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Purpose. To determine a) whether administration of lipid-based formulations can acutely up-regulate

the intestinal expression of I-FABP and L-FABP and b) whether this occurs coincidentally with an

increase in intestinal lymphatic lipid and drug transport.

Methods. The expression of I-FABP and L-FABP mRNA (using q-PCR) and protein (using

immunohistochemistry and Western blotting) in enterocytes was compared with data describing

transport of lipid and drug into intestinal lymph following infusion of a set of lipid-based formulations.

Results. Administration of relatively small amounts of oleic acid (5Y20 mg/h) over a 5 h period to rats

acutely up-regulated the expression, and altered the intracellular distribution of, I-FABP and L-FABP in

the enterocytes of the small intestinal epithelia. The increase in expression of I-FABP and L-FABP

correlated well with previous data describing the transport of lipid and drug into intestinal lymph

following infusion of the same formulations.

Conclusion. The expression and intracellular distribution of I-FABP and L-FABP are acutely influenced

by lipid infusion over a time period relevant to feeding or the administration of pharmaceutical lipidic

formulations, and these changes occur coincidentally with increased drug transport into the lymphatics.

KEY WORDS: drug absorption; fatty acid binding protein (FABP); halofantrine; lipid absorption;
lymph; lymphatic drug transport.

INTRODUCTION

Intestinal lipid absorption is a complex process involving
numerous membrane and cytosolic transport proteins and
enzymes in the absorptive cells of the small intestine (SI)
(enterocytes) (1). Dietary triglyceride (TG) is rapidly di-
gested to 2-monoglyceride and fatty acid (FA) in the upper

SI and subsequently absorbed into the enterocyte either pas-
sively or actively via processes facilitated by membrane
transport proteins. Active transport is thought to predominate
at low luminal lipid concentrations, whereas under high lipid
loads, the majority of lipid absorption occurs passively (2,3).
Proteins implicated in FA transport across the enterocyte
plasma membrane include CD36 and the FA transporter
(FAT) (1), plasma membrane fatty acid binding protein
(FABPpm) (2,4,5), fatty acid transport protein (FATP4) (6),
GP330 (7) and caveolin (1). Subsequent diffusion of these
lipid digestion products through the enterocytic cytoplasm
occurs by passive diffusion, however, this process is thought
to be facilitated by cytosolic binding proteins, such as the
cytosolic fatty acid binding proteins (FABP) (8Y10).

Lipid digestion products gain access to the systemic
circulation either directly via the portal vein, or via lymph as
TG-rich lipoproteins (LP). Similarly, orally administered
drugs can access the systemic circulation via either the portal
blood or the mesenteric lymphatic system. Substantial intes-
tinal lymphatic drug transport, however, only occurs for
highly lipophilic drugs and it is typically a consequence of
drug association with the lipid-rich LP (11). Therefore, intes-
tinal lymphatic lipid and drug transport are closely related
and it is possible that the factors which influence lipid ab-
sorption (such as levels of expression of cytosolic FABP) may
also influence lymphatic drug transport.
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Intestinal FABP and liver FABP (I-FABP and L-FABP,
respectively) are purported to facilitate the intracellular dif-
fusion of FA across the cytosol of the enterocyte (8,10), and
indirectly therefore to also increase uptake into the enter-
ocyte by promotion of sink conditions within the cell. For
example, in vitro studies have demonstrated that I-FABP and
L-FABP bind both saturated and polyunsaturated long chain
FA with high avidity (12) and facilitate FA transport between
phospholipid (PL) membranes (13). Moreover, the rate of
FA uptake into HepG2 cells has been shown to display a
dependence on the levels of intracellular L-FABP expression
(14). In vivo studies have further demonstrated that both I-
FABP and L-FABP are maximally expressed in the upper
half of the small intestine (SI) where maximal lipid absorp-
tion occurs (1).

The expression of I-FABP and L-FABP in the SI is
responsive to the lipid content of the diet. For example, up-
regulation of I-FABP and L-FABP has been demonstrated in
response to either a chronic (>7 day) high fat diet (9,15Y17)
or long term incubation of cultured cells with increased levels
of FA (18). Acute in vitro up-regulation of I-FABP and L-
FABP has also been demonstrated following a 2Y8 h incuba-
tion of Caco-2 cells with increased levels of butyric acid, oleic
acid (OA) or phosphatidylcholine (18) or following in situ
incubation of mouse distal ileum with saturated and un-
saturated long chain FA (but not medium chain FA) for
16 h (15).

Significantly, acute in vivo up-regulation of I-FABP or
L-FABP in the SI during intestinal lipid absorption has not
been reported. Therefore, the first aim of this study was to
determine whether in vivo expression of I-FABP and L-
FABP in the SI is up-regulated following intestinal lipid
infusion over a time frame (e.g. 5 h) relevant to the
absorption of lipid from a meal or pharmaceutical lipid-
based formulation. A second aim was to determine whether
these putative acute changes in the expression of I-FABP and
L-FABP may be related to, or occur coincidentally with, the
extent of lymphatic lipid and drug transport after intra-
duodenal infusion of lipid-based formulations.

MATERIALS AND METHODS

Composition and Preparation of Lipid-Based Formulations

An infusion rate of 5Y20 mg/h OA in rats was chosen
as it approximates, on a mg/kg basis, a human-relevant lip-
id dose of 1.2Y4.7 g/h. L-a-lysophosphatidylcholine (LPC,
5.2 mg/h) was added to one of the formulations as this has
previously been shown to enhance lymphatic lipid transport
after intraduodenal administration (19Y21). The infusion rate
of bile salt (BS, sodium taurocholate) was 14 mmol/h which
reflects the physiological input rate from rat bile under fast-
ing conditions (22).

