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ABSTRACT
Purpose Several poorly water-soluble drugs have previously
been shown to bind to intestinal (I-FABP) and liver fatty acid
binding protein (L-FABP) in vitro. The purpose of this study was
to examine the potential role of drug binding to FABPs on
intestinal permeability and gut wall metabolism in vivo.
Methods The intestinal permeability of ibuprofen, progester-
one and midazolam (which bind FABPs) and propranolol
(which does not) was examined using an autoperfused
recirculating permeability model in control rats and rats where
FABP levels were upregulated via pre-feeding a fat-rich diet.
Results The intestinal permeability of drugs which bind FABPs
in vitro was increased in animals where FABP levels were
upregulated by prefeeding a high fat diet. The gut wall
metabolism of midazolam was also reduced in animals with
elevated FABP levels.
Conclusions Consistent with their role in the cellular
transport of endogenous lipophilic substrates, FABPs appear
to facilitate the intracellular disposition of drug molecules
that bind FABPs in vitro. Drug binding to FABPs in the
enterocyte may also attenuate gut wall metabolism in a
manner analogous to the reduction in hepatic extraction
mediated by drug binding to plasma proteins in the systemic
circulation.
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ABBREVIATIONS
FABPs fatty acid binding proteins
I-FABP intestinal FABP
iLBP intracellular lipid binding proteins
L-FABP liver FABP

INTRODUCTION

Drug solubility in the gastrointestinal fluids and adequate
permeability across the enterocyte are the principle determi-
nants of effective absorption following oral delivery (1,2).
Considerable efforts have therefore been directed towards the
development of in vitro models which allow prediction of in vivo
dissolution and permeability (3). From the perspective of
permeability assessment, attention has focused primarily on
the barrier to permeability provided by transport across the
apical and/or basolateral membranes of the enterocyte, and
the role of membrane transporters as potential conduits
(influx transporters) or barriers (efflux transporters) to absorp-
tion (4,5). Consideration of partitioning behaviour, however,
suggests that for lipophilic drugs, movement out of the
lipophilic apical membrane into and across the predominantly
aqueous cytoplasm of the enterocyte may also be a significant
barrier to cellular transport and therefore absorption.

Endogenous lipophilic molecules (such as dietary-related
lipids, bile salts, fat-soluble vitamins and some lipophilic
biological messengers) are faced with similar hurdles to
cytoplasmic transport. In this case, diffusion is facilitated by
interaction with intracellular lipid binding proteins (iLBP),
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including fatty acid binding proteins (FABPs) (6–11), ileal
bile acid binding protein (I-BABP) (7), sterol carrier
proteins (SCPs) (12) and cellular retinoic acid (CRABP)
and retinol binding proteins (RBPs) (6).

Appreciation of the role of iLBPs in the cellular transport of
endogenous lipophilic molecules led us recently to explore the
potential for iLBPs to act as intracellular chaperones for
poorly water-soluble, lipophilic drugs and in particular to
explore their potential role in drug absorption. Of the iLBPs,
the FABPs were of particular interest, as they are the most
abundant proteins in many cells (including enterocytes) and
constitute up to 3–6% of cellular protein (13). The nomen-
clature of FABPs reflects the organ in which they were first
identified; however, their distribution, whilst organ specific,
is not exclusive. As such, many FABPs are expressed in
several tissues, and in the enterocyte both intestinal FABP (I-
FABP) and liver FABP (L-FABP) are present in appreciable
quantities. I-FABP and L-FABP facilitate the intracellular
trafficking of fatty acids (6–8,10,11) and are capable of
binding non-fatty acid ligands, including heme, eicosanoids,
lyso-phosphatidylcholine and some xenobiotics (6–8). They
are also believed to facilitate lipid absorption (7,14–17), to
promote lipid trafficking to the endoplasmic reticulum (18),
to support passage of lipoproteins from the endoplasmic
reticulum to the Golgi apparatus (19), to maintain intracel-
lular sink conditions such that accumulation of toxic
concentrations of fatty acid within enterocytes is prevented
(7), and to assist lipid transport to the nucleus where
interaction with nuclear hormone receptors facilitates tran-
scriptional regulation of lipid metabolism (20,21).

Consistent with their role in the transport of endogenous
lipophilic moieties, we have recently shown that I-FABP
and L-FABP bind to a range of poorly water-soluble drugs.
In particular, drugs with structural similarities to fatty acid,
such as the presence of a hydrophobic moiety and a free
carboxylic acid group, appear to bind to I-FABP and L-
FABP with higher affinity (low micromolar) (22–28).
Compounds found to bind FABPs in vitro include NSAIDS
(fenamates, propionic acid derivatives, indole acids and
heteroacyl acetic acid derivatives) and fibrates, both of
which commonly exhibit a free carboxylic acid group, and
others such as certain steroids and benzodiazepines which
do not have a free carboxylic acid group (22,23,26,27). We
have subsequently shown that the transmembrane transport
of drugs which bind to FABP may be increased by the
presence of I-FABP in the acceptor chamber of simple in
vitro permeability models (PAMPA) (27). These data are
consistent with a role for FABPs in the cellular transport of
poorly water-soluble drugs, and in drug absorption after
oral administration, but to this point in vivo evidence of this
contention has not been described.

The current study has therefore assessed in vivo the role
of FABPs in the intestinal absorption and transport of four

model drugs (ibuprofen, progesterone, propranolol and
midazolam). An autoperfused rat intestine preparation was
used to assess the rate of drug uptake from the jejunum
under conditions where FABP expression was modified by
pre-feeding a high fat diet. The four model drugs were
chosen since they differed in both their affinity for I-FABP
and L-FABP and their lipophilicity (Table I). Midazolam
was chosen as a model compound which binds FABP in vitro
and is also subject to Cyp3A4-mediated gut wall metabo-
lism. Midazolam therefore allowed examination of the
potential impact of raised levels of FABP on gut wall
metabolism. The data suggest that FABPs provide an
intracellular binding partner for some drugs and that drug
binding to FABP in the cytoplasm of the enterocyte may
influence cellular transport and attenuate the extent of gut
wall metabolism.

MATERIALS AND METHODS

Materials

Midazolam and 4-hydroxy midazolam (Toronto Research
Chemicals, Canada), tert-butyl methyl ether (TBME; Merck,
Germany), Solvable®, Ultima Gold® and Starscint® scintilla-
tion fluid, propranolol L-[4-3H] (24.4 Ci/mmol), polyethylene
glycol (PEG) 4000 [14C] (10–20 mCi/g) (Perkin Elmer Life
Sciences, MA, USA), ibuprofen, R (−) [carboxyl-14C] (50–
60 mCi/mmol) and progesterone [1, 2-3H] (52 Ci/mmol)
(American Radiolabelled Chemicals, MO, USA), diazepam,
propranolol hydrochloride, ibuprofen, progesterone, D-
mannitol-1-14C (40–60 mCi/mmol), mannitol, antipyrine-N-
methyl-14C (1–15 mCi/mmol), antipyrine, sodium hydroxide,
acetic acid, sodium acetate, sodium chloride (NaCl), potassi-
um chloride (KCl), calcium chloride (CaCl2), sodium phos-
phate dibasic (Na2HPO4), sodium phosphate monobasic
(NaH2PO4.2H2O) 30% hydrogen peroxide and polyethylene
glycol (PEG) 4000 (Sigma Aldrich, Australia) were obtained
from listed suppliers. Methanol and acetonitrile (ACN) were
analytical reagent grade. Water was obtained from a
Millipore milli-Q Gradient A10 water purification system
(Millipore, MA, USA).

