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Abstract

Intestinal-fatty acid binding protein (I-FABP) is a 14-15 kDa cytoplasmic molecule highly expressed in the enterocyte. Although dif-
ferent functions have been proposed for various FABP family members, the specific function of I-FABP in human intestine remains
unclear. Here, we studied the role of I-FABP in molecularly modified normal human intestinal epithelial cells (HIEC-6). cDNA trans-
fection resulted in 90-fold I-FABP overexpression compared to cells treated with empty pQCXIP vector. The high-resolution immuno-
gold technique revealed labeling mainly in the cytosol and confirmed the marked phenotype abundance of I-FABP in cDNA transfected
cells. I-FABP overexpression was not associated with alterations in cell proliferation and viability. Studies using these transfected cells
cultured with [**CJoleic acid did not reveal higher efficiency in de novo synthesis or secretion of triglycerides, phospholipids, and cho-
lesteryl esters compared to cells treated with empty pQCXIP vector only. Similarly, the incubation with [>>SJmethionine did not disclose
a superiority in the biogenesis of apolipoproteins (apo) A-I, A-IV, B-48, and B-100. Finally, cells transfected with I-FABP did not exhibit
an increased production of chylomicrons, VLDL, LDL, and HDL. Our observations establish that [-FABP overexpression in normal
HIEC-6 is not related to cell proliferation, lipid esterification, apo synthesis, and lipoprotein assembly, and, therefore, exclude its role
in intestinal fat transport.
© 2005 Elsevier Inc. All rights reserved.
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Intestinal epithelial cells have the unique ability to
assemble and secrete chylomicrons (CM), the major vehi-
cles for the transport of alimentary fat [1-4]. They are also
capable of producing different types of lipoproteins, such
as very-low-density (VLDL) and high-density (HDL) lipo-
proteins [3-6]. The formation of CM represents a highly
complex task that requires the uptake of lipolytic products,
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re-esterification and translocation of cellular lipid pools,
synthesis and post-translational modifications of various
apolipoproteins (apo), and the assembly of lipid and apo
moieties [7,8]. Whereas, biochemical, molecular, and cell
biological studies of different congenital lipid transport dis-
orders have disclosed the crucial role of apo B-48 [9,10],
microsomal triglyceride transport protein (MTP) [11],
and Sar-1 GTPase protein [12], little information is avail-
able about the function(s) of cytosolic proteins in the
enterocyte. Two small fatty acid-binding proteins (FABPs)
co-exist in the enterocyte cytosol: intestinal (I) and liver
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(L)-FABP [13-15]. These 14-15-kDa proteins are 29%
homologous [16], but differ in their binding specificity
and other properties [17-21]. Since I-FABP is highly and
exclusively expressed in intestinal epithelial cells, it was
proposed to play a fundamental role in the uptake and
transport of dietary fatty acids (FAs) in the small intestine
[15,22]. This hypothesis was reinforced by the discovery
that I-FABP variant deriving from the polymorphism of
the FABP2 gene on chromosome 4q28-q31 has a greater
affinity for long-chain FAs than the wild-type (wt) [22], is
associated with elevated triglyceride (TG) concentrations
after a fat meal [23], and predisposes to insulin resistance
[22,24]. However, the development of knockout mouse
revealed that I-FABP is not essential for dietary fat uptake
although a role in lipid absorption and/or secretion may
not be ruled out definitely [25]. Indeed, the observations
emanating from human intestinal cell line Caco-2 over-
expressing [-FABP disclosed a low rate of FA uptake
[26]. Nevertheless, the [-FABP overexpression was limited
to 15-fold and a thorough characterization of lipid esterifi-
cation, apo biogenesis, and lipoprotein was not carried out.

In our ongoing effort to further our understanding of the
mechanisms governing intracellular lipid transport, we
overexpressed I-FABP to determine its function in normal
intestinal epithelial cells. In this study, we chose to focus on
human crypt intestinal epithelial cells (HIEC) that, in our
hands, were capable of key fat transport functions of
well-differentiated enterocytes [27].

Methods

Cell culture. Normal human intestinal epithelial cells were generated
with the use of the dissociating enzyme thermolysin as previously descri-
bed [27]. Cell populations were expanded and then kept frozen (in DMEM
containing DMSO and FCS) at passage 2 or 3, in liquid nitrogen. For the
following studies, cell aliquots were cultured at 37 °C in high glucose
DMEM containing 5% FBS, 10 mM Hepes, 4 mM glutamine, 50 U/ml
penicillin, 50 pg/ml streptomycin, 5 pg/ml epidermal growth factor, and
100 pl/ml insulin; transferrin, selenium, all from Gibco-BRL. Confluence
was reached by day 13. Media were replaced every 2 days. The experi-
ments were carried out 8 days after confluence.