Lymphatic drug transport data from a previous study
(23) are referred to in the current study. In brief, these data
were collected after continuous intestinal infusion of essen-
tially identical lipid-based formulations at 2.8 ml/h for 5 h,
but where each 2.8 ml volume contained 100 mg halofantrine
(Hf) (and 1 mCi of 14C-OA where lymphatic FA transport
rates were assessed). 14C-OA and Hf were incorporated into
the lipid phase (comprising either 5 mg OA, 20 mg OA or

20 mg OA/5.2 mg LPC) prior to dispersion in two different
aqueous phases. The aqueous phases studied were either 0.2%
(w/v) Tween 80 in normal saline (pH 7.0) or a bile salt (BS)
solution comprising 5 mM sodium taurocholate in phosphate
buffer (pH 6.9). Formulations were emulsified using an
ultrasonicator and their stability assessed as previously
described (24).

Surgical Procedures

All surgical and experimental procedures were con-
ducted in accordance with the Australian and New Zealand
Council for the Care of Animals in Research and Teaching
guidelines and approved by the local institutional Animal
Ethics Committee. Male SpragueYDawley rats (280Y320 g)
were fasted overnight with free access to water. For Part 1 of
the study, anaesthesia was initiated using a 3 ml/kg intraper-
itoneal (IP) injection of FFFM_ containing one part Hyp-
norm\ (0.2 mg/ml fentanyl/10 mg/ml fluanisone; Janssen),
one part Hypnovel\ (5 mg/ml midazolam; Roche) and two
parts Milli-Q water and maintained as described previously
(24). In Part 2 of the study, anaesthesia was initiated and
maintained with two hourly intraperitoneal injections of
50 mg/kg sodium pentobarbitone (Fatal Plus\, Vortech
Pharmaceuticals, MI).

A tracheal cannulation was performed using a 3 cm
piece of polyethylene tubing (2 mm id, Clay Adams, NJ) to
maintain a clear airway. The duodenum was cannulated 1 cm
below the pylorus with a J-shaped heat-moulded segment of
polyethylene tubing (PE 50, Clay Adams, NJ) secured with
instant cyanoacrylate adhesive. Anaesthetised rats were
maintained on a heated pad at 37-C (Part 1) or in a
controlled chamber at 37-C (Part 2) to maintain body
temperature. At the conclusion of the surgical procedures,
an intraduodenal infusion of normal saline (2.8 ml/h) was
administered during a 0.5 h recovery period and then
initiation of dosing was facilitated by changing the infusion
to the respective lipid-based formulation (2.8 ml/h). For-
mulations were infused for the subsequent 5 h period.
Samples were collected at the conclusion of the infusion
period and rats were euthanized with a lethal overdose of
sodium pentobarbitone.

Experimental Design

Study Part 1

Formulations comprising either (A) normal saline as
control, (B) 0.2% Tween 80 in normal saline, (C) 5 mM BS
solution, (D) 5 mg OA dispersed in 5 mM BS solution, (E)
20 mg OA dispersed in 0.2% Tween 80, (F) 20 mg OA
dispersed in 5 mM BS solution or (G) 20 mg OA/5.2 mg LPC
dispersed in 5 mM BS solution were intraduodenally infused
(at 2.8 ml/h) to fasted, anaesthetised rats. At 5 h after ini-
tiation of the dosing (a period which provides steady state
lipid and drug transport in lymph (23)) the SI was removed
and the expression of I-FABP and L-FABP mRNA deter-
mined using q-PCR. In a separate study designed to give
additional information as to the timescale of upregulation, in-
testinal segments were removed 2 h after initiation of dosing of
formulation F (20 mg OA dispersed in 5 mM bile salt).

1787FABP and Lymphatic Drug Transport



RNA extraction and cDNA preparation. Following the 2
or 5 h infusion period, the entire SI was removed, cut into
three equal segments (upper, middle and lower third) and
opened lengthwise. Enterocytes were removed from each
segment by scraping with a clean glass microscope slide and
homogenised in a mortar and pestle. Total RNA was ex-
tracted from 30 mg of each segment homogenate using a
RNeasy Mini Kit\ (Qiagen Limited, Australia) in accord
with the manufacturer’s protocol and diluted to 100 ml. The
concentration of total RNA extracted from each enterocyte
sample, and the RNA purity, were determined spectropho-
tometrically (WPA Biowave S2100 Diode Array Spectro-
photometer, Radiometer, Denmark) at 260/280 nm. cDNA
was reverse transcribed from 2 mg RNA using an
Omniscript\ kit with random hexamers (Qiagen Limited,
Australia) in accord with the manufacturer’s protocol and
diluted to 20 ml.

Real time quantitative PCR (q-PCR). q-PCR was con-
ducted on a Rotorgene RT-3000 (Corbett Research, Aus-
tralia) and the data analysed using Rotorgene V5 software.
Quantification of I-FABP and L-FABP expression was
performed relative to a housekeeping gene (18S ribosomal
RNA (25)) and measured in multiplex (26). A Taqman assay-
on-demand kit (Rn 00565061, fatty acid binding protein 1,
FABP 2; Applied Biosystems, NJ) was used to measure I-
FABP using q-PCR. A Taqman\ MGB probe and forward
and reverse primers were designed to measure L-FABP using
q-PCR (Applied Biosystems, NJ). The sequences were: L-
FABP probe: 50-CCCAAAGCTGATATAAT-30, forward
primer: 50-AAGTACCAAGTGCAGAGCCAAGA-30 and
reverse primer: 50-GACAGAAGGGATAGCCCCTCAT-30.
The multiplex reaction mix for the I-FABP and L-FABP q-
PCR assays contained the Taqman\ Universal PCR master
mix and human 18S rRNA kit\ (Applied Biosystems, NJ)
which is appropriate for measuring rat 18S rRNA house
keeping gene expression levels.