Choice of Model Drugs

The structure, clog P, clog D5.5, clog D7.5 and binding
affinity to the single binding site of I-FABP and the first and
second binding site of L-FABP for each of the model drugs
(propranolol, ibuprofen, progesterone and midazolam) are
given in Table I. All drugs are relatively lipophilic in the
unioinised form with clog P>3.5. Ibuprofen, however, is
ionisable at neutral pH so has a lower clog D5.5 and clog
D7.4. The binding affinity of each of the drugs for FABP is
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reproduced from previous studies or was determined via
displacement of the fluorescent marker, 1-anilinonaphthalene-
8-sulfonic acid (ANS) from the FABP binding site(s), as
described previously (26,27). Propranolol does not bind I-
FABP or L-FABP, but has similar lipophilicity to the other
probe compounds and was therefore used as a control. Both
ibuprofen and midazolam displayed moderate affinity for I-
FABP and L-FABP (Ki 5–100 μM). Progesterone has a strong
affinity for the first binding site of L-FABP and has a
moderate affinity for I-FABP. Ibuprofen, progesterone and
midazolam were therefore chosen as model drugs which bind
to I-FABP and L-FABP in vitro.

Midazolam was also chosen, as it is subject to
significant first-pass metabolism in the enterocyte (29,30)
and therefore offered the opportunity to probe the impact
of FABP binding on intracellular drug metabolism.
Ibuprofen (31) is not significantly metabolised during
intestinal perfusion. Little has been published describing
the gut wall metabolism of propranolol or progesterone.
Both, however, are highly metabolised in the liver, and
metabolism in the intestine is possible. In the current study,
progesterone and propranolol uptake into the intestine and
flux into mesenteric blood were explored using radio-
labelled materials. In the latter case (i.e., transport into the
mesenteric blood), the total flux of radiolabel quantified

likely represents both parent and some proportion of
radiolabelled metabolites.

Experimental Outline

Rats were fed either a control diet or a high fat diet to up-
regulate the expression of I-FABP and L-FABP in the
intestine for 1 week prior to experiments. The protocol
employed was similar to those previously utilised to enhance
I-FABP and L-FABP expression in the intestine (32,33). The
impact of altered expression of I-FABP and L-FABP on the
permeability of the model compounds (propranolol, ibupro-
fen, progesterone and midazolam) across an isolated jejunal
segment (including both the rate of uptake into the intestinal
segment and rate of transport into the mesenteric blood
draining the intestinal segment) and the mass of the drug
within the jejunal segment at the conclusion of experiments
were subsequently examined. For midazolam, the impact of
altered I-FABP and L-FABP expression on the formation of
metabolite in the intestine was also assessed.

Animals

All experiments were approved by the local animal ethics
committee and were conducted in accordance with the

Table I Physicochemical Properties and I-FABP and L-FABP Binding Affinity (Ki, μM, Mean ± SD) of Propranolol, Ibuprofen, Progesterone and
Midazolam

a Calculated using ACD/labs v4.56 (Toronto, Canada)
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Australian and New Zealand Council for the Care of
Animals in Research and Teaching guidelines. Male
Sprague-Dawley rats (280–320 g) were used in all experi-
ments. Rats were fed either a standard diet (AIN93G from
Specialty Feeds, Australia, containing 7% fat) or a high fat
diet (SF04-019 from Specialty Feeds, Australia, containing
20–23% fat in the form of 2.9% soya oil and 17.1% lard)
for 7 days prior to experiments. Rats were fasted overnight
prior to experiments to ensure complete absorption and
transport of pre-dosed lipids out of enterocytes prior to
conduct of permeability experiments. In this way, any acute
effects of feeding on drug absorption were avoided.

Surgical Procedures

The rat perfusion model employed involves the in situ
perfusion of an isolated jejunal segment with recirculating
perfusate (via a reservoir) and simultaneous blood collection
from the corresponding mesenteric vein branch. The
surgical procedures for the in situ recirculating rat jejunal
perfusion have been described previously (34) and were
adapted from the methods of Windmueller and Spaeth (35)
and Farraj (36). Briefly, animals were anaesthetised prior to
surgery and throughout experiments with a combination of
ketamine, xylazine and acepromazine (34). They were
maintained on a 37°C heated pad throughout the surgery
and subsequent experiment. The right jugular vein of the
animal was first cannulated (37). A 10–15 cm segment of
jejunum was then cannulated at the proximal and distal
ends with sections of Teflon tubing which were subsequently
attached to a peristaltic pump (Amersham Biosciences, Inc.,
Piscataway, NJ). The mesenteric vein draining the intestinal
segment was then isolated, the animal heparinized (90 U/kg)
via the jugular vein cannula, and the mesenteric vein
immediately catheterized. Approximately 0.3 ml/min of
blood was continuously drained and collected from the
mesenteric vein, and this blood loss was replaced via infusion
of 0.3 ml/min fresh heparinized donor blood into the jugular
vein via a second peristaltic pump. The donor blood was
collected from donor rats immediately before surgery by
cardiac puncture. At the end of experiments, rats were
killed via intravenous or intraperitoneal injection of 1 ml
of 100 mg/ml pentobarbitone.

Intestinal Perfusion Protocol

The peristaltic pump recirculated perfusate from a 37°C
jacketed reservoir through the jejunal segment at a rate of
0.6 ml/min. The perfusate buffer consisted of 146.42 mM
Na+, 4.56 mM K+, 1.25 mM Ca2+, 0.66 mM HPO4

2−,
0.1 mM H2PO4, adjusted to pH 6.5 at 37°C. Buffer was
perfused through the jejunal segment (and the flow through
discarded to waste) for 30 min prior to experiments to enable

the animals to stabilise. After the stabilisation period, air was
pumped through the segment in order to remove all fluid
inside the intestine. The perfusate buffer was then replaced
with a reservoir containing 10 ml of the drug solutions
dissolved in perfusate buffer, including 5 μg/ml propranolol
(with 0.1 μCi/ml 3H-propranolol), 15 μg/ml ibuprofen (with
0.1 μCi/ml 14C-ibuprofen), 50 μg/ml progesterone (with
0.1 μCi/ml 3H-progesterone) or 50 μg/ml midazolam. The
drug concentrations used were approximately 80% of the
maximum solubility of the compounds in the perfusate and,
for poorly water-soluble drugs such as these, represent
concentrations that might be expected to be attained
during in vivo dissolution of a range of drug doses. Control
experiments were also performed where rats were perfused
with 0.6 ml/min of solutions containing 1 mM antipyrine
(with 0.1 μCi/ml 14C-antipyrine), 1 mM mannitol (with
0.1 μCi/ml 14C-mannitol) or 1 mM PEG4000 (with
0.1 μCi/ml 14C-PEG4000) in perfusate buffer to assess
the integrity of the intestinal preparation to transcellular
and paracellular permeability markers and to monitor for
changes to water flux into the intestinal segment, respec-
tively. The validity of the model was assessed by
comparison of these data to literature values for the same
markers (38–42) (see “Results” section).

