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P-Glycoprotein (P-gp), an ATP-dependent efflux transporter, is expressed in brush-border membranes
in the intestines of humans and rodents. In this study, the fate of quinidine, a P-gp substrate, in the
gastrointestinal tract after oral administration was examined in conscious rats. The animals received
quinidine (3 mg/ml/kg) or FITC-dextran of molecular weight of 10,000 (FD-10S, 5 mg/ml/kg, a poorly
absorbable compound) orally, and the remaining amount of the compound in the upper gastrointestinal
tract was measured at designated time intervals. As a control, FD-10S was distributed almost evenly
throughout the gastrointestinal tract at 30 min, and most of FD-10S was accumulated in the distal
small intestine at 60 min after administration. In contrast, most of the orally administered quinidine
disappeared at the proximal intestine, and only small amounts reached the distal region. Also, the
gastrointestinal transit of FD-10S was markedly slowed by stopping or inhibiting the bile flow, indicat-
ing that bile flow significantly affects the transit of drugs in the gastrointestinal tract. In conclusion, this
study has demonstrated that compounds with high solubility and high permeability, such as quinidine,
can be absorbed rapidly at the proximal intestine, escaping the barrier function of P-gp, because P-gp

is mostly expressed in the distal intestine.

1. Introduction

The gastrointestinal tract is exposed to various harmful
exogenous compounds. However, it is equipped with var-
ious metabolizing enzymes and efflux transporters which
play a role as a host defense/detoxification system. As
ATP-dependent efflux transporters, P-glycoprotein (P-gp),
breast cancer resistance protein (BCRP) and members of
multidrug resistance-associated proteins (MRPs) are nor-
mally expressed in the intestines of humans and rodents.
These efflux transporters are mainly localized on the api-
cal brush-border membranes, playing a role in limiting
influx and facilitating efflux to prevent the intracellular
accumulation of their own substrate compounds. In con-
trast, some transporters, such as MRP3, are localized on
the basolateral membrane of enterocytes, and increase the
transport of their substrate compounds to the systemic cir-
culation from the intracellular compartment (Yokooji et al.
2007a, b). P-gp transports a variety of structurally and
pharmacologically unrelated neutral and positively charged
hydrophobic compounds, while BCRP and MRPs trans-
port relatively hydrophilic compounds including various
conjugates of endogenous and exogenous substances (Su-
zuki and Sugiyama 2002; Chan etal. 2004; Doyle and
Ross 2003; Takano etal. 2006). P-gp is considered the
mainstay among various efflux transporters in considering
oral bioavailability of drugs, since P-gp recognizes many
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clinically important hydrophobic compounds, including
anticancer agents, calcium channel blockers, immunosup-
pressive agents, steroids, [-blockers, cardiac glycosides,
and so on (Takano et al. 2006). Therefore, P-gp can limit
the influx of orally administered substrate compounds in
the intestine and facilitate the efflux of substrate com-
pounds that circulate in the central blood flow to the in-
testinal lumen, and cause P-gp-mediated drug interaction
in the intestine. Thus, under ordinary circumstances, a suf-
ficient oral absorption (oral bioavailability) of the P-gp
substrate compounds is unlikely. However, in clinical prac-
tice, there are many useful P-gp substrate drugs that are
applied to the body through oral administration, such as
diltiazem, nicardipine, nifedipine, verapamil, cyclosporin
A, tacrolimus, cortisol, dexamethasone, tamoxifen, digox-
in, digitoxin, o-methyldigoxin, [3-acetyldigoxin, erythromy-
cin, quinidine, ketoconazole, itraconazole, etc. In order to
resolve the problem of why these P-gp substrate com-
pounds could be applied orally, we examined the fate of
quinidine, a P-gp substrate, in the gastrointestinal tract
after oral administration in conscious rats. In this study,
we chose quinidine as a model compound based on the
fact that the membrane transport of quinidine across the
intestine and the blood-brain barrier has been known to be
mediated by P-gp (Kusuhara et al. 1997; Emi et al. 1998;
Adachi et al. 2003). It has been categorized as a class 1
compound with high solubility and high permeability in
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the Biopharmaceutical Classfication System (BCS) defined
by the FDA (Amidon etal. 1995; Wu and Benet 2004),
and the oral bioavailability of quinidine is more than 80%
in humans (Greenblatt et al. 1977).