For multiplex q-PCR of L-FABP and 18S rRNA, the
reaction mix contained a 2.5 ml sample of cDNA, Taqman
PCR master mix\, 18 mM L-FABP forward primer, 18 mM L-
FABP reverse primer, 5 mM L-FABP probe, human 18S
RNA kit\ and water in a final volume of 50 ml. For multiplex
q-PCR of I-FABP and 18S rRNA, the reaction mixture
contained 1 ml sample of cDNA, Taqman PCR master mix\,
I-FABP 20 � Taqman assay-on-demand kit\, human 18S
RNA kit\ and water in a final volume of 20 ml. The cDNA
was amplified for one cycle at 50-C for 2 min and one cycle at
95-C for 10 min followed by 50 cycles of 95-C for 30 s
(denaturing) and 60-C for 1 min (annealing and extension).
Data were acquired at 60-C during cycling.

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 SI of a uninfused,
fasted rat were analysed in each I-FABP or L-FABP q-PCR
run. Expression data for I-FABP and L-FABP mRNA in all
SI samples from experimental formulations was then calcu-
lated relative to the set of reference samples. To ensure that
possible RNA or DNA contamination of SI samples was not
affecting q-PCR results, each q-PCR analysis contained non-
template controls consisting of enterocyte RNA samples

where reverse transcriptase was not added (such that no
cDNA was produced) prior to the q-PCR step.

Validation studies and data analysis. For I-FABP and L-
FABP q-PCR assays, standards for I-FABP or L-FABP and
18S rRNA were prepared by 1/5, 1/10, 1/20, 1/50 and 1/100
dilutions of reference samples obtained from a fasted rat
which was infused with normal saline for 5 h. The standards
were analysed under the relevant q-PCR experimental
conditions and standard curves (log [cDNA dilution] vs Ct
(threshold cycle)) for I-FABP or L-FABP and 18S rRNA
(housekeeping gene) produced. The inter- and intra-day
accuracy and precision of the I-FABP, L-FABP and 18S
rRNA assays were determined from triplicate q-PCR stan-
dard curves performed on three separate days and were
acceptable (< T 15%). The replication efficiencies for the
assays were 1.93 and 1.87 for L-FABP and 18S rRNA,
respectively, and 1.81 and 1.94 for I-FABP and 18S rRNA,
respectively.

The expression of I-FABP or L-FABP mRNA in each SI
segment (upper, middle or lower) of rats which had been
infused with control (normal saline) or experimental lipid
formulation was determined relative to their respective
expression in a reference sample obtained from the upper
third of the SI of an un-infused (fasted) rat thereby enabling
assessment of the pattern of expression along the length of
the SI. The average relative expression of the I-FABP and L-
FABP mRNA in the SI was calculated from the mean of the
relative expression values obtained for each third of the SI.
This gave an indication of the total quantity of I-FABP and
L-FABP mRNA present in the SI following infusion of each
formulation. Additionally, the expression of I-FABP or L-
FABP mRNA in each SI segment (upper, middle and lower)
of rats infused with control (normal saline) or experimental
lipid formulation was calculated relative to their expression
in the same third of the SI of a set of reference samples from
a un-infused, fasted rat thereby enabling assessment of the
effect of the different lipid formulations on expression in
each intestinal segment.

Study Part 2

To confirm that changes in mRNA expression were also
reflected in changes to protein expression, additional studies
were undertaken to assess changes in I-FABP and L-FABP
levels (determined using Western blotting and immunohisto-
chemistry) after administration of a representative lipid
formulation for 5 h (20 mg OA dispersed in 5 mM BS
solution) when compared to administration of normal saline
for 5 h. After 5 h of infusion, the SI was removed and the
expression and intracellular distribution of I-FABP and L-
FABP protein determined.

Western blot analysis. Anti-rat I-FABP and L-FABP IgG
antibodies were kindly donated by Professor Friedhelm
Schroeder (Texas A & M University, USA) (27,28). Following
5 h infusion of either the normal saline or 20 mg OA/5 mM
BS solution formulations, the SI was removed and cut into
eight equal segments (labelled one through eight from
duodenum to ileum). Segments two, four and six were used
for Western blot analysis of the upper, middle and lower SI
segments, respectively. One hundred milligrams of the SI
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segments were homogenized in 1 ml of sampling buffer
(consisting of one Complete Mini-Protease Inhibitor Cock-
tail Tablet\ (Roche, NJ) dissolved in 10 ml of 0.1 M phos-
phate buffer, pH 7.4). Total protein concentration in
homogenised samples was determined using a modified
Lowry method (29). Protein samples (4.5 mg) and a pre-
stained protein standard ladder (Benchmark pre-stained
protein ladder, Invitrogen, CA) were loaded onto a 15%
SDS gel, separated by SDS-PAGE and subsequently electro-
transferred to polyvinylidene difluoride membranes (PVDF
Immunoblot membrane, BioRad labs, Hercules, CA). The
membrane was allowed to dry, soaked for 30 min in 0.4% (v/
v) Tween 80 in Tris buffer pH 7.6 (TBST), blocked for 30 min
with 5% (w/v) milk fat solution, incubated for 1 h with anti-
rat I-FABP or L-FABP IgG diluted 1:1,500 in 5% milk fat
solution, rinsed twice (for 5 min) with 5% milk fat, rinsed
once (5 min) with 1.25% milk fat, incubated for 45 min with
secondary anti-rabbit IgG (Polyclonal Goat Anti-Rabbit
Immunoglobulins/HRP, DakoCytomation, Glostrup, Den-
mark) diluted 1:4,000 with 1.25% milk fat, washed twice (5
min each) with 1.25% milk fat and finally washed (5 min)
with TBST. Bands were detected using ECL Western
blotting detection reagent (Amersham Biosciences, Bucking-
hampshire, UK). Comparison of the migration distance of the
I-FABP and L-FABP bands detected by the Western blot,
with the molecular weight markers on the original SDS-
PAGE gel, confirmed that the detected bands ran between
the 10 and 15 kDa markers. This is consistent with the
molecular weights of I-FABP and L-FABP (15 and 14 kDa
(9), respectively).

