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Fatty acid uptake by Caco-2 human intestinal cells
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Abstract  The Caco-2 human enterocytic cell line was used
to study the kinetics and mechanism of intestinal long chain
fauy acid uptake. Initial rates of palmitate (16:0), oleate
(18:1), and octanoate (8:0) uptake were determined for ad-
herent cells at greater than 7 days after confluence. Uptake of
long chain 18:1 and 16:0 by cells grown on coverslips was
saturable with an apparent K of 0.3 uM, but also included a
notable diffusive component. Uptake of short chain 8:0, on
the other hand, was linear up to 10 uM. Cells grown on
permeable Transwell filters were used to study uptake at the
apical versus the basolateral membrane. Uptake of long chain
(18:1 and 16:0), but not short chain (8:0), fatty acid was
saturable at both surfaces with a similar Ky, of 0.3 pM. In
addition, long chain but not short chain fatty acid uptake was
competitively inhibitable. Western blot analysis demonstrated
that Caco-2 cells express a protein immunoreactive with anti-
bodies to the rat liver plasma membrane fatty acid binding
protein (FABPpy,), which is thought to be involved in long
chain fatty acid transport. Nevertheless, long chain fatty acid
uptake was not inhibited by pretreatment of the celis with an
FABP,, antibody, nor by pretreatment with two proteases.
HE8These data support a saturable component in the transport
of long chain but not short chain fatty acids by human intes-
tinal epithelial cells, which may involve an as yet unknown
plasma membrane protein.—Trotter, P. J., S. Y. Ho, and J.
Storch. Fatty acid uptake by Caco-2 human intestinal cells. J.
Lipid Res. 1996. 37: 336-346.

Supplementary key words intestinal epithelial cells e cell polarity e
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Despite the importance of fatty acids as a metabolic
energy source, as building blocks for membrane lipids,
and as cellular signalling molecules, the mechanism and
regulation of fatty acid uptake into cells remain unre-
solved. Due to the lipophilic nature of fatty acids and
the membranes they must cross, passive diffusion has
long been thought to be the primary uptake mechanism
(1-3). Indeed, in small unilamellar vesicles composed of
egg phosphatidylcholine, rapid transbilayer movement
of fatty acids (ty, < 1 sec) has been reported (4). Uptake
of albumin-bound fatty acid from the circulation has
been suggested to occur by spontaneous dissociation
and passive transmembrane movement driven by a con-
centration gradient that is maintained by intracellular
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fatty acid metabolism (5, 6). Fatty acid uptake from the
intestinal lumen is suggested to occur by a similar
mechanism, except that the fatty acid monomer dissoci-
ates from a mixed micelle (1), and uptake is hypothe-
sized to be limited by an "unstirred” water layer adjacent
to the membrane (7) and/or the physical properties of
the plasma membrane (3).

It has also been proposed that fatty acid uptake into
cells occurs by a saturable membrane carrier-mediated
mechanism (8, 9). It has been demonstrated that uptake
of long chain fatty acids by a number of rat cell types is
a saturable function of unbound fatty acid concentra-
tion and can be competitively inhibited (10-14). Fatty
acid uptake is thought to be energy-independent in
adipocytes and myocytes (12, 15), whereas fatty acid
uptake in hepatocytes has been reported to be energy-
dependent (16). Putative plasma membrane fatty acid
transport proteins, designated FABP,, (8, 9), have been
isolated from hepatocytes, adipocytes, myocytes, and
enterocytes (17-20). Antibodies raised against the pro-
tein isolated from rat liver have been found to partially
inhibit fatty acid uptake by rat liver, adipose and intes-
tinal cells, and by isolated perfused intestine (14, 19, 21).
In addition, a number of different genes encoding pu-
tative fatty acid transport proteins have recently been
identified (22, 23). The potentially important role of
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these FABP,m proteins in the cellular uptake of fatty acid
remains uncertain.

Fatty acids derived from the diet are first absorbed by
the epithelium of the small intestine via the apical (AP)
membrane of the absorptive enterocytes. Data from a
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Fig. 1. Uptake of fatty acids by Caco-2 cells grown on coverslips as
a function of time (A) and unbound fatty acid concentration (B and
C). (A) The time course of oleic acid (complexed 0.5:1 with BSA)
uptake at 23°C (A). Data are the average + SD (n = 4) from two
experiments. The uptake of (B) long chain fatty acids oleate (O) and
palmitate (@), and (C) short chain fatty acid octanoate (M) for 10 sec
at 23°C. Varying amounts of fatty acid were added to a fixed concen-
tration of BSA (100 uM). Unbound fatty acid concentrations were
calculated as described under Materials and Methods. Data are the
average t SD (n = 3) from a representative one of two (B) or three (C)
experiments