Animals were perfused with the drug solutions for 1 h.
Perfusate samples (50 μl) were taken from the perfusate
reservoir at the commencement of the experiment and
every 10 min throughout the experiment. Mesenteric blood
was collected continuously into tared 1.5 ml Eppendorf
tubes which were changed at 5-min intervals. After the
blood was collected, the tubes were weighed to calculate the
rate of blood flow for each 5-min interval, and plasma was
separated from the blood via centrifugation at 3,000 g for
5 min. At the conclusion of the experiment, perfusate buffer
was flushed out of the jejunal segment, and the segment was
removed, placed in a 20 ml scintillation vial, and frozen at
−20°C to enable later measurement of drug concentrations.
A small scraping of the intestinal mucosa was also taken
from the jejunum approximately 1–2 cm either side of the
cannulated segment using a microscope slide, taking care to
avoid any tissue damaged via the jejunal cannulation, to
enable measurement of the expression of I-FABP and L-
FABP. The scrapings were placed in an Eppendorf and
immediately snap frozen in liquid nitrogen.

Measurement of Drug Concentrations

Scintillation Counting

Concentrations of 3H-propranolol, 14C-ibuprofen, 3H-
progesterone, 14C-antipyrine, 14C-mannitol and 14C-
PEG4000 in the perfusate, plasma, and intestinal segment
were measured by scintillation counting. Perfusate (50 μl) and
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plasma (100 μl) samples were prepared for scintillation
counting via addition of 2 ml of Starscint® scintillation fluid
followed by a 30 s vortex. The entire perfused segments of
intestine were prepared for scintillation counting by placing
in a 20 ml glass scintillation vial with 2 ml Solvable®,
incubating at 40°C for 48 h, adding 200 μl of 30% H2O2,
and incubating for 1 h at 50°C. Half of the dissolved tissue
solution (1.1 ml) was then transferred into a separate 20-
ml glass scintillation vial, 12 ml of Ultima Gold® added to
each vial, and the vials vortexed for 30 s. The scintillation
counting methods were validated by spiking, in triplicate,
blank perfusate, plasma or intestine samples with low,
medium or high concentration of each radiolabelled drug.
The measured concentrations were within 5% of the
nominal concentration.

HPLC of Midazolam and its 4-hydroxy Metabolite

Preparation of Samples. To facilitate quantification of the
extent of metabolism of midazolam, an HPLC assay was
developed to quantify midazolam and its primary 4-
hydroxy metabolite. Perfusate samples were prepared for
HPLC analysis via 1/40 (v/v) dilution with acetonitrile
followed by a 1 min vortex, centrifugation at 3,500 g for
5 min and transfer of 100 μl of supernatant to a HPLC vial.
Plasma samples (300 μl) were prepared for HPLC analysis in a
10 ml polyethylene (PE) tube via addition of internal standard
(750 ng/ml diazepam), followed by a 1min vortex, addition of
200 μl 0.1 M NaOH and 4 ml diethylether, a 10 min vortex
and centrifugation at 3,000 g for 5 min at room temperature.
The samples were then placed in the freezer (−20°C) for
35 min and the supernatant transferred to a new 10 ml PE
tube. The supernatant was evaporated to dryness under
nitrogen (N-EVAP 112 evaporator, Organomation, MA,
USA), reconstituted in 150 μl of mobile phase (see below)
and vortexed for 1 min. One hundred μl of the resulting
samples were transferred to HPLC vials for analysis. Drug
concentrations were quantified by comparison to standards
obtained by spiking blank plasma with known concentrations
of midazolam, 4-hydroxy midazolam and internal standard
and processing as above.

A back extraction method was used to prepare samples
for HPLC analysis of midazolam and metabolite concen-
trations in the intestinal sections (∼10–15 cm). The intestinal
sections were first homogenised in 4 ml ice-cold water (using
an IKA-Werke® Eurostar Power Control-Visc 6000 Mixer,
Germany). Samples of the homogenate (500 μl) were then
transferred into 10ml PE tubes containing 5 μg/ml of internal
standard (diazepam). The samples were then vortexed for
1 min, and 1 ml TBME and 20 μl of 5 M NaOH added.
Following a 5-min vortex, the samples were centrifuged
at 10,000 g for 10 min at 21°C and frozen for 15 min at
−80°C. The resulting TBME layer was transferred to a

clean tube containing 800 μl of 0.02 M orthophosphoric
acid and the samples vortexed for 30 s, centrifuged at
3,200 g for 1 min, and 100 μl of the aqueous phase
carefully removed and placed into HPLC vials containing
7 μl 1M sodium hydroxide.

HPLC Conditions. The HPLC system consisted of a Waters
2690/5 Alliance module and Waters 486 tuneable absor-
bance detector (set at a wavelength of 254 nm) controlled via
Waters empower software (Waters Corp., Milford, MA).
Twenty five μl samples were injected onto a 150×4.6 mm
reverse phase C8 column with a pore size of 5 μm
(Phenomenex Luna ®, Phenomenex, Australia) fitted with a
Phenomenex security guard RP-C8 precolumn (4×3 mm,
Phenomenex, Australia). The mobile phase consisted of 40%
(v/v) acetonitrile, 5% (v/v) methanol and 55% (v/v) sodium
acetate buffer pH 5.6, and the mobile phase flow rate was
1 ml/min. The total run time was 14 min, and midazolam
eluted at 7.7 min, 4-hydroxy midazolam at 4.9 min, and
diazepam at 11.0 min.

The HPLC assays for midazolam and 4-hydroxy
midazolam were validated by assay of replicate (n=4)
quality control samples at low, medium and high concen-
trations on three separate days. The midazolam and 4-
hydroxymidazolam assay was accurate (within 10% of
target concentration) and precise (co-efficient of variation
<10%) for concentrations between 25 and 5,000 ng/ml
for diluted perfusate samples and 0.1–10 μg/ml and 0.5–
20 μg/ml for plasma and intestine samples, respectively.
Inter-day variability in precision and accuracy was <10%,
and the limit of quantitation was 25 ng/ml for diluted
perfusate samples, 100 ng/ml for plasma samples and
0.5 μg/ml for intestine samples.