2. Investigations, and results

2.1. Fate of FD-10S in the intestine after oral adminis-
tration

FD-10S was used to evaluate the gastrointestinal transit of
intestinal fluid, since this hydrophilic macromolecule com-
pound is not absorbed in the intestine. In the experiment,
the remaining amounts of FD-10S in the intestine were
measured 15 min, 30 min and 60 min after oral administra-
tion (Fig. 1). The total recovery rate of FD-10S from the
whole intestinal lumen was almost 100% at all three time
points examined. At 15 min after administration, FD-10S
remained mostly at the proximal region, including the stom-
ach; at 30 min, FD-10S was distributed evenly throug-
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Fig. 1: Time profile for the remaining amounts of FD-10S in the intestine
after oral administration in rats. FD-10S was administered orally at
a dose of 5 mg/ml/kg. Animals were sacrificed at 15 min (A),
30 min (B) and 60 min (C) after the administration. Each value
represents mean £ S.D. of 3 trials
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hout the gastrointestinal tract; and at 60 min, most of FD-
10S was accumulated in the distal small intestine.

2.2. Fate of quinidine in the intestine after oral adminis-
tration

After oral administration, quinidine remained mostly at
the proximal intestine, regardless of the elapsed time, and
only a small amount of quinidine reached the distal intes-
tine (Fig.2). The total recovery amounts of quinidine
from the intestine decreased as the time passed: 67% at
15 min, 41% at 30 min, and 29% at 60 min after oral ad-
ministration. These results suggest that quinidine dis-
charged from the stomach was rapidly absorbed from the
proximal intestine before reaching the distal intestine.

2.3. Effect of bile flow on the fate of FD-10S in the
intestine after oral administration

The effect of bile flow on the fate of FD-10S was exam-
ined in two different cholestesis models: bile-duct ligated
rats and o-naphtylisothiocyanate (ANIT)-treated rats. In
the bile-duct ligated model, as shown in Fig. 3, the gastric
emptying rate of FD-10S was markedly lower, and the
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Fig. 2: Time profile for the remaining amounts of quinidine in the intes-
tine after oral administration in rats. Quinidine was administered
orally at a dose of 3 mg/ml/kg. Animals were sacrificed at 15 min
(), 30 min (O), and 60 min (M) after the administration. Each
value represents mean £ S.D. of 3 trials
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Fig. 3: Time profile for the remaining amounts of FD-10S in the intestine
after oral administration in the bile-duct ligated rats. At 2 h after
the bile duct ligation, FD-10S was administered at a dose of 5 mg/
ml/kg. Animals were sacrificed at 30 min (OJ) or 60 min (M) after
FD-10S administration. Each value represents mean + S.D. of 3
trials
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Fig. 4: Time profile for the remaining amounts of FD-10S in the intestine
after oral administration in the ANIT-treated rats. Animals were
treated with ANIT one day prior to FD-10S administration. FD-10S
was administered at a dose of 5 mg/ml/kg. Animals were sacrificed
30 min () or 60 min (M) after FD-10S administration. Each value
represents mean =+ S.D. of 3 trials

recovery rate of FD-10S from the stomach at 30 min and
60 min after oral administration was higher than that in
normal rats: 70% vs. 18%, and 34% vs. 12%, respectively.
The discharged FD-10S from the stomach was mostly re-
tained at the duodenum. In the ANIT-treated rats, the gas-
tric emptying rate of FD-10S was the same as that in nor-
mal rats; however, the intestinal transit of FD-10S was
remarkably lower. In this ANIT-treated model, FD-10S
mostly accumulated in the central region of the small in-
testine and did not reach the distal intestine even at
60 min after oral administration (Fig. 4).