number of studies (24-28) are consistent with the pro-
posal that fatty acid absorption by enterocytes may be
mediated by a saturable membrane component. In
1985, Stremmel et al. (17) reported that oleate binding
to rat jejunal microvillus membranes (MVM) was satu-
rable, heat-sensitive, and inhibited by excess oleate. A
40-kD FABP,,, was purified from MVM by its affinity to
oleate, and it exhibited little affinity for lipophilic mole-
cules other than fatty acids. FABP),, was detected immu-
nochemically in the AP and basolateral (BL) membranes
of rat jejunal villus cells by a polyclonal antibody to the
rat liver FABPpr, (14, 17). Fatty acids are also taken up
from the circulation across the BL membrane of entero-
cytes (29-31), but little is known about the mechanism
of BL fatty acid uptake. We have utilized the Caco-2 cell
line as a model of the human intestinal epithelium to
examine the kinetics and mechanism of long chain fatty
acid transport at the level of the polarized absorptive
cell. The results indicate saturable uptake of long chain,
but not short chain, fatty acids at the AP and BL surfaces
of Caco-2 cells.

MATERIALS AND METHODS

Materials

Polycarbonate Transwell filter inserts (6.5 mm diame-
ter, 0.4 um pores) were purchased from Costar Corp.
(Cambridge, MA). Tritium-labeled oleate and palmitate,
and '*C-labeled octanoate were from New England Nu-
clear (Boston, MA). Unlabeled fatty acids were obtained
from Nu-Chek Prep (Elysian, MN). Triton X-100 was
from National Diagnostics (Highland Park, NJ). The
PVDF Immobilon-P blotting membrane was from Mil-
lipore Corp. (Bedford, MA). Bovine serum albumin
(essentially fatty acid free), Dulbecco's Modified Eagle's
Medium base, trypsin, and pronase E were all obtained
from Sigma Chemical Co. (St. Louis, MO). The sodium
taurocholate was from Calbiochem (La Jolla, CA). The
rabbit polyclonal antibody to rat liver plasma membrane
fatty acid binding protein (FABP,y) was generously
provided by Dr. Paul Berk (Mt. Sinai Medical Center,
New York).

Cell culture

Caco-2 cells were cultured as previously described
(30). Cells were plated at 10¢/cm? onto 12-mm diameter
glass coverslips which were placed in 24-well tissue cul-
ture plates, or were plated at 3 x 10*/cm? onto the
interior (for basolateral uptake) or exterior surface (for
apical uptake) of 6.5 mm diameter polycarbonate Tran-
swell filter inserts with 0.4 pm pores. Cells were grown
to 7-12 days post-confluence, as we have shown pre-
viously that Caco-2 cells are differentiated and express
fully their fatty acid metabolic activities by this time in
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culture (32, 33). Transepithelial resistance (TER) meas-
urements were made on filter-grown cells as previously
described (30), and monolayers with TER less than
150-200 ohms x cm? were not used.

Preparation of fatty acid uptake media

The long chain fatty acids oleate (3H-18:1) and palmi-
tate (3H-16:0) were complexed with bovine serum albu-
min (BSA) for introduction to cells, whereas the short
chain fatty acid octanoate (14C-8:0) was either intro-
duced complexed to BSA or in free solution as noted in
the text. Fatty acids were complexed to BSA in phos-
phate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
1.5 mM KHgPO4, 8 mM NaHPOy, pH 7.5) by addition of
concentrated fatty acid in ethanolic stock such that the
amount of ethanol was less than 0.5% (v/v). The fatty
acid-BSA solution was then incubated at room tempera-
ture for > 10 min prior to use. For the determination of
3H-16:0 uptake from bile salt micelles, a concentrated
ethanolic stock of 3H-16:0 was added to a solution of 10
mM sodium taurocholate in PBS (ethanol < 0.5% v/v)
and incubated for 1 h at 37°C before use. The specific
activities of the uptake solutions were 0.2-0.5 pCi/nmol
for 3H-labeled fatty acid and 0.5 uCi/nmol for 4C-la-
beled fatty acid. For competition experiments the spe-
cific activity of the 3H-labeled fatty acid was 3-4
uCi/nmol. Unbound fatty acid concentrations in the
fatty acid-BSA solutions were calculated from the equi-
librium binding constants as reported by Spector,
Fletcher, and Ashbrook (34) and Spector (35) using a
step-wise calculation program generously provided by
Drs. Luis Isola and Paul Berk (Mt. Sinai Medical Center,
New York).