Virus production and retroviral infections. Wt I-FABP-encoding cDNA
(kindly provided by Dr. J.H. Veerkamp) was PCR amplified and HA-
tagged using sense primer 5'-GAAGAT CTTCATGTATGATGTTCCTG
ATTATGCTATG GCGTT TGACAGCACTTGG-3' and the antisense
primer 5-CCATCGATGG TCAA TCCTTTTTAAAGATCCTTTT-3’
with the Tag Plus Precision PCR system (Stratagene, Vancouver, BC)
according to the company’s specifications. The amplicon was digested by
Bglll and Clal, and inserted downstream of the cytomegalovirus promoter
in the retroviral vector pLNCX2 (Clontech) and confirmed by sequencing.
The insert was subcloned into the EcoRI site of pQCXIP (Clontech) after
removal from pLNCX2 using Bg/ll and Clal and Klenow to fill in the
overhang. The Wt-I-FABPHA and empty pQCXIP vectors were used to
produce virus in HEK293T cells in cotransfection with helper ampho-
tropic DNA vector (pAmpho) as described previously [28]. Selection using
1 pg/ml puromycin (Calbiochem) was applied 24 h after the end of
infection for 10 days to obtain stable populations. All experiments shown
were performed within 3 weeks of selection, virus production, and retro-
viral infection.

Proliferation assay. HIEC-6 cells (6 x 10° cells/ml) were allowed to
reach subconfluence over 48 h in 24-well plates (Falcon Plastics, Oxnard,
CA). The cells were then washed with PBS and changed to FCS-free

supplemented DMEM for a 24-h stabilization period. Cells were cultured
for 20-h in supplemented DMEM containing only 1% FCS. Proliferation
was studied by monitoring changes in DNA synthesis, as measured by
[*H]thymidine uptake (2mCi/ml) added during the last 2 h of culture.
Cells were trypsinized and harvested, and radioactivity was measured in
trichloroacetic acid protein precipitates as counts per minute per micro-
gram DNA. Total DNA was determined for each well in sonicated cells by
a microfluorometric method using calf thymus DNA as a standard
(Boehringer—-Mannheim, Germany).

Incorporation of [*CJoleic acid into lipids. Monolayers were washed
twice with MEM (serum free) and the ["*Cloleic acid (Amersham,
Oakville, Ontario, Canada) substrate (equivalent to 1.0 umol/ml) con-
taining 2-2.5 pCi/well (sp. act. of 53.9 mCi/mmol) was added to the
medium. Cells were then incubated for 18 h at 37 °C in order to determine
lipid synthesis and secretion. At the end of this incubation period, the cells
were washed and scraped off with a rubber policeman into maleate buffer
(pH 6.0), and sonicated. Another aliquot was taken for lipid extraction
after the addition of unlabeled carriers [phospholipids (PL), monoglyce-
rides (MG), diglycerides (DG), TG, free FA, and cholesteryl ester (CE)],
using standard methods [6]. The various lipid classes synthesized from
["*Cloleic acid were separated by thin-layer chromatography (TLC) using
the nonpolar solvent mixture: hexane—ether—acetic acid 80:20:3 (vol/vol/
vol). The area corresponding to each lipid was scratched off the TLC
plates. The silica powder was then placed in a scintillation vial with Ready
Safe (Beckman Instruments, Fullerton, CA), and radioactivity was mea-
sured by scintillation counting (Beckman #L.S5000 TD, Ontario, Canada).
Cell protein was quantified by the method of Lowry et al. [29], and results
were expressed as dpm/mg cell protein. Lipids secreted into the medium
were analyzed and quantified as above, after centrifugation (2000 rpm,
30 min, 4 °C), to remove cell debris.

Lipid carrier. Blood was drawn 1.5 h after the oral intake of a fat meal,
and postprandial plasma was prepared to serve as a carrier for the lipo-
proteins synthesized by HIEC, as described previously [6]. The TG-en-
riched plasma was incubated at 56 °C for 1h to inactivate enzymatic
activity.