Blood:Plasma Ratios

The blood-to-plasma ratios for propranolol, ibuprofen,
progesterone, midazolam and 4-hydroxy midazolam were
determined by spiking blank blood (1 ml) or plasma (1 ml),
in triplicate, with low, medium or high concentrations of
the drugs. Plasma was then separated from the blood
samples by centrifugation at 3,000 g for 5 min and drug
concentrations measured by scintillation counting or
HPLC as described above. The blood-to-plasma ratio
was calculated from the ratio of the concentration
measured in the spiked plasma to the concentration
measured in the plasma separated from the spiked blood.
The mean blood-to-plasma ratios were subsequently used
to convert plasma concentrations from the perfusion
experiments into blood concentrations, thus enabling
calculation of total drug transport into the mesenteric
venous blood.
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Measurement of Intestinal mRNA Levels of I-FABP
and L-FABP

Whilst the high fat diet protocol utilised here was similar to
that previously shown to elevate FABP levels, changes to
the levels of expression of I-FABP and L-FABP in the
intestine were confirmed in the current study via quantitation
of changes in the levels of I-FABP and L-FABP mRNA.
Concentrations of I-FABP and L-FABP mRNA in the
jejunal mucosal scrapings were measured using a qPCR
method described and validated previously (43). RNA was
extracted with an RNeasy Mini Kit® (Qiagen Limited,
Australia), and cDNA prepared via reverse transcription
using an Omniscript® kit with random hexamers (Qiagen
Limited, Australia) in accordance with the manufacturer’s
protocol. The qPCR assays utilised a Taqman assay-on-
demand kit for I-FABP (Rn 00565061, fatty acid binding
protein 1, FABP 2; Applied Biosystems, NJ) or a Taqman®
MGB probe and forward and reverse primers (Applied
Biosystems, NJ) for L-FABP with the following sequences: L-
FABP probe: 5΄-CCCAAAGCTGATATAAT-3′, forward
primer: 5′-AAGTACCAAGTGCAGAGCC AAGA-3′ and
reverse primer: 5′-GACAGAAGGGATAGCCCCTCAT-3′.
Samples were prepared for qPCR in Taqman® Universal
PCR master mix (Applied Biosystems, NJ), and the house-
keeping gene was 18S ribosomal RNA (44). Samples were
run on a Rotorgene RT-3000 (Corbett Research, Australia)
and the data analysed using Rotorgene V5 software. To
enhance the accuracy of I-FABP and L-FABP q-PCR
measurements, each sample was analysed in triplicate.
Additionally, to ensure measurements from different q-
PCR runs were cross-comparable, a set of reference samples
obtained from the upper, middle and lower small intestine of
a fasted rat was analysed in each I-FABP or L-FABP q-PCR
run and the expression of I-FABP and L-FABP calculated
relative to these reference samples. The reference samples
were the same for all animals administered the same drug
(i.e., propranolol, ibuprofen, progesterone or midazolam)
but not in the animals administered different drugs, such that
cross comparison between the groups administered different
drugs were not considered accurate and are not reported in
this manuscript.

Data Analysis

In pre-study validation experiments, non-specific adsorp-
tion of all compounds was observed during 60 min of
passage of drug-buffer solutions through the perfusion
pump and into the tubing used to perfuse the jejunum.
Drug solutions were therefore recirculated through the
perfusion tubing at 0.6 ml/min for 60 min prior to
commencing perfusion of the jejunum, in order to
saturate non-specific adsorption. Drug concentrations in

the perfusate were then expected to decline log-linearly
(i.e., reflecting first-order absorption) throughout the 1 h
perfusion of the rat jejunum. For all compounds,
however, an initial rapid decrease in perfusate drug
concentrations was evident from 0 to 10 min, which was
greater than expected and greater than the subsequent
log-linear rate of decline in drug concentrations from 20
to 60 min (as depicted in the sample data in Fig. 1). The
decline in perfusate concentrations of PEG4000, a non-
absorbable marker used to trace changes in water flux,
followed a similar pattern with a marked decrease in
perfusate concentrations in the first 10 min. The initial
decline was therefore not likely to reflect adsorption
(since PEG is a hydrophilic material that does not
adsorb to plastic tubing). Rather, the decline in drug
concentrations during the first 10 min of perfusion was
likely the result of dilution/exchange of drug in the
perfusate with residual fluid/mucous that remained in the
jejunal segment, even after perfusion of air through the
jejunal segment. From 20 to 60 min, the concentration of
PEG4000 in the perfusate did not change significantly (less
than ±2%), and as such it was assumed that there was no
water flux into or out of the jejunal segment during this
period and thus no change in the volume of the perfusate
aside from the 50 μl samples taken by the experimenter
every 10 min. Due to the initial dilution effect, perfusate
drug concentrations obtained from the 0–10 min period
were excluded from the disappearance permeability co-
efficient calculations.

Recovery of Drug

The mass of drug administered to the animals (D0) was
calculated from the volume of the perfusate (VM, measured
by weight) and the measured drug concentration in the
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Fig. 1 Typical plot from one animal showing the log concentration of drug (in
this case ibuprofen) in the perfusate over time during continuous perfusion of a
10–15 cm segment of rat jejunum with 150 μg of 14C-ibuprofen.
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perfusate (CM) immediately prior to connecting the jeju-
num to the perfusion tubing, as per Eq. 1 below:

D0 ¼ VM � CM ð1Þ
To correct for the initial rapid dilution and to estimate the

true perfusate volume after reconnection of the reservoir after
the stabilisation period (i.e., at t = 0 min into experiment), the
apparent concentration of drug in the perfusate at t = 0 min
(C0) was determined by extrapolating a log-linear regression
of the measured concentrations in the perfusate from t =
20 min to t = 60 min to t = 0 min (as shown on Fig. 1).

The volume of the perfusate (V0) at time zero, taking
into account dilution, was then calculated from D0 and C0,

as per Eq. 2 below:

V0 ¼ D0=C0 ð2Þ
The volume of the perfusate at the end of the

experiment (V60) was subsequently calculated by subtract-
ing the volume of samples taken (as the PEG400 data
suggested that there was no water flux into or out of the
intestine during the 20–60 min experimental period). The
mass of drug remaining in the perfusate at the end of the
60 min experiment (D60-perfusate) was calculated from the
perfusate drug concentration at the end of the experiment
(C60) and V60, as per Eq. 3, respectively:

D60�perfusate ¼ C60 � V60 ð3Þ
The fraction of the mass of drug administered to the animals

(D0) which remained in the perfusate at the end of the
experiment was calculated from the ratio of D60-perfusate/D0.

The fraction of the mass of drug administered to the
animals (D0) which was present in the jejunum segment at
the end of the experiment was similarly calculated from the
ratio of the mass of drug measured in the intestinal segment
(D60-intestine) and D0.