Immunohistochemistry analysis. After 5 h of intraduo-
denal infusion, each rat received a lethal dose of pentobar-
bitone (0.6 ml of 390 mg/ml solution) and was immediately
perfused via the aorta with 200 ml of room temperature
normal saline followed by 400 ml of 4% (w/v) paraformalde-
hyde prepared in 0.1 M phosphate buffer (pH 7.4) main-
tained at 4-C. The SI was then removed and 3 cm segments
collected from the upper third (from 1 cm below the entry of
the bile duct which was more than 1 cm below the entry site
of the intraduodenal infusion), the middle third (from 1 cm
below the ligament of Treitz) and the lower third (from 1 cm
above the ileo-caecal junction) of the SI. The samples were
then left overnight in 4% paraformaldehyde phosphate
buffer solution and then dehydrated for 2Y3 days in 30%
(w/v) aqueous sucrose solution until the intestinal segments
no longer floated.

SI segments were embedded (#1310 M1 embedding
matrix for frozen sectioning, Lipshaw Inc, Pittsburgh, PA)
and 10 mm sections cut (CM 30505, Leica, Bannockburn, IL)
onto microscope slides. Sections were incubated for 30 min at
room temperature with 0.3% (v/v) H2O2 in 0.01 M phosphate
buffer pH 7.4 in normal saline (PBS), blocked for 40 min at
room temperature with 0.3% (v/v) Triton X-100/10% (v/v)
normal goat serum (NGS) in PBS, incubated overnight at
room temperature with primary IgG (anti-rat I-FABP or L-
FABP) diluted 1:150 with blocking solution and incubated
for 2 h at room temperature with anti-rabbit secondary IgG
(568 Rabbit IgG labelling kit, Molecular Probes, Eugene,
OR) diluted 1:400 in PBS. Sections were washed three times
before and between each of these steps for 5Y10 min with
PBS. Sections were subsequently examined using fluores-

cence microscopy or confocal fluorescence microscopy. No
autofluorescence was observed in control sections.

Fluorescent microscopy was conducted on an Olympus
Bx 61 microscope and QI Camera (Olympus, Melville, NY)
using Image Pro-plus software (Media Cybernetics Inc,
Version 4.5.1.22). Images were analysed and FABP quanti-
tated using Image J software (NIH, Bethesda, MD; http://
rsb.info.nih.gov/ij/Java1.3.1_03). The amount of I-FABP and
L-FABP in the upper, middle and lower SI of rats infused
with control (n = 2) or lipid formulation (n = 2) was quan-
tified from six regions of the fluorescent microscopic images
of two slides for each rat.

Confocal fluorescent microscopy images were captured
using an Axioplan 2\ microscope, Axiocam HR\ camera and
Axiovision LE\ software (Carl Zeiss, Thornwood, NY). The
intracellular distribution of FABP was determined in the
x, y and z direction from multiple z-stack images (captured
using the confocal microscopy system) of two slides from
each of the upper, middle and lower SI segments of rats in-
fused with control (n = 2) or lipid formulation (n = 2) there-
by confirming the intracellular location of FABP in three
dimensions.

Statistical Analysis

Statistically significant differences were determined by
ANOVA followed by Tukey’s test for multiple comparisons
at a significance level of a = 0.05 using SPSS for Windows
Version 11.5.0 (SPSS Inc, Chicago, Il).

RESULTS

Study Part 1: Expression of I-FABP and L-FABP mRNA
in the SI Following Lipid Infusion

The expression of I-FABP and L-FABP mRNA in the
upper, middle and lower regional segments of the SI, after
infusion of either normal saline control or lipid formulations,
was determined using q-PCR and expression was compared
relative to a reference sample taken from the upper SI of an
un-infused (fasted) rat. In the normal saline control group,
the pattern of expression of I-FABP mRNA along the length
of the SI (mean T SEM, n = 4) (where the expression in each
section of the SI is expressed relative to a reference sample
obtained from the upper SI of a fasted rat that did not receive
any infused material) was 1.03 T 0.03 (upper region), 0.31 T
0.05 (middle region) and 0.45 T 0.07 (lower region). Similarly
the patterns of expression of L-FABP mRNA in the normal
saline control group (mean T SEM, n = 4) were 1.05 T 0.03
(upper region), 0.22 T 0.05 (middle region) and 0.21 T 0.04
(lower region). These data indicate that infusion of normal
saline did not alter expression levels of both I-FABP and L-
FABP mRNA (since the relative expression in the upper
region was the same in saline infused animals as it was in the
reference sample from the same region) and that I-FABP
and L-FABP mRNA were more abundantly expressed in the
upper SI.

The average relative expression of I-FABP and L-FABP
mRNA in the SI of rats infused with control (normal saline)
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or the lipid formulations was calculated as the mean of the
expression values obtained in each segment (upper, middle,
lower thirds). Within each segment, expression was calcu-
lated relative to the expression value obtained in a reference
sample from the upper SI of an un-infused fasted rat. Fig. 1
(Panels 1A and 1B) depicts the change in the average relative
expression of I-FABP and L-FABP mRNA in the SI of rats
following a 5 h intraduodenal infusion of different lipid
formulations. In general, the average expression of I-FABP
mRNA in the SI was significantly increased following a 5 h
infusion of all lipid formulations (including the 5 mM BS
solution) when compared to control rats which received

normal saline alone (a = 0.05) (Panel A), where no increases
to expression were seen. Infusion of the (lipid free) 0.2%
Tween 80 formulation also did not alter the expression of I-
FABP, suggesting that changes to the expression of I-FABP
following infusion of 20 mg OA in 0.2% Tween 80 were
mediated by the lipid present in the formulation (and not the
surfactant). More specifically, the average expression of I-
FABP mRNA in the SI increased significantly on infusion of
BS, on infusion of increasing quantities of lipid (i.e. from 5 to
20 mg OA) or after addition of LPC to the 20 mg OA/5 mM
BS solution (a = 0.05). Panel 1B depicts the average ex-
pression of L-FABP mRNA in the SI which also increased
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Fig. 1. Panel 1. The average relative expression (mean T SEM, n = 4) of (A) I-FABP mRNA, and (B) L-FABP mRNA in