Isolation of lipoproteins. For the determination of secreted lipoproteins,
HIEC were incubated with lipid substrate (as above), for a culture period
prolonged to 18 h, so as to detect an appreciable amount of lipoproteins
secreted into the medium. The medium was supplemented with anti-pro-
teases [phenylmethylsulfonyl fluoride (PMFS), pepstatin, EDTA, amino-
caproic acid, chloramphenicol, leupeptin, glutathione, benzamidine,
dithiothreitol (DDT), sodium azide, and trasylol], all at a final concen-
tration of 1 mM. A plasma lipid carrier was added (2:0.6 vol/vol). Lipo-
proteins were then isolated by sequential ultracentrifugation using a
TL-100 ultracentrifuge (Beckman, Montréal, Quebec, Canada), as per our
established method [6]. Briefly, VLDL (d < 1.006 g/ml) and low density
lipoprotein (LDL) (d <1.063 g/ml) were separated by centrifugation
(100,000g) for 2.26 h with a TLA 100.4 rotor at 4 °C. The HDL was
obtained by adjusting the LDL infranatant to density <I1.21 g/ml, and
centrifuging for 6.5 h at 100,000g. Each lipoprotein fraction was exhaus-
tively dialyzed against 0.15 M NaCl, 0.001 M EDTA, pH 7.0, at 4 °C for
24 h.

De novo apolipoprotein synthesis. To study newly synthesized apos,
HIEC were incubated with [**Smethionine (50 mCi/mmol, Amersham)
[30]. In order to induce lipoprotein and apo synthesis, cells were incubated
with unlabeled oleic acid (0.8 mM) 18 h prior to [>>SJmethionine incuba-
tion. Cells were then rinsed (three times) with serum-free, methionine-free
MEM and incubated with unlabeled oleic acid and [*>SJmethionine
(100 pCi/ml, Amersham). After incubation for 1 h at 37 °C, the cells were
scraped off the dish into a cell lysis buffer (Tris 10 mM, NaCl 150 mM,
EDTA 5mM, SDS 0.1%, Triton 1%, and Na deoxycholate 0.5%). The
medium and cell lysates were supplemented with the anti-protease mixture
as described above. The cell lysates from two dishes were pooled for assays
of apo synthesis.

Immunoprecipitation of apolipoproteins. After supplementing the
medium and the cell lysate with unlabeled methionine (0.1 mM),
immunoprecipitation was performed using polyclonal anti-human apos
(Boehringer—-Mannheim Biochemicals, Mannheim, Germany) at 4°C
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overnight [30]. Samples were then washed with Nonidet (0.05%) and
centrifuged. The immunoprecipitate was resuspended in sample buffer
(1.2% SDS, 12% glycerol, 60 mM Tris, pH 7.3, 1.2% B-mercaptoethanol,
and 0.003% bromophenol blue) and loaded on a 3% polyacrylamide
stacking gel. Radioactive molecular weight standards were purchased
from Amersham. Gels were sectioned into 2-mm slices and counted after
an overnight incubation with 1 ml BTS-450 (Beckman) and 10 ml of
Ready Safe scintillation fluid (Beckman). Results are expressed as % of
total [**S]methionine-labeled protein/mg cell protein.

Western blots. To assess the presence of I-FABP, intestinal tissue was
homogenized and adequately prepared for Western blotting as described
previously [31]. Proteins were denatured in sample buffer containing SDS
and B-mercaptoethanol, separated on a 4-20% gradient SDS-PAGE, and
electroblotted onto nitrocellulose membranes. Nonspecific binding sites of
the membranes were blocked using defatted milk proteins followed by the
addition of primary antibodies directed against I-FABP. The relative
amount of primary antibody was detected with species-specific horseradish
peroxidase-conjugated secondary antibody. Blots were developed and the
mass of I-FABP was estimated using an HP Scanjet scanner equipped with
a transparency adapter and software.

Statistical analysis. All values were expressed as means + SE. The dif-
ferences between the means were assessed using Student’s two-tailed ¢ test.

Results
Stable transfection of Wt I-FABP in HIEC

The biological consequences of I-FABP overexpression
were examined in cultured HIEC after viral infection of
cDNA cloned in the retroviral vector pQCXIP. The per-
centage of retrovirally transduced cells ranged between
60% and 80%, as estimated by parallel infections, using
viruses expressing the green fluorescent protein gene prod-
uct (results not shown). The pQCXIP retroviral vector
coexpressed a puromycin resistance gene that allowed
selection of pure population of transduced cells within 10
days. As shown in Fig. 1, the selected populations exhibited
~90-fold more I-FABP expression compared to normal
HIEC transfected with empty pQCXIP.