The mass of drug (and metabolite for midazolam) trans-
ported into blood during each 5 min collection period was
calculated from the volume of blood collected (measured by
weight) and the concentration of drug (or metabolite) in the
blood sample (which was calculated from the measured
plasma drug or metabolite concentrations and blood-to-
plasma ratios). The cumulative mass of drug (and metabolite)
transported into the blood over the 60-min collection period
(D60-blood and D60-metabolite-blood) was calculated from the sum
of transport over each 5-min collection period during the
60-min experiment. The fraction of the mass of drug
administered to the animals (D0) which had been transported
into the blood by the end of the experiment was similarly
calculated from the ratio of D60-blood and D0.

The total recovery of drug was calculated from addition of
the mass of drug remaining in the perfusate at the end of the
experiment (D60-perfusate), the mass of drug (D60-intestine) and

any metabolite (D60-metabolite-intestine) in the jejunal segment at
the end of the experiment, the cumulative mass of drug
(D60-blood) and metabolite (D60-metabolite-blood) transported into
the blood during the experiment and the mass of drug
removed by the experimenter when sampling the perfusate.

Intestinal Extraction Ratio

The extraction ratio (ER) gives an indication of the extent
of drug metabolism during passage across the jejunum. The
extraction ratio was calculated at the conclusion of experi-
ments as described previously (29,30,34), from the ratio of
the sum of the mass of metabolite in the perfusate (which in
all cases was zero as no metabolite was detected in
perfusate), blood and intestinal tissue to the sum of the
mass of both metabolite in the perfusate, blood and
intestinal tissue and parent drug in the intestinal tissue
and blood, as shown in Eq. 4 below. In all cases, the
extraction ratio was normalised to a 10 cm length of
jejunum by multiplying by the ratio of 10 and the length of
intestine (L) that was perfused.

ER¼
P

metabolitesperfusateþintestineþbloodP
metabolitesperfusateþintestineþbloodþ

P
parentdrugintestineþblood

� 10
L

ð4Þ

The fraction of the mass of drug in the intestinal
perfusate, jejunal segment or mesenteric blood which was
present as metabolite was calculated from the ratio of
metabolite to parent plus metabolite in the perfusate,
jejunal segment and blood.

Permeability Co-efficients

Permeability co-efficients were calculated as described
previously for recirculating perfusion models (34). The
uptake rate constant (Ku, s

−1) for the drugs was calculated
from the negative slope of a plot of loge of the mass of drug
remaining in the intestinal perfusate (Dt) over the 20– 60-
min time period. The apparent permeability co-efficients of
the drugs based on disappearance from the intestinal
perfusate (disappearance Papp, cm/s) were calculated using
Ku (s−1), V0 (cm3) and the surface area of the perfused
jejunal segment (A, cm2) (Eq. 5). The surface area (A) was
calculated by multiplying the diameter by the length of the
perfused intestinal segment as described previously (34).

Disappearance Papp ¼ V
A
�KU ð5Þ

The apparent permeability co-efficients of the drugs
based on appearance in venous blood (appearance Papp,
cm/sec) were calculated using A (cm2), C0 (nmol/ml) and
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the rate of drug appearance in venous blood (dX/dt,
nmol/s), as per Eq. 6:

Appearance Papp ¼ dX=dt
A:C0

ð6Þ

Statistical Analysis

Comparisons between apparent permeability co-efficients,
extraction ratios, fractional metabolism and drug recovery
in blood, intestinal tissue or perfusate of rats fed the control
or high fat fed diet were made by student’s t-test where P<
0.05 was considered significant. The SPSS for Windows
V11.5.0 software package (SPSS Inc, Chicago, Il) was used
for all statistical analyses.

RESULTS

Model Integrity

The integrity of the model was confirmed by mean
mesenteric blood flow rates of 0.27–0.43 ml/min and the
presence of negligible water flux after 10 min as the
perfusate concentrations of PEG4000 (a non absorbable
marker) changed by less than 2% during the 20–60-min
sampling time in five replicate validation experiments. The
permeability of mannitol and antipyrine, which are stan-
dard markers of passive paracellular and transcellular
permeability, were also within the literature range. The
mean appearance Papp for mannitol (n=3) was 1.03±
0.14×10−6 cm/sec. This compares with literature values of
1–3.4×10−6 cm/sec (41,42). The disappearance Papp could
not be accurately measured, as disappearance was extremely
low for this low permeability marker. The mean disappear-
ance Papp and appearance Papp for antipyrine (n=4) were
44±9×10−6 and 31±1×10−6 cm/sec, which compare to
literature values for disappearance Papp ranging from 47 to
73×10−6 cm/sec (38–42). Literature values for the appear-
ance Papp for antipyrine could not be located.

The validity of perfusion experiments was further
confirmed by recovery (mass balance) of 97–103% of the
dose of ibuprofen and propranolol and 83–116% of the
dose of progesterone in the perfusate, blood and intestine
samples of control animals and animals where FABP levels
were elevated by prefeeding a high fat diet. As expected,
the recovery of midazolam was lower (59–69% of the dose),
since not all midazolam metabolites were quantified.

Jejunal Expression of I-FABP and L-FABP

Table II compares the levels of I-FABP and L-FABP
mRNA in jejunal samples from control or high fat fed rats,

taken immediately after completing the jejunal perfusions
with ibuprofen, progesterone, propranolol or midazolam. I-
FABP and L-FABP mRNA levels were ∼1.5–2-fold greater
in the high fat fed rats perfused with each of the drugs,
although significant (α<0.05) increases in I-FABP mRNA
were only seen in the high fat fed rats perfused with
propranolol and midazolam due to the variability in
measurements in the rats administered ibuprofen and
progesterone. L-FABP mRNA increased significantly (α<
0.05) in the high fat fed rats perfused with all of the
different drugs. These results confirm that the I-FABP and
L-FABP mRNA levels were increased by pre-feeding the
high fat diet for 7 days, consistent with previous reports
which have shown parallel increases in both mRNA and I-
FABP and L-FABP after lipid pre-feeding (20,33).

Drug Disappearance from the Intestinal Lumen

Drug absorption from the intestinal lumen was assessed from
the disappearance Papp (Table III) and plots of the mass of
drug remaining in the perfusate over time (Fig. 2). The
disappearance of ibuprofen, progesterone and midazolam
from the perfusate was significantly greater in the animals
where FABP levels were increased by lipid pre-feeding when
compared to the control rats as assessed by a significantly
greater disappearance Papp (Table III) and a more rapid
drop in perfusate drug concentrations over time during the
intestinal perfusion (Fig. 2). In contrast, the disappearance
Papp for propranolol was not statistically different in the two
groups (Table III). The disappearance Papp for all test
compounds was similar to or higher than that of the control
transcellular marker antipyrine (44±9×10−6 cm/sec) sug-
gesting that all had relatively high intestinal permeability.