the small intestine (SI) of rats following a continuous 5 h intraduodenal infusion of formulations comprising: A. normal

saline control; B. 0.2 % Tween 80; C. 5 mM bile salt (BS) solution; D. 5 mg oleic acid (OA) dispersed in 5 mM BS

solution; E. 20 mg OA dispersed in 0.2% Tween 80, F. 20 mg OA dispersed in 5 mM BS solution or G. 20 mg OA/5.2 mg

lyso-phosphatidylcholine (LPC) dispersed in 5 mM BS solution per hour. I-FABP and L-FABP mRNA levels were

measured using relative q-PCR. The relative expression of I-FABP and L-FABP mRNA in the upper, middle and lower

regions of the SI was first calculated relative to the expression of I-FABP and L-FABP mRNA in the upper third region of

untreated, fasted rats. The average relative expression of I-FABP and L-FABP mRNA in all thirds of the small intestine

was then calculated from the mean of the relative expression values for all thirds. Panel 2. Regional small intestinal

expression (mean T SEM, n = 4) of (A) I-FABP mRNA, and (B) L-FABP mRNA in the upper (open bars), middle

(striped bars) and lower (cross-hatched bars) region of rats following a continuous 5 h intraduodenal infusion of

formulations comprising: A. normal saline control; B. 0.2 % Tween 80; C. 5 mM bile salt (BS) solution; D. 5 mg oleic acid

(OA) dispersed in 5 mM BS solution; E. 20 mg OA dispersed in 0.2% Tween 80, F. 20 mg OA dispersed in 5 mM BS

solution or G. 20 mg OA/5.2 mg lyso-phosphatidylcholine (LPC) dispersed in 5 mM BS solution per hour. I-FABP and

L-FABP mRNA levels were measured using relative q-PCR and their expression in the upper, middle and lower third

region of the SI were measured relative to the expression of I-FABP or L-FABP mRNA in a reference set of samples

obtained from the same regions of untreated, fasted rats.
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significantly after a 5 h infusion of all OA containing lipid
formulations when compared to the data obtained after
infusion of normal saline, although in this case no change
was seen after administration of BS alone (a = 0.05). A com-
parison of the data in Panels 1A and Panel 1B (Fig. 1)
indicates that the increase in the average expression of I-
FABP mRNA following infusion of the lipid formulations
was greater than that observed for L-FABP mRNA.

To determine the region of the SI where expression of I-
FABP and L-FABP changed most following intraduodenal
infusion, expression levels in the upper, middle and lower
regions of the SI were determined relative to the expression
of I-FABP or L-FABP mRNA in the corresponding intesti-
nal region of fasted (un-infused) rats. Fig. 1 (Panels 2A and
2B) depicts the expression of I-FABP and L-FABP mRNA,
respectively, in each region of the SI following a 5 h infusion
of control (normal saline) or lipid based formulations. For
both I-FABP and L-FABP, infusion of 0.2% Tween 80 alone
(formulation B) did not lead to any changes in regional ex-
pression levels of mRNA when compared with infusion of
normal saline. In the lower 2/3 region of the SI (where levels
of expression of both I-FABP and L-FABP mRNA in control
animals infused with normal saline were lowest) infusion of
all the lipid formulations increased the expression of both I-
FABP and L-FABP mRNA significantly (a = 0.05) when
compared to expression levels in the respective segments of
animals infused with normal saline for 5 h. More specifically,
for I-FABP mRNA, expression levels in the middle 1/3 of the
SI were increased more significantly (a = 0.05) following in-
fusion of formulations containing 20 mg OA and BS, in both
the presence and absence of LPC (formulations F and G)
when compared to infusion of BS alone (formulations C), 5
mg OA in BS (formulation D) and 20 mg OA in Tween 80
(formulation E). In the lower 1/3 of the SI expression levels
of I-FABP mRNA were most significantly increased (a =
0.05) following infusion of the 20 mg OA/5.2 mg LPC in BS
formulation (formulation G) when compared to the other
formulations (C, D, E and F). For L-FABP mRNA, the
patterns were similar and expression in the middle 1/3 of the
SI was significantly increased (a = 0.05) for all the lipid con-
taining formulations. Interestingly in the middle 1/3 of the
intestine, addition of LPC (formulation G) did not increase
expression levels above that seen after administration of 20
mg OA/BS (and in fact levels were reduced), whereas in the
lower 1/3 of the intestine a significant increase in L-FABP
mRNA expression levels was observed after administration
of the LPC containing formulation (formulation G). In gen-
eral, therefore it appears that infusion of OA leads to in-
creases in the expression levels of both I-FABP and L-FABP
mRNA levels, particularly in the middle 1/3 of the intestine,
whereas the additional effects of addition of LPC are more
evident (especially in the case of L-FABP) in the lower 1/3 of
the SI.

In contrast, relatively small changes in FABP mRNA
expression levels were evident in the upper 1/3 of the
intestine (where endogenous levels of expression in control
rats infused with normal saline were highest). Thus, only a
small (albeit significant) increase in I-FABP mRNA expres-
sion levels were apparent in the upper region of the SI after
administration of the 20 mg OA in BS solution formulation
(with or without LPC) (i.e., formulations F and G (Panel

2A)). Similarly, a modest but significant increase in L-FABP
expression was seen in the upper SI following infusion of the
20 mg OA/5.2 mg LPC in BS formulation (formulation G
(Panel 2B)). Surprisingly, administration of 5 mM BS
solution significantly decreased L-FABP mRNA expression
in the upper third of the SI (a = 0.05) to levels below that
obtained in control (normal saline infused) animals.