Immunocytochemical labeling

Protein A-gold immunocytochemical techniques were
employed to detect the presence of I-FABP in HIEC

A I-FABP
i — -
I-FABP Std pQCXIP I-FABP
B L-FABP
— — —
I-FABP Std pQCXIP I-FABP

Fig. 1. Expression of I-FABP in HIEC. Populations of HIEC stably
expressing pQCXIP (empty vector) or Wt I-FABP in pQCXIP were
harvested 2 weeks post selection. Equal amounts of whole cell lysates were
separated by SDS-PAGE and proteins were analyzed by Western blotting
with specific polyclonal antibody directed against (A) I-FABP and (B) L-
FABP.

(Fig. 2). The ultrastructural analysis revealed significant
labeling in the cytosol. Some particles were seen associated
with plasma membrane. Cells overexpressing I-FABP dis-
played significantly more labeling than control cells.

Cell proliferation and viability

Cell proliferation was assessed by [*H]thymidine incorpo-
ration. No significant cell proliferation changes were noted
in between transfected I-FABP-HIEC (11.08 =& 1.43 dpm/
pg DNA) and cells transfected with empty pQCXIP
(10.97 & 1.27 dpm/pg DNA). Additionally, as assessed by
lactic dehydrogenase and trypan blue exclusion, cell trans-
fection did not result in significant variability of cell viability
(Results not shown).

Lipid synthesis and secretion

The data mentioned above clearly demonstrated sub-
stantial overexpression of I-FABP without affecting HIEC
cell integrity. The next step consisted in the understanding
of I-FABP involvement in de novo lipid esterification and
output. To this end, cells were incubated with ["*CJoleic
acid for 18 h and their lipid content was analyzed by
TLC. As illustrated in Fig. 3, no changes in total radiola-
beled lipids were recorded in cells and media from transfec-
ted and control cells. Similarly, I-FABP overexpression did
not alter the synthesis and secretion of the major lipid clas-
ses, 1.e., TG, PL, DG, MG, and CE.

Influence of I-FABP overexpression on apo biogenesis

Apo synthesis was evaluated after a 18-h-period incu-
bation with [*>SJmethionine (Fig. 4). Evidently, I-FABP
overexpression did not modify the incorporation of
[*3S]methionine into apos (A-I, A-IV, B-48, and B-100)
both in cells and media.

I-FABP overexpression and lipoprotein assembly

As anticipated from the lack of lipid and apo changes,
lipoprotein exocytosis was not altered by I-FABP overex-
pression (Fig. 5). The secretion of CM, VLDL, LDL, and
HDL was not modified by the abundance of I-FABP avail-
able in HIEC-6 cells.

Discussion

Intestinal lipoprotein assembly is crucial for dietary fat
absorption. More and more progress has been achieved
as to the identification of essential components participat-
ing in intracellular lipid transport, such as apo B, MTP,
and Sarl ATPase. However, the mechanisms of FA trans-
fer from apical membrane to the endoplasmic reticulum
(ER) where their reesterification takes place have not been
established. Despite some controversies, many investiga-
tors surmised that the I-FABP is responsible for cytosolic



A. Montoudis et al. | Biochemical and Biophysical Research Communications 339 (2006) 248-254 251

Fig. 2. Immunocytochemical detection of I-FABP in HIEC-6. Protein A-gold immunocytochemical technique was applied with the polyclonal antibody
directed against I-FABP. The labeling by gold particles revealed the abundance of I-FABP in cells transfected with cDNA (B) (35,000x) compared to

controls treated with empty pQCXIP alone (A) (45,000x).

