of FD-4, an in-vitro everted sac method was used.
The transport of FD-4 increased with 1 mM or greater ATP
concentration in the mucosal side (Figure 5). Also, the
enhanced transport of FD-4 to the serosal side was signifi-
cantly inhibited by suramin. Suramin did not affect FD-4
transport. There are many reports that ATP is released from
various tissues of the digestive intestine (Matsuo etal 1997;
Dezaki etal 2000; Katsuragi et al 2002) but the exact concen-
tration of endogenous ATP released from intestinal cells is
not clear. Shinozuka etal (1994) found that alpha-1 adreno-
ceptor stimulation evoked the release of ATP from blood ves-
sels and the responsible approximation of the amount of ATP
per tissue volume that they calculated was 20 M. ATP is
released into the intercellular space from the source cells and
this spatial ratio to the whole tissue is very small. The inter-
cellular concentration of ATP is therefore considered to be
much higher than 20 gM. Further investigations need to eluci-
date whether or not endogenous ATP released from intestinal
cells affects the transport of a water-soluble high-molecular
compound.

Several compounds, including protease inhibitors, sur-
factants, bile salts, chelating agents and fatty acids, have been
developed to increase the intestinal absorption of polar drugs
(Lee & Yamamoto 1990; Tomita et al 1996; Sakai etal 1999).
It has been reported that the absorption enhancers increase the
intracellular calcium levels through interaction with phos-
pholipase C in the membrane, followed by the formation of
inositol 1, 4, 5-triphosphate (IP3), and enhance permeability
by opening tight junctions, which are opened by activation of
the calmodulin-dependent contraction of the actin microfila-
ment (Sakai etal 1998; Ma etal 2000). On the other hand,
P2Y receptors generally act via G-protein coupling to activate
phospholipase C, followed by the formation of IP3 and an
increase in intracellular calcium levels (Benham & Tsien
1987; Dubyak 1991). Tanaka etal (2003) also reported that
the P2Y receptor agonist increases the macromolecule perme-
ability of endothelial monolayers with an increase in intracel-
lular calcium. These results suggest the possibility that the
absorption enhancer and P2Y receptor agonist enhance the
absorption of polar drugs with the same cascade. To elucidate
this possibility, we investigated the effect of P2Y receptor
antagonist (suramin and PPADS) on the absorption-enhanc-
ing effect of C12 and DC-Na. As shown in Figure 6, the
absorption-enhancing effects caused by C12 and DC-Na were
inhibited with the co-administration of suramin or PPADS. It
is considered that the opening tight junctions may be involved
in the enhancing effect of the P2Y receptor agonist, although
further studies are needed to clarify the detailed mechanism
of the P2Y receptor agonist on the absorption enhancing
effect of FD-4.

In conclusion, our results demonstrate that extracellular
ATP can enhance the absorption of FD-4 from the ileum.
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This enhancement effect is caused by the activation of P2Y
receptors. Purinergic receptors may therefore participate in
the absorption of drugs from the intestine.
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