To gain a better understanding of the timescale over
which I-FABP and L-FABP mRNA were up-regulated in the
small intestine, an additional group of rats were infused with
the 20 mg OA/5 mM BS formulation for 2 h and the levels of
I-FABP and L-FABP mRNA along the length of the SI
measured using q-PCR and compared to the expression in
control rats infused with normal saline alone. Over this
timescale, the expression of I-FABP increased 1.5 T 0.3, 2.1 T
0.1 and 2.3 T 0.2 fold and the expression of L-FABP 2.1 T
0.1, 2.7 T 0.1 and 2.2 T 0.1 fold (mean T SEM, n = 4 rats)
in the upper, middle and lower thirds of the small intestine,
respectively.

Overall, the expression of both I-FABP and L-FABP
mRNA was particularly up-regulated in the lower 2/3 of the
SI following infusion of the lipid formulations, and this was
most evident in the data obtained after 5 h, although
significant increases in expression levels (õ2 fold) were also
apparent after only 2 h. It should be noted, however, that
although I-FABP and L-FABP exhibited the greatest overall
increase in expression in the lower 2/3 region of the SI
following experimental lipid infusion, the levels of I-FABP
and L-FABP mRNA in the lower 2/3 were only increased to
levels similar to those observed in the upper regions of the SI.

Study Part 2: Expression of I-FABP and L-FABP Protein
in the SI Following Lipid Infusion

To examine whether the observed changes to expression
levels of I-FABP and L-FABP mRNA were reflected in
changes to protein expression, a further series of experiments
were conducted where two groups of rats were infused with
either normal saline or a representative lipid formulation
(20 mg OA/5 mM BS solution) and I-FABP and L-FABP
levels examined using either Western blot or immunohisto-
chemical analysis.

Figure 2 (Panels A and B) depicts Western blots of I-
FABP and L-FABP protein expression, respectively, in each
region of the SI following a 5 h infusion of normal saline
(control) or the 20 mg OA/5 mM BS solution formulation
(i.e., formulation F). The data shown are representative data
taken from single gels, however experiments were repeated
in triplicate and similar patterns of up-regulation were
observed in each case. The data for I-FABP are qualitatively
consistent with the mRNA levels presented in Fig. 1 in that I-
FABP is expressed most abundantly in the upper 2/3 of the
SI in the fasted state and the expression of I-FABP increased
relatively more in the lower 2/3 of the SI following lipid in-
fusion. Also consistent with the mRNA levels presented in
Fig. 1, L-FABP is expressed most abundantly in the upper
2/3 of the SI in the fasted state, is significantly up-regulated
along the length of the intestine, and the region of most
significant change is in the middle 1/3 of the SI.

The increase in the expression of I-FABP and L-FABP
in each third of the SI was also estimated immunohistochemi-
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cally after infusion with either normal saline (control) or the
20 mg OA/5 mM BS solution formulation (i.e. formulation
F). In the first series of experiments, sections were analysed
by fluorescence microscopy (images not shown) and quanti-
fied using the pixel fluorescence intensity of the immunohis-
tochemical images. The relative increase in I-FABP protein
expression in each region of the SI following lipid formula-
tion infusion compared with normal saline control (mean T
SEM, n = 12) was 3.82 T 0.17 (upper region), 3.69 T 0.18
(middle region) and 1.31 T 0.03 (lower region). Similarly, the
relative increase in L-FABP protein expression in each region
of the SI was 2.23 T 0.04 (upper region), 2.14 T 0.08 (middle
region) and 1.92 T 0.02 (lower region). These data are reason-
ably consistent with the mRNA expression levels as quantified
by q-PCR in Fig. 1, although the magnitude of the increase in
protein expression determined immunohistochemically was
less than the relative increases in mRNA expression deter-
mined by q-PCR, particularly in the lower 2/3 of the SI.

Sections were also examined using confocal fluorescence
microscopy and Fig. 3 (Panels A and B) shows confocal
immunohistochemistry images of the corresponding protein
expression and intracellular distribution of I-FABP and L-
FABP in enterocytes of either control rats or those infused
with the 20 mg OA/5 mM BS solution formulation. In the
fasted state, I-FABP was most clearly concentrated in the

basolateral region of the enterocyte (although small quanti-
ties were also evident in close association with the apical
membrane), whereas after lipid infusion, I-FABP was more
abundantly and more widely distributed across the entire
cytoplasm (three dimensional analysis, data not shown). In
the fasted state, L-FABP was more diffusely located
throughout the enterocyte cytoplasm when compared to I-
FABP, although some evidence of concentration of L-FABP
around the nuclear, apical and basolateral membranes was
apparent in some enterocytes. Following lipid infusion, L-
FABP was more concentrated in the cytoplasm as well as the
nuclear, apical and basolateral membranes. The changes to
FABP location were consistently observed across a series of
x, y and z planes.

Intestinal Lymphatic Lipid and Drug Transport and I-FABP
and L-FABP mRNA Expression in the SI Following Lipid
Infusion

We have previously reported the rate of intestinal
lymphatic lipid and drug transport following 5 h continuous
intraduodenal infusion of the same lipid formulations as
those employed in the current study, in mesenteric lymph
duct cannulated rats (23). In these previous studies, the 5 h
intraduodenal infusion of the lipid-based drug formulations
induced a condition of steady state lipid and drug transport
into intestinal lymph. Figure 4 compares the average ex-
pression of I-FABP and L-FABP mRNA in the SI deter-
mined in the current study with the previously described
steady state rate of transport of lipid and drug into intestinal
lymph. The average overall expression of I-FABP and L-
FABP mRNA in the SI correlates well with the rate of
lymphatic transport of total FA and Hf (% of dose per h) at
steady state, particularly at higher lipid transport rates.