3. Discussion

In human intestine, P-gp is abundantly expressed in the
distal intestine, such as the ileum and colon, while the ex-
pression gradually decreases towards the jejunum, duode-
num and stomach (Ho et al. 2003; Mouly and Paine 2003).
Such a regional difference in P-gp expression and/or func-
tion is also observed in rodent intestine (Chianale et al.
1995; Fricker et al. 1996; Yumoto et al. 1999). In the re-
port of Yumoto et al. (1999), the P-gp function was evalu-
ated by determining the P-gp-mediated efflux transport of
rhodamine 123, a well-known typical P-gp substrate, from
serosal to mucosal surfaces in the everted rat intestine.
They found several-fold higher P-gp function at the distal
intestine (the lower 2/5 portions of the small intestine) than
that at the proximal intestine. Such site specific expression
and function of efflux transporters, especially P-gp, in the
intestine would affect the oral bioavailability of many P-gp
substrate drugs, depending on the absorption sites of these
orally administered drugs. For example, it is reported that
the oral bioavailability of digoxin, cyclosporin A and tacro-
limus correlates well with the amounts of P-gp expressed
in the small intestine (Lown etal. 1997; Greiner et al.
1999; Masuda et al. 2000). In the present study, quinidine
was used as a model typical P-gp substrate. Adachi et al.
(2003) determined the permeability-surface area (PS) pro-
duct for 12 well-known P-gp substrate drugs by an in sifu
intestinal perfusion technique in mdrla/1b (—/—) and nor-
mal mice in order to evaluate the extent to which the in-
testinal absorption is affected by P-gp. They found that the
PS product of quinidine in mdrla/lb (—/—) mice was
much higher than that in normal mice. Mizuno et al.
(2003) reported a higher Kp (brain-plasma partition coeffi-
cient) value ratio of quinidine in mdrla/lb (—/—) than that
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in mdrla/lb (4+/4) mice, indicating a higher contribution
of P-gp in the brain distribution of quinidine.

After oral administration, quinidine disappeared rapidly at
the proximal intestine and did not reach the distal intestine
(Fig. 2), though the intestinal fluids, as evaluated by the in-
testinal distribution of FD-10S, ran through the whole small
intestine (Fig. 1). The rapid oral absorption of quinidine has
also been reported in humans, where the mean first-order
absorption half-life was 38.0 &= 5.5 min. (Greenblatt et al.
1977). In these cases, the amount of quinidine that inter-
acted with P-gp was considerably low, since P-gp had a
much lower expression in the proximal intestine (Chianale
et al. 1995; Fricker et al. 1996; Yumoto et al. 1999). Thus,
most of the administered quinidine was absorbed to the sys-
temic system through the proximal intestine. In the present
study, we also examined the effect of bile flow on the gas-
trointestinal transit of orally administered drugs, since bile
juice contains various bile acids, the endogenous surface
active agents that affect the interfacial tension between the
Iuminal fluids (intestinal contents) and intestinal membrane.
Using FD-10S (not absorbable from the intestine) as a mar-
ker, the effect of the bile flow on the transit pattern of the
orally administered drugs in the intestine was investigated.
As shown in Fig. 3 and Fig. 4, the gastrointestinal transit of
FD-10S was markedly reduced by stopping (Fig. 3) or inhi-
biting (Fig. 4) the bile flow, indicating that bile flow plays
an important role in the gastrointestinal transit of food or
drugs. In the bile-duct ligated rats, most of the administered
FD-10S still remained in the stomach and duodenum after
60 min, while in the ANIT-treated rats, due to the fact that
bile flow was not completely suppressed (Kossor et al.
1993a, b; Jean and Roth 1995), FD-10S was transferred to
the central region of the intestine after 30 min to 60 min.
The difference in the gastrointestinal transit of FD-10S be-
tween the bile duct ligated and ANIT-treated rats also de-
monstrates the importance of bile flow in the transit of
drugs.

Amidon etal. devised a BCS to classify drugs into 4
classes according to their solubility and permeability
(Amidon et al. 1995; Wu and Benet 2005). In the BCS,
some P-gp substrates such as quinidine, nifedipine and ver-
apamil are classified into class 1 (high solubility and high
permeability compounds). On the other hand, many P-gp
substrates such as cyclosporine, digoxin, erythromycin, in-
dinavir, nelfinavir, saquinavir, tacrolimus and terfenadine
are classified into class 2 (low solubility and high perme-
ability compounds). If the solubility of the compound is
low, some portion of the compound administered orally
will reach the distal intestine, which may cause P-gp-
mediated drug interaction. In fact, the oral bioavailability
of some class 2 compounds such as digoxin, cyclosporin A
and tacrolimus have been reported to be affected by the
amounts of P-gp expressed in the small intestine (Lown
et al. 1997; Greiner et al. 1999; Masuda et al. 2000). Thus,
the participation of P-gp in the intestinal absorption of a
compound could depend on the solubility and permeability
of that compound. The compounds with both high solubi-
lity and high permeability, such as quinidine, would be
absorbed rapidly at the proximal intestine, and would es-
cape, at least partly, the barrier function of P-gp, because
P-gp is mostly expressed in the distal intestine. In conclu-
sion, increasing the membrane permeability and solubility
is important to the absorption of a compound in the intes-
tine, not only to escape the absorption barrier made by the
presence of P-gp, but also to avoid the intestinal first-pass
metabolism, at least partially, due to the higher absorption
rate of the compound in the proximal area.
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4. Experimental