Drug Accumulation in the Intestine

The proportion of the drug dose which was recovered in
the perfused intestinal segment at the end of the experiment

Table II Relative Increase in I-FABP and L-FABP mRNA (Fold Increase) in
Jejunal Samples Taken from High Fat Fed Rats when Compared to Control
Rats. Samples Were Taken Immediately Following Continuous Perfusion of
Jejunal Segments for 60 min with Either 150 μg of 14C-ibuprofen, 50 μg
of 3H-progesterone, 500 μg of 3H-propranolol or 500 μg of Midazolam
Dissolved in 10 ml Buffer. Data Represent Mean ± SEM for N=4 or 5
Rats

Drug I-FABP L-FABP

Ibuprofen 3.2±1.7 1.8±0.4a

Progesterone 1.7±0.7 1.7±0.2a

Propranolol 1.5±0.4a 1.9±0.5a

Midazolam 1.7±0.4a 1.9±0.8a

a Statistically greater in the group fed the high fat diet (p<0.05)
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(i.e., after 60 min of perfusion) is given in Table III. Data
have been normalised per gram of tissue to allow
comparison across groups where the length of the perfused
segment varied slightly. For both ibuprofen and midazolam,

significantly more drug accumulation was evident in the
intestinal segments of animals where FABP levels were
increased by the high fat diet, consistent with the greater
uptake (disappearance Papp) of these drugs from the
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Fig. 2 %of the drug dose remaining in the intestinal perfusate (represented on log scale) over time (min) during continuous perfusion of a 10–15 cm segments
of rat intestine with either a 150 μg of 14C-ibuprofen, b 50 μg of 3H-progesterone, c 500 μg of 3H-propranolol or d 500 μg of midazolam dissolved in 10 ml
buffer. Rats were fed either a control diet (●) or a high fat diet (○) for 7 days prior to the studies. The data are normalised to 100% at t=20 min. Data
represent mean ± SEM for n=4–6 rats. Note that mean regression lines are provided here as a visual guide, however disappearance Papp were calculated
by performing a regression of data from individual rats with subsequent averaging of the individual data.

Table III Disappearance Papp (×106 cm/sec) of Drug from the Intestinal Perfusate, Appearance Papp (×106 cm/sec) of Drug in the Mesenteric Blood and
% of the Mass of Drug Perfused Through the Intestinal Segment Remaining in the Intestinal Segment (% of dose/g of Intestine) After 60 min of Continuous
Perfusion of 10–15 cm Segments of Rat Intestine with Either 150 μg of 14C-ibuprofen, 50 μg of 3H-progesterone, 500 μg of 3H-propranolol or 500 μg of
Midazolam Dissolved in 10 ml Buffer. Rats were Fed Either Control or High Fat Diets for 7 Days Prior to the Studies and Mesenteric Blood was Collected
Via a Cannula Placed in a Blood Vessel Draining Only the Perfused Intestinal Segment. Data Represent Mean ± SEM for N=4–6 Rats

Drug Group Disappearance Papp Appearance Papp % of dose per g of intestinal segment

Ibuprofen Control diet 97±19 70±12 2.3±0.2

High fat diet 158±10a 116±23 a 3.1±0.6a

Progesterone Control diet 55±18 49±3 12.3±1.4

High fat diet 129±22a 22±3a 9.3±4.0

Propranolol Control diet 42±9 10.9±2.2 11.1±1.6

High fat diet 30±5 7.7±0.6 9.3±0.2

Midazolam Control diet 143±32 37±5 3.3±0.2

High fat diet 239±41a 41±7 4.8±0.5a

a Significantly different from control diet (α<0.05)
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intestinal perfusate (Table III). In contrast, drug accumu-
lation in the intestinal segment in the progesterone and
propranolol groups was not significantly different in the
high fat fed rats when compared to control.

Drug Appearance in the Mesenteric Blood

Drug appearance in the mesenteric blood is a function of both
the rate of drug uptake from the intestinal perfusate and
transport of drug across the enterocyte. Drug appearance was
assessed from the appearance Papp (Table III) and the plots
showing the cumulative transport of drug into the mesenteric
blood (normalised per unit surface area of intestine perfused)
over time (Fig. 3). For ibuprofen, the appearance Papp was
significantly greater (α<0.05) in animals where FABP levels
were increased by pre-feeding the high fat diet when
compared to control rats. The increase in transport of
ibuprofen into the mesenteric blood in the high fat fed rats
was consistent with increased disappearance Papp from the
intestinal perfusate and greater accumulation of ibuprofen in
the intestinal tissue when compared to control rats
(Table III). In contrast, the appearance Papp for progesterone
into the blood (Table III) was significantly lower (α<0.05) in

high fat fed rats when compared to control rats, in spite of
the increase in absorption from the perfusate (Fig. 2). For
propranolol and midazolam, the appearance Papp (Table III)
was not statistically different in the high fat fed and control
groups (Table III and Fig. 3).

Midazolam Metabolism

Table IV provides a summary of the mass of midazolam
and its 4-hydroxy metabolite that was absorbed from the
perfusate, transported into the mesenteric blood and
recovered in the intestinal segment at the end of the
experiment. In this case the intestinal recovery data are
provided as the percent dose recovered in each perfused
intestinal segment (rather than the data normalised per
gram presented in Table III), since this allowed apprecia-
tion of mass balance across the experiment. For the
midazolam dosed groups, however, the length of the
perfused segment did not vary significantly across the high
fat fed group and control, allowing direct comparison of
intestinal uptake data. Consistent with the disappearance Papp
data in Table III, the percent dose absorbed from the
perfusate was significantly higher in the animals where FABP
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Fig. 3 % of the drug mass contained within the intestinal perfusate at t=0 min (ie dose) which is transported into the mesenteric blood per unit surface
area of intestine perfused (% of dose/cm2) over time (min) during continuous perfusion of 10–15 cm segments of rat intestine with either a 150 μg of
14C-ibuprofen, b 50 μg of 3H-progesterone, c 500 μg of 3H-propranolol or d 500 μg of midazolam dissolved in 10 ml buffer. Rats were fed either a
control diet (○) or a high fat diet (●) for 7 days prior to the studies. Data represent mean ± SEM for n=4–6 rats.
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levels were raised by the high fat diet. In contrast, no
significant differences were evident in intestinal accumulation
or transport into mesenteric blood, although in both cases
slightly higher values were evident in the high fat fed groups.

The 4-hydroxy metabolite of midazolam was not
detectable in the perfusate throughout the experiment.
However, metabolite was evident in both intestinal seg-
ments (Table IV) and the mesenteric blood (Fig. 4). In
animals where FABP levels were elevated by the high fat
diet, significantly less metabolite was recovered in mesen-
teric blood; however, no significant differences in metabo-
lite recovery were evident in the intestine when compared
with control animals. Correcting the extent of metabolism
for total drug plus metabolite transport into mesenteric
blood revealed a significant difference in the proportion of
the total mass contributed by the 4-hydroxy metabolite in
the animals with elevated FABP levels (3.1%) when compared
to control (11.0%). The midazolam extraction ratio was also
significantly reduced in high fat fed animals (Table V).