DISCUSSION

The intracellular lipid binding proteins I-FABP and L-
FABP are believed to facilitate the cytosolic diffusion (and
therefore indirectly the cellular uptake) of lipid digestion
products during their intestinal absorption (10). Accordingly,
the expression of I-FABP and L-FABP in the SI appears to
be responsive to the lipid content of the diet. In vivo studies
have demonstrated an up-regulation of I-FABP and L-FABP
following chronic (daysYweeks), long term increases in
dietary fat consumption (9,15Y18,30Y32). The present study
demonstrates, for the first time, that expression of both I-
FABP and L-FABP in the SI increases acutely (i.e., within
hours) during the process of intestinal lipid absorption. This
study also shows that acute changes to the levels of ex-
pression of I-FABP and L-FABP in the SI occur coinciden-
tally with changes to the extent of intestinal lymphatic
transport of long chain lipids and drugs.

I-FABP and L-FABP mRNA and Protein Expression
in the SI Following Lipid Infusion

In the fasted state, I-FABP and L-FABP were most
abundantly expressed in the upper 2/3 of the SI. This data is
consistent with previous studies in rats (6). In contrast, in
mice, previous reports suggest that whilst L-FABP mRNA

Fig. 2. Western blot quantitation of (A) I-FABP and (B) L-FABP

protein expression in the upper, middle and lower third region of the

small intestine (SI) of rats following continuous a 5 h continuous

intraduodenal infusion with normal saline control or a formulation

comprising 20 mg OA dispersed in 5 mM bile salt solution per hour.

At the conclusion of the 5 h intraduodenal lipid infusion, SI segments

were removed and total protein extracted from the mucosa and

separated by SDS PAGE and blotted onto a PVDF membrane. Blots

were probed with either anti-rat I-FABP IgG (1:1500) or anti-rat L-

FABP IgG (1:1500) followed by a secondary anti-rabbit IgG

(1:4,000). Each of the individual blots in Panel A and Panel B

represent bands taken from a single gel. Background levels varied

across gels (i.e., between panels A and B) but were consistent within

a gel. Levels of both I-FABP and L-FABP in the lower regions of the

SI in fasted animals were not detectable.
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levels are highest in the proximal jejunum, I-FABP mRNA
levels are relatively low in the duodenum and increase
progressively down the intestine to reach a higher level in
the proximal ileum (15).

The average expression of both I-FABP and L-FABP
mRNA and protein in the SI (Fig. 1, Panel 1 and Fig. 2)
increased following a 5 h intestinal infusion of a relatively
low lipid dose (5Y20 mg/h) to rats. This is the first study to
demonstrate that both I-FABP and L-FABP mRNA and
protein expression may be acutely up-regulated, within a
period of hours, during the time course of lipid administra-
tion thereby suggesting that the expression of I-FABP and L-
FABP may potentially be controlled on a daily basis in
response to dietary lipid intake.

I-FABP and L-FABP mRNA levels particularly in-
creased in the lower 2/3 of the SI following lipid infusion.
Again, the regional changes to FABP expression in the SI
were similar to previous chronic studies where, for example,
L-FABP and I-FABP levels increased more substantially in
the ileum (1.4 and 1.5 fold, respectively) than the jejunum
(1.3 and 1 fold, respectively) when rats were fed a high fat
diet (containing 20Y38% w/w fat) for 21Y31 days compared to
rats on a standard 5% w/w fat diet (9). That fasted levels of
expression of I-FABP and L-FABP are normally high in the

upper SI is consistent with the general understanding that the
majority of lipid absorption occurs in the duodenum and
jejunum (33). The current data, however, also suggests that
the expression of I-FABP and L-FABP may be readily up-
regulated in the lower regions of the SI during infusion of
relatively low quantities of lipid, such that lipids which Fspill_
over into the lower regions of the SI are efficiently absorbed.

Interestingly, infusion of BS alone increased expression
of I-FABP in the lower 2/3 of the SI and decreased the
expression of L-FABP in the upper reaches of the SI. The
addition of BS or BS plus LPC to the 20 mg OA formulation
also significantly increased the expression of I-FABP and L-
FABP in the lower SI. Since BS and LPC are components of
bile and were infused at a rate similar to the physiological
input rate of bile into the rat intestine, these data suggest that
bile may play a part in controlling the expression of FABP in
the SI. Studies are ongoing to examine this possibility.

In the current study, a 5 h lipid infusion increased the
average expression of I-FABP mRNA to a greater extent
than that of L-FABP mRNA in the SI (Fig. 1 Panel 1). This is
consistent with previous in vitro studies in caco-2 cells where
the expression of I-FABP was upregulated to a greater extent
than L-FABP after incubation in FA containing medium
(18). In contrast, however, studies detailing changes to I-

Fig. 3. Confocal immunohistochemical analysis of (A) I-FABP and (B) L-FABP

location within enterocytes in the middle third region of the small intestine (SI) of rats

following a continuous 5 h intraduodenal infusion with normal saline control or a

formulation comprising 20 mg OA dispersed in 5 mM bile salt solution per hour.
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FABP and L-FABP following chronic administration of a
high fat diet have typically shown greater increases in the
expression of L-FABP as opposed to I-FABP (15,18,31,32).
In accordance with the apparently differential pattern of
regulation of I-FABP and L-FABP they are also believed to
have different roles in SI lipid absorption and processing (8).
In particular, I-FABP is believed to be involved in TG re-
synthesis and the formation of TG-rich lipoproteins (LP) in
the enterocyte, whereas L-FABP appears to be closely
associated with enterocyte-based PL synthesis (14,27,34Y39).