Assay of fatty acid uptake

Initial rates of fatty acid uptake were determined by
a procedure based on methods reported for suspended
cells (10, 12, 14), which were adapted for the adherent
Caco-2 cells and optimized using oleate. Uptake was
determined at 22-23°C. Cells grown on coverslips or
permeable filters were washed twice with either PBS or
with PBS plus 1 mM CaCle and 0.5 mM MgClg (PBS+).
PBS+ was initially utilized to ensure the maintenance of
tight junction integrity, but the pattern of uptake was
similar whether PBS or PBS+ washes were used (data not
shown). The radioactive fatty acid solution was then
added to the cells. After a specified incubation time, the
uptake medium was aspirated off, and the coverslip or
filter was immediately dipped into an ice-cold 0.5% BSA
solution to stop cellular uptake and remove surface-
bound fatty acid (14). The coverslip or filter was then
rapidly washed once more with ice-cold 0.5% BSA. To
ensure that only extracellular fatty acid was removed,
experiments were performed to establish the effect of
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BSA concentration and washing time on fatty acid re-
moval. It was found that fatty acid removal was saturable
with respect to both BSA concentration and time (data
not shown), therefore the washing conditions described
above were chosen. After the BSA washes, the cells were
washed three times with ice-cold PBS, scraped into
0.05% Triton X-100, and sonicated for 15 sec using a
Branson sonifier equipped with a microtip (Danbury,
CT). Cell-associated radioactivity and protein (36) were
then determined. Uptake was linear for approximately
10 sec, thus all experiments were done using 10 sec time
points (see Fig. 1A). We determined that at 10 sec
greater than 90% of fatty acid taken up by Caco-2 cells
remained unesterified (data not shown), further ensur-
ing that uptake measurements reflected the initial rate
of fatty acid transport and not subsequent cellular me-
tabolism. Background was determined as the apparent
uptake that occurred when the radiolabeled fatty acid
solution was added directly to the stop solution, and
accounted for less than 10% of the total uptake at 10 sec
for fatty acid:BSA ratios between 0.25 and 2.0.

Studies using the anti-FABP,, antibody

Western blot analysis of Caco-2 cell homogenates for
a protein immunoreactive with a polyclonal rabbit anti-
rat liver plasma membrane fatty acid binding protein
(FABPpm) was carried out using methods described by
us previously (30). Proteins were separated by sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) using 10% gels. The proteins were electro-
phoretically transferred to PVDF membrane and
probed with antibody (at a 1:120 dilution).

To examine the effect of the anti-FABPpy, on cellular
fatty acid uptake, adherent Caco-2 cells were washed
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Fig. 2. Woolf plots, [s]/v versus [s], of oleate (O) and palmitate (@)
uptake by Caco-2 cells. Data were from uptake experiments as de-
scribed in Fig. 1. The best fit of the data points was obtained using
linear regression. [s] is the substrate concentration (unbound fatty acid
concentration) and v is the initial uptake velocity (pmol/mg/10 sec).
The -Kn, is the intercept on the x axis, and the slope is 1/Vpgy. Data
are from a representative one of two experiments determined in
triplicate.
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Fig. 3. Apical uptake of micellebound palmitate by Caco-2 cells.
Uptake of 37.5-600 pM palmitate (16:0) in the presence of 10 mM
Na*-taurocholate was determined at the apical surface of filter-grown
cells as described in Materials and Methods. Data are the average +
SD (n = 3) from one of two similar experiments.

twice with ice-cold Dulbecco's Modified Eagle's Medium
base (without glucose, bicarbonate or phenol red) plus
4.5 g/L glucose and 10 mM N-2-hydroxyethylpiperazine-
’.2-ethanesulfonic acid, pH 7.5 (DMEM-HEPES). Cells
(approximately 5 x 105/coverslip) were then incubated
for 30 min on ice with 100 pul of the rabbit antirat
FABPpn, at 2.5 or 5 mg IgG/ml, normal rabbit serum or
normal rabbit IgG at approximately 5 mg/ml IgG, or
DMEM-HEPES alone. All antibody dilutions were in
DMEM-HEPES. Similar experiments were also con-
ducted with the antibody incubation at room tempera-
ture (~23°C). After incubation, the cells were washed
twice with PBS at room temperature, and, within 5 min,
uptake of 3H-18:1 was determined as described above.

Protease studies

The effect of the proteases trypsin and pronase on
oleate uptake in Caco-2 cells was determined based on
methods described by others (10, 12) and adapted for
adherent cells. Cells were incubated at 25°C with the
proteases at concentrations ranging from 0.05 to 0.5
mg/ml. The cells were then washed, the TER was meas-
ured, and uptake was determined within 5 min. The
concentrations and times chosen were determined
based on measurements of monolayer integrity after
protease treatment, as determined by TER measure-
ments.