DISCUSSION

Interest in the mechanisms of drug permeability across the
enterocyte has largely focussed on membrane transport for
small molecules (45,46) and intracellular trafficking path-
ways for macromolecular and particulate constructs. In
contrast, relatively little has been published on the
mechanisms by which small molecule drugs pass across
the cytoplasm of the enterocyte during intestinal absorp-
tion. Physicochemical drivers, however, suggest that parti-
tion into, and diffusion across, the primarily aqueous
cytoplasm represents a potential barrier to the cellular
transport of poorly water-soluble drugs. In the case of
dietary lipids and lipophilic nutrients (47), cytosolic trans-
port is facilitated by intracellular lipid binding proteins such
as I-FABP and L-FABP (7,9), and in light of this, we have
previously shown that some poorly water-soluble drugs (and
in particular those with structural similarities to fatty acids

such as the presence of hydrophobic and carboxylic acid
moieties) can bind to both I-FABP (26–28) and L-FABP
(22,23) in vitro. The current study further suggests that drug

Table IV % of the Mass of Midazolam Contained Within the Intestinal Perfusate at t=0 min (ie Dose) Which was Absorbed from the Intestinal Perfusate,
Transported into the Mesenteric Blood or Recovered in the Perfused Intestinal Segment as Parent Midazolam or the 4-hydroxy (OH) Midazolam
Metabolite After 60 min of Continuous Perfusion of 10–15 cm Segments of Rat Jejunum with 500 μg of Midazolam Dissolved in 10 ml Buffer. Rats were
Fed Either a Control or High Fat Diet for 7 days Prior to the Studies and Mesenteric Blood was Collected Via a Cannula Placed in a Blood Vessel Draining
Only the Perfused Intestinal Segment. Data Represent Mean ± SEM for N=4 or 5 Rats

% Absorbed from Perfusateb % Recovered in Intestine % Transported into Mesenteric Blood

Midazolam Total Midazolam 4OH-midazolam Total Midazolam 4OH-midazolam Total

Control diet 52.3±4.9 52.3±4.9 3.6±0.3 1.8±0.2 5.4±0.4 17.1±1.0 1.9±0.6 19.0±1.4

High fat diet 67.4±8.2a 67.4±8.2a 5.4±0.6 2.2±0.3 7.6±0.6 21.1±4.0 0.6±0.2a 21.7±4.1

a Significantly different from control diet (α<0.05)
b <0.1% dose equivalent of 4OH-midazolam was recovered in the perfusate throughout the experiment
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Fig. 4 % of the mass of midazolam contained within the intestinal
perfusate at t=0 min (ie dose) which is transported into the mesenteric
blood per unit surface area of intestine perfused (% dose/cm2) over time
(min) as either a parent midazolam or b the 4-hydroxy midazolam
metabolite during continuous perfusion of 10–15 cm segments of rat
intestine with 500 μg of midazolam dissolved in 10 ml buffer. Rats were
fed either a control diet (○) or a high fat diet (●) for 7 days prior to the
studies. Data represent mean ± SEM for n=4 or 5 rats.
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binding to FABPs may influence drug transport across the
enterocyte and has the potential to alter access to
intracellular sites of drug metabolism.

Fasted levels of expression of I-FABP and L-FABP are
generally higher in the duodenum and jejunum (where the
majority of lipid absorption occurs) when compared to the
ileum (32,43,48), and as such the focus in the current
studies was on drug absorption and transport in the
jejunum. Animals with varying levels of intestinal FABP
were generated by pre-feeding either a high fat diet (20–
23% w/w fat) or a control diet (7% fat) for 7 days. An
increase (1.5–2-fold, Table II) in I-FABP and L-FABP
expression was evident in the lipid-fed group, consistent
with previous studies that have similarly shown that feeding
a high fat diet (ranging between 20% and 40% fat by
weight or total calories) to mice or rats for anywhere from 3
to 31 days leads to an approximate 1.3–1.5-fold increase in
I-FABP and/or L-FABP expression in the jejunum and
ileum (20,32,33,48–50). In previous studies, we have also
found that the expression of I-FABP and L-FABP in the
duodenum, jejunum and ileummay be up-regulated within as
little as 2–5 h in rats administered 20 mg/h of oleic acid
intraduodenally (43). The use of lipid pre-feeding as a
mechanism of up-regulation of intestinal I-FABP and L-
FABP (presumably via fatty acid stimulation of PPARα
(48,51,52,53)) is therefore well documented, and the
increases in FABP mRNA documented here are consistent
with increases in levels of both mRNA and protein
documented previously.

Elevating enterocyte FABP levels by feeding the high fat
diet increased intestinal uptake from the luminal perfusate
for ibuprofen, progesterone and midazolam (which bind to
FABP) but not propranolol (which does not bind to FABP)
(Table III, Fig. 2). This is consistent with a role for FABP in
drug absorption and is also consistent with a recent study
from this laboratory which examined the transport of drugs
with differing lipophilicities (including ibuprofen, proges-
terone and propranolol) in an in vitro membrane perme-
ability model (PAMPA), where the donor chamber
(representing the intestinal lumen) contained buffer, and the
acceptor chamber (representing the cell cytoplasm) contained
buffer with or without I-FABP (27). In these studies, increased
transport of drugs which bind FABP (such as ibuprofen and
progesterone) from the donor to the acceptor chamber was
evident in the presence of I-FABP in the receptor chamber,
but no change was observed in the transport of propranolol.
Transport was particularly enhanced for highly lipophilic
drugs with high affinity for FABP (for example the transport of
progesterone was enhancedmore so than ibuprofen), reflecting
an increased affinity for lipophilic molecules for the absorptive
membrane when compared with the aqueous environment of
the acceptor chamber (and therefore an increased need for a
binding partner to assist solubilisation).

In the current studies, increasing FABP levels by
prefeeding a high fat diet also enhanced ibuprofen but
not propranolol appearance in mesenteric blood, consistent
with the disappearance of these compounds from the
perfusate (Table III). However, the same was not true for
progesterone, where appearance in the mesenteric blood
was significantly reduced in the high fat-fed animals when
compared to controls, and for midazolam, where transport
into the mesenteric blood was not significantly different in
either group.