4.1. Chemicals and reagents

Quinidine and 1-naphthyl isothiocyanate (ANIT) were purchased from
Kanto Chemical Co., Inc. (Tokyo, Japan). Fluoresceine isothiocyanate-dex-
tran with molecular weight of 10,000 (FD-10S) was obtained from Sigma-
Aldrich Japan K. K. (Tokyo, Japan). All other chemicals and reagents were
of the highest purity available.

4.2. Animal studies

Male Sprague-Dawley (SD) rats weighing about 250 to 350 g were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan). Rats were fed a standard
laboratory diet (CE-2, Clea Japan, INC., Tokyo, Japan) and water for more
than 1 week prior to the experiments. All animal experiments were per-
formed in accordance with the guidelines for proper conduct of animal
experiments from Science Council of Japan that is open to the public on
internet. Rats were fasted overnight (except for ANIT treatment) with free
access of water prior to the oral administration of quinidine or FD-10S.
Cholestesis model rats were made by the methods of bile duct ligated and
ANIT treatment. In bile duct ligated method, the extrahepatic bile duct of
the fasted rats was ligated under light anesthesia (with ethyl ether), then
the abdominal operation site was stitched up, and the animals were used
2 h later for the intestinal transition experiments. In the ANIT treatment
method, ANIT was dissolved in olive oil at a concentration of 50 mg/ml.
Following the method of the previous report (Kossor et al. 1993a, b; Jean
and Roth 1995), the ANIT solution was administered orally to non-fasted
rats by stomach intubation at a dose of 100 mg/kg (dosing volume of
2 mL/kg). Subsequently, the animals were fasted for 24 h and used for the
intestinal distribution experiments. Quinidine and FD-10S were dissolved
in distilled water at the concentrations of 3 mg/ml and 5 mg/ml, respec-
tively. For obtaining a quinidine solution, 10 pul of 5 M HCI was added to
each mL of quinidine suspension to aid the solubility. Drug (quinidine &
FD-10S) solutions were administered orally by stomach intubation at a
dose of 3 mg/kg and 5 mg/kg (dosing volume of 1 ml/kg), respectively. At
1 min prior to the designated time (15 min, 30 min, or 60 min after the
administration), rats were lightly anesthetized with ethyl ether, and sacri-
ficed by a heart puncture of an excess amount of sodium pentobarbital.
Subsequently, the abdomen was opened and the whole small intestine was
exposed. Ligation was made at the cardiac opening, the pyloric part, and
the duodenum (15 cm down from the pyloric part), and the remaining
small intestine was further divided and ligated into four parts of equal
length (approximately 20 cm each). The resulting gastrointestinal loops
were isolated, and each loop was weighed, added with 9-fold volumes of
distilled water, and homogenized with a tissue homogenizer (21,000 rpm,
2 min). The homogenates were stored at —30 °C until analyzed.

4.3. Analysis

The concentration of quinidine in the tissue homogenate was determined
by HPLC (Nishiura etal. 1986). A 1 ml of 0.1 M NaOH was added to
0.2 ml of tissue homogenate, and the suspension was extracted with 5 ml
of ethylacetate. The ethylacetate layer (4 ml) was evaporated under reduced
pressure and the residue was dissolved with 0.1 ml of HPLC mobile phase
(acetonitrile/methanol/50 mM, pH 3.0 phosphate buffer = 4/2/4, v/v). For
HPLC, a Lichrospher 100 RP-18(e) column (Cica-Merk, Tokyo, Japan)
and a fluorescence detector operating at wavelengths of 310 nm (excita-
tion) and 380 nm (emission) were used. For FD-10S determination, the
homogenate was centrifuged at 10,000 rpm for 5 min, and the supernatant
(50 uL) was properly diluted with distilled water. The fluorescence inten-
sity was measured at wavelengths of 496 nm for excitation and 516 nm for
emission.

This research paper was presented during the 6" Conference on Retrome-
tabolism Based Drug Design and Targeting, June 3-6, 2007, God, Hun-
gary.
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