Statistical methods and calculations

Each experiment was performed at least two times in
duplicate and data are expressed as the mean plus or
minus the standard deviation (SD) or standard error
(SEM) as noted in the text or figure and table legends.
Kinetics of fatty acid uptake were analyzed by construct-
ing Woolf plots as described (37). Theoretical competi-

tion curves were generated by assuming K = K and
using the equation (38):

[i =000/ [0+ K, (1+[S]/ K,,)]

where i is the fractional inhibition, [I] is the concentra-
tion of inhibitor, and [S] is the concentration of sub-
strate.

RESULTS

Fatty acid uptake was first examined in Caco-2 cells
grown on glass coverslips, in which only the apical
surface of the cell is in contact with the medium. Fig. 1B
shows the uptake of the long chain fatty acid oleate
(18:1) and palmitate (16:0) and Figure 1C the uptake of
the short chain fatty acid octanoate (8:0), as a function
of unbound fatty acid concentration. Uptake of both
long chain fatty acids showed apparent saturation, but
a notable diffusion component was evident at higher
concentrations. In contrast, the uptake of the shorter
chain 8:0 was linear across a range of 0.05 to 12 uM
unbound fatty acid. A similar linear relationship was also
obtained when 8:0 was added to cells in free solution
(not shown). Woolf plots, [s]/v versus [s], were con-
structed from the data for the long chain fatty acids to
determine the apparent Ky, and Viax of uptake (Fig, 2).
The average apparent Ky, (+ SEM) for 18:1 uptake was
0.35 £ 0.07 uM (n = 6 experiments) and for 16:0 uptake
was 0.27 £0.03 pM (n = 2 experiments). The average Vinax
of 18:1 uptake (263 £ 27 pmol/mg/ 10 sec) was approxi-
mately one-half that of 16:0 (570 + 32 pmol/mg/ 10 sec).
The Kn values obtained are well below the critical
micelle concentration for these fatty acids (> 1 uM), and
do not reflect the different aqueous solubilities of 18:1
and 16:0, which are reported to differ by orders of
magnitude (39, 40), suggesting that uptake is not de-
pendent on these factors. In the postprandial intestine,
the products of triacylglycerol hydrolysis are incorpo-
rated primarily into bile salt micelles, and the apical
surface of the absorptive cell is exposed to the micellar
digestive phase. We therefore examined the uptake of
16:0 from 10 mM taurocholate micelles, and the results
demonstrate that uptake is a saturable function of total
16:0 concentration, in agreement with results obtained
using BSA-bound fatty acid (Fig. 3).

In order to compare the fatty acid uptake process at
the apical (AP) and basolateral (BL) plasma membranes,
Caco-2 cells were grown on permeable Transwell poly-
carbonate filters, which allows for separate access to the
AP and BL surfaces. Figure 4 shows uptake of 18:1 (A),
16:0 (B), and 8:0 (C) at the AP and BL surfaces of Caco-2
cells. Fatty acids were introduced as BSA complexes at
both surfaces to enable direct quantitative comparison
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Fig. 4. Apical (AP, @) and basolateral (BL, Q) uptake of fatty acids
by filter-grown Caco-2 cells. Uptake of oleate (18:1, A), palmitate (160,
B), or octanoate (8:0, C) introduced at the AP or BL surface of Caco-2
cells grown on Transwell filters was measured as in Fig. 1. Data are the
average * SD (n = 2) from one of two similar experiments.

relative to unbound fatty acid concentrations (see Mate-
rials and Methods). Uptake of the long chain 18:1 and
16:0 was saturable at both surfaces, whereas the uptake
of the short chain 8:0 was linear at both surfaces up to
10 uM. For both the long and short chain fatty acids,
uptake at the AP surface was about 3-fold higher than
BL uptake. A Woolf plot constructed for 18:1 uptake at
the AP and BL surfaces demonstrated that uptake at
both surfaces has a similar apparent K, between 0.3 and
0.4 uM (not shown).
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To further explore the saturable nature of long chain
fatty acid transport in these cells, studies were con-
ducted to determine whether competitive inhibition of
uptake occurred. The uptake of labeled fatty acid (0.02
UM unbound concentration) was measured in the pres-
ence of increasing concentrations of unlabeled fatty
acid. Figure 5 shows the experimental (solid line) and
theoretical (dashed line) uptake curves for 18:1 (A) and
16:0 (B). The theoretical values, which were calculated
based on competitive kinetics assuming the apparent Ky,
equals K; (38), are very similar to those that were ob-
tained experimentally. Similar competitive inhibition of
uptake could be demonstrated at both the AP and the
BL surfaces of the Caco-2 cells (not shown). Further, as
shown in Table 1, neither 18:1 nor 16:0 uptake was
inhibited by the addition of excess 8:0. In contrast, 8:0
was not inhibited, but rather was increased, by the
addition of 18:1 or 16:0 (Table 1), perhaps due