The mechanisms by which the administered FA in-
creased FABP expression was not addressed in the current
study, however, available evidence suggests that FA stimu-
late FABP expression at the transcriptional level (15,40,41).
Up-regulation is believed to occur through FA binding to a
nuclear hormone receptor (NHR) followed by binding of the
FA-NHR complex to the promoter region of the FABP gene

to enhance FABP mRNA transcription (42). The genes that
encode for both I-FABP and L-FABP display NHR binding
sites (including peroxisome proliferator activated receptors
(PPARs) and C/EBPa) in their promoter region (43). For
example, FA can induce L-FABP expression in the SI via
PPARd activation (but not PPARa) and administration of
PPARd agonists induces L-FABP expression in the SI (30).
In the current study, it is likely therefore, that infusion of FA
induced an acute up-regulation of I-FABP and L-FABP
expression via changes at the transcriptional level and
possibly by binding to PPAR. Since the genes encoding
other intestinal lipid transport and metabolic proteins such as
FAT/CD36, FATP and Acyl CoA synthetases also possess
PPAR binding sequences in their promoter region (42), it is
further possible that they are also co-ordinately regulated
and involved in an acute SI adaptation to lipid absorption.
Further studies are required to confirm this possibility.
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Fig. 4. The average expression (mean T SEM, n = 4) of (A) I-FABP and (B) L-FABP mRNA in the small intestine of rats

(calculated from the average of their expressions in the upper, middle and lower regions of the small intestine using q-

PCR) versus the rate of total fatty acid (FA) transport (mmol/h) into intestinal lymph at steady state (Panel 1); or the

percentage of the dose of halofantrine (Hf) transported into intestinal lymph at steady state in mesenteric lymph duct

cannulated anaesthetised rats (Panel 2) following a 5 h continuous intraduodenal infusion of hourly lipid formulation

doses containing 100 mg Hf dissolved in (a) 5 mg oleic acid (OA) dispersed in 5 mM bile salt (BS) solution ()), (b) 20 mg

OA dispersed in 0.2% Tween 80 (4), (c) 20 mg OA dispersed in 5 mM BS solution (l) or (d) 20 mg OA/5.2 mg lyso-

phosphatidylcholine dispersed in 5 mM BS solution (Í).
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Intracellular Distribution of I-FABP and L-FABP
within the Enterocyte Following Lipid Infusion

The intracellular distribution of I-FABP and L-FABP
was also notably changed after administration of 20 mg/h of
OA for 5 h (Fig. 2). Thus, I-FABP shifted from the baso-
lateral (and to a lesser degree, apical) membranes in the
fasted state, to relatively greater presence in the cytoplasm
following lipid administration. Similarly, L-FABP was more
abundantly expressed in the cytoplasm following lipid ad-
ministration compared to the fasted state. These patterns of
change are consistent with those previously reported (44)
following administration of much larger lipid doses (2 ml
bolus dose of corn oil, equivalent to 450Y500 ml to a human
on a mg/kg basis). The current studies therefore suggest that
significantly lower, and more physiologically relevant
amounts of lipid, are capable of inducing similar changes.

Intestinal Lymphatic Lipid and Drug Transport and I-FABP
and L-FABP mRNA Expression in the Small Intestine
During Lipid Infusion

Infusion of the series of lipid-drug formulations led to
parallel changes in the average expression of I-FABP and L-
FABP in the SI (current study) and the extent of drug
transport into the lymph at steady state (data reproduced
from (23)) (Fig. 4 (Panel 2)). The average expression patterns
of I-FABP and L-FABP in the SI could also be correlated with
the rate of transport of lipid into lymph (Fig. 4 (Panel 1)). The
current data therefore raise the possibility that the levels of
expression of I-FABP and L-FABP may influence the
transport of both lipids and drugs into the intestinal
lymphatics, and that a positive feedback mechanism may
operate such that increases in lipid absorption stimulate
upregulation of FABP which in turn promotes further
increases in lymphatic lipid (and therefore drug) absorption.

The most likely mechanism by which increased levels of
cytosolic FABP may enhance lymphatic drug transport is by
facilitating lipid transport across the enterocyte and promot-
ing lipoprotein synthesis, leading to an indirect increase in
lymphatic drug transport occurring as a consequence of an
increase in lymphatic lipid transport. However, recent studies
have also shown that some drugs can bind FABP directly (45)
raising the possibility that FABP may play a more direct role
in intracellular drug distribution and potentially in the
delivery of drugs to the site of lipoprotein assembly. Further
studies, however, are required to confirm a causative link
between FABP expression and lymphatic lipid and drug
transport. In particular, the current data cannot differentiate
between the possibility that the various lipid formulations
differentially increased lymphatic lipid absorption via mech-
anisms independent of FABP expression, and that the
increases in FABP expression occurred solely as a conse-
quence of increased lipid absorption rather than the reverse
(ie., that changes to FABP expression resulted in changes to
lipid absorption). Furthermore, the changes reported here
occurred over a 5 h period of constant infusion of the lipid
formulations and only limited data are presented showing
changes in mRNA levels at shorter time periods (2 h) after
initiation of lipid infusions, and after infusion of varying
quantities of lipid. Further studies are therefore required to

confirm the time and lipid volume dependencies of the
reported observations.

CONCLUSIONS

I-FABP and L-FABP are believed to facilitate the
absorption and transport of lipid digestion products across
the enterocyte. Previous studies have demonstrated tran-
scriptional up-regulation of I-FABP and L-FABP following
chronic ingestion of a high fat diet (9,15Y18,30Y32). The
current study has, for the first time, demonstrated that I-
FABP and L-FABP mRNA and protein expression levels in
the SI are acutely up-regulated in vivo following infusion of
relatively small lipid doses over relatively short time periods
(2Y5 h). Furthermore, the acute increase in the expression of
I-FABP and L-FABP occurred coincidentally with increased
rates of transport of lipids and drug into intestinal lymph.
The data therefore raise the possibility that positive feedback
mechanisms may acutely regulate lipid absorption at a
transcriptional level, and thereby promote lymphatic drug
transport. However, further studies are required to confirm
whether a causative link exists between I-FABP and L-FABP
expression levels and lymphatic lipid and drug transport.
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