trafficking. The present investigation does not provide sup-
port for this hypothesis since a series of findings have doc-
umented the limited capacity of I-FABP to influence the
assembly of intestinal lipoproteins. Our observations using
HIEC-6 overexpressing sizeable amounts of [-FABP dem-
onstrated negligible influence of this transporter on lipid
synthesis, apo biogenesis, and lipoprotein exocytosis.
Unlike L-FABP gene, the I-FABP gene is expressed
uniquely in the small intestine [18]. Data from biochemistry
studies [32], X-ray crystallography [33], and nuclear mag-

netic resonance spectroscopy [34] have not only defined
the physical structure of I-FABP, but have also proposed
a collisional model to explain the transfer of lipids within
the cell. Accordingly, Baier et al. [22,35] have reported
the high affinity for primarily long-chain FAs. Neverthe-
less, the contribution of I-FABP to intestinal fat assimila-
tion and lipid metabolism has not been well examined.
Our data suggest that [-FABP does not represent a critical
factor for the delivery of FAs to the ER for the elaboration
of lipoproteins. Since no in vivo or in vitro I-FABP
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Fig. 3. Effect of I-FABP overexpression on lipid synthesis and secretion.
Cells were incubated with ['*CJoleic acid as substrate. Following the 18-h
incubation period, cells were harvested and media were collected to
determine de novo cell (A) and medium (B) lipid synthesis as described in
Methods. Values are means + SE for different experiments. PL, phospho-
lipids; TG, triglycerides; CE, cholesteryl esters, DG, diglyceride; and MG,
monoglyceride.

function can be definitively put forward, the puzzling and
interesting question pertains to its specific role in the
enterocyte. Is it involved in the movement of FAs to specif-
ic subcellular compartments other than the ER? Does it in
influence mitochondrial B-oxidation in a similar fashion to
L-FABP in the liver [36]? It is actually a lipid-sensing com-
ponent of energy homeostasis as proposed by Vassileva
et al. [25]? Undoubtedly, much work is required to provide
new insights into the physiological role of I-FABP in the
intestine.

Various FABPs can mediate FAs from the site of
absorption to intracellular organelles within the enterocyte.
The three FABPs identified in the intestine are I-FABP,
L-FABP, and ileal lipid-binding protein [37]. The presence
of several types of intracellular lipid-binding proteins in the
small intestine may represent a carefully devised coopera-
tive plan of action to cope with the considerable daily con-
sumption of alimentary fat. Thus, it is possible that
changes in I-FABP concentrations may incite the other
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Fig. 4. Apolipoprotein syntheses by HIEC-6 after I-FABP overexpres-
sion. HIEC-6 were incubated with [>>SJmethionine for 18 h. At the end of
the labeling period, cells were washed, homogenized, and centrifuged.
Samples from cell homogenates (A) and media (B) were analyzed by linear
4-20% SDS-PAGE after immunoprecipitation. Gels were sliced and
counted for radioactivity. Values are means &+ SE for four separate

experiments.
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Fig. 5. Lipoprotein secretions by HIEC-6 following I-FABP overexpres-
sion. HIEC-6 were cultured in the presence of [“Cloleic acid. After 18-h
incubation period, lipoproteins from media were isolated by ultracentri-
fugation. Values are means + SE for four separate experiments.

local transporters to adjust their levels. In our study, the
overexpression of [-FABP did not cause any modification
in L-FABP expression and no counterbalance has been
expected from ileal lipid-binding protein since its normal
localization is limited to the ileum and colon. We conclude
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that lipoprotein packaging sluggishness is strictly the result
of the weak impact of I-FABP.

As mentioned before, Darimont et al.’s [26] findings
indicate that Caco-2 cells overexpressing I-FABP disclosed
a low rate of FA uptake. However, the present investiga-
tion did not reveal decreased FA uptake in HIEC. Differ-
ences in the intestinal model, the level of I-FABP
expression, and other experimental techniques may explain
the divergence between the two studies.

L-FABP has been found to be involved in cellular mitot-
ic activity and hepatocarcinogenesis [38,39]. Recent studies
have also associated increased levels of L-FABP with cell
regeneration following partial hepatectomy [40]. Antisense
oligodeoxynucleotides directed towards L-FABP reduced
cellular proliferation rates and increased apoptosis [41].
The mitoinhibitory action of dexamethasone was due to
decreased L-FABP expression [42]. In our studies, overex-
pression of I-FABP in HIEC-6 did not modify cell prolifer-
ation, suggesting that I-and L-FABP have different roles in
intestinal epithelial cells.

In conclusion, our systematic investigation has demon-
strated for the first time that overexpression of I-FABP
expression is not associated with lipid esterification, apo
biogenesis, and lipoprotein assembly in human intestinal
epithelial cells. Thus, the present studies provide additional
in vitro support for the hypothesis that I-FABP does not
play a substantial role in intestinal fat transport. Further-
more, I-FABP does not seem to regulate HIEC-6 cell pro-
liferation. Further investigation is obviously needed to
unravel the specific function(s) of I-FABP in the small
intestine.
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