In the case of progesterone, the increased uptake into
intestinal segments with raised FABP levels coupled to a
decrease in transport out of the intestine into the
mesenteric blood was surprising. A possible explanation
was the potential for high affinity binding to FABP within
the enterocyte to lead to intracellular progesterone
accumulation, in turn reducing transport into the blood.
However, measurement of the quantity of radioactivity
present in the perfused intestinal segment at the end of the
experiment did not show an increase in progesterone
levels in the high fat, fed group. Overall recovery in the
progesterone high fat-fed group was slightly low (83±9%);
therefore, the lack of increase in progesterone in the gut
wall (which was expected based on the difference in
disappearance and appearance Papp data) may have
reflected errors in mass balance. Recovery in the other
experimental groups, however, was good and pre-study
assay validation indicated that the tissue assay was robust.
The lower recovery in the progesterone group was
therefore drug specific. Little has been published detailing
the metabolism of progesterone in the enterocyte, al-
though it is likely to be significant, as the bioavailability of
progesterone is low and has been attributed to both poor
absorption and extensive first-pass metabolism (54). Under
these circumstances, extensive metabolism of the radio-
labelled construct in the gut wall may have led to
liberation of the tritium label. Leaching of radiolabel via
the intestinal submucosa to other segments of the intestine
(which were not quantified) may therefore explain the lack
of gut wall accumulation. Due to the complexity of
progesterone metabolic pathways, further efforts to ex-
plore the impact of gut wall metabolism on disposition
were not attempted.

In contrast, the metabolic profile of midazolam is well
defined and is characterised in large part by hydroxylation
by Cyp3A4 in both the intestine and liver (29,55). The
major products of gut wall metabolism of midazolam are 4-
hydroxy midazolam and 1-hydroxy midazolam, and there
is conflicting evidence to suggest whether 4-hydroxy or 1-
hydroxy midazolam is the major intestinal metabolite
(29,30,56,57). In the current study, levels of the 4-
hydroxy-metabolite were used to indicate the extent of
metabolism.
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The formation of the 4-hydroxy metabolite was
significantly lower in the high fat-fed group when
assessed by the ratio of metabolite to parent present in
the jejunum and mesenteric blood and the overall
extraction ratio (Table V). It seems likely, therefore, that
midazolam binding to FABP in the enterocyte promoted
uptake into the cell but reduced drug access to intracel-
lular metabolic enzymes via a reduction in the intracellu-
lar free concentration.

The differences in 4-hydroxy midazolam levels were
most evident in mesenteric blood, rather than the intestinal
tissues. The in vitro binding data suggest similar FABP
binding affinities for midazolam and the 4-hydroxy metab-
olite (Table I). It is possible, therefore, that metabolite that
is liberated in the enterocyte subsequently binds to FABP,
reducing appearance in mesenteric blood. Enhanced
binding of the metabolite to elevated levels of FABP in
the high fat-fed group, however, cannot entirely explain the
reduced levels of metabolite in the mesenteric blood, since
the total mass of metabolite formed (in mesenteric blood
plus intestinal tissue) was lower in the high fat-fed group.
Increases in FABP levels in the enterocyte therefore appear
to reduce metabolism and to limit partition of the
metabolite out of the enterocyte into mesenteric blood.

High fat diets are known to influence the intestinal
expression of many proteins which influence lipid absorp-
tion (e.g. CD36/FAT (32,58), FATP4 (50), Npc1l1 (59),
Abca1 (59), Abcg5 (59), Abcg8 (59), MGAT2 (60), FAS
(61), ACC (61), MTP (50,61), ApoAIV(50,61), ApoB
(61,62), ApoCIII (61) and CRBPII (63)) as a result of co-
ordinate regulation of these proteins by nuclear hormone
receptors (64). The high fat diet administered to the
animals in the current study may therefore have led to
changes in intestinal permeability that are unrelated to
FABP binding. Alternatively, changes to lipid transporter
expression may have altered intracellular drug trafficking

by changing the patterns of intracellular disposition of lipids
with which lipophilic drugs may associate. However,
significant intracellular lipid accumulation is unlikely in
the current studies given the evidence that lipid does not
accumulate in high fat-fed animals (50) and that all the
animals utilised here were fasted overnight prior to the
conduct of the permeability studies. The observed changes
in intracellular transport were also only evident for drugs
which bind I-FABP and/or L-FABP, and the transport of a
similarly lipophilic model compound that does not bind
FABP (propranolol) was unaltered.

In the case of the observed protection from gut wall
metabolism of midazolam in the high fat-fed rats, it is also
possible that the administered lipids may have directly
inhibited the activity of Cyp3A4. Hirunpanich et al.
demonstrated that 10–200 μM docosahexanoic acid
inhibited the metabolism of midazolam in perfused everted
gut sections and that 100 mg/kg docosahexanoic acid
inhibited the metabolism of midazolam following oral
administration to rats (66). However, in the same study
more typical dietary lipids such as 100 mg/kg olive oil had
no effect on Cyp activity. Cyp inhibition is therefore likely
to be highly lipid specific and to require co-location of lipid
and drug in the enterocyte during absorption. In contrast,
in the current studies, animals were fasted overnight prior
to the conduct of permeability studies.

In summary, the current study has shown that pre-
feeding rats with a lipid-rich diet leads to upregulation of I-
and L-FABP mRNA in rats and that this occurs in parallel
with changes to intestinal permeability of ibuprofen,
progesterone and midazolam (drugs which bind to FABPs)
but not propranolol (which does not bind FABPs). The data
suggest that consistent with their role in the cellular
transport of endogenous lipophilic substrates, FABPs
facilitate the absorption and intracellular disposition of
drug molecules that bind FABPs in vitro. The extent of gut
wall metabolism of midazolam is also reduced in animals
with elevated FABP levels, suggesting that drug binding to
FABPs in the enterocyte may attenuate gut wall metabolism
in a manner analogous to the reduction in hepatic
extraction mediated by drug binding to plasma proteins in
the systemic circulation. Finally, it should be noted that the
intent of the current studies was to explore the potential
role of FABPs in intracellular drug solubilisation and
transport. In doing so, we employed a model of lipid pre-
feeding to manipulate cellular FABP levels. Whilst the
increases in FABP levels generated here by lipid feeding are
therefore appropriate for use as a tool to explore the role of
FABPs in cellular transport, the absolute differences in
FABP expression and changes to drug permeability were
moderate. It remains to be seen, therefore, whether the
differences in absorption observed under differing feeding
conditions have clinical significance.

Table V Fraction (as a %) of the Mass of Midazolam Contained Within
the Intestinal Perfusate or Perfused Intestinal Segment or Transported into
the Mesenteric Blood that was Present as the 4-hydroxy Metabolite and
the Extraction Ratio for Midazolam Transport Across Intestinal Segments
after 60 min of Continuous Perfusion of 10–15 cm Segments of Rat
Jejunum with 500 μg of Midazolam Dissolved in 10 ml Buffer. Rats were
Fed Either a Control or High Fat Diet for 7 Days Prior to the Studies and
Mesenteric Blood was Collected Via a Cannula Placed in a Blood Vessel
Draining only the Perfused Intestinal Segment. Data Represent Mean ±
SEM for N=4 or 5 Rats

Fraction present as metabolite (%) Extraction ratio

Perfusate Intestine Blood

Control diet <0.2 32.8±1.9 11.0±3.3 11.2±0.9

High fat diet <0.2 29.1±3.6 3.1±0.8a 7.1±1.1a

a Significantly different from control diet (α<0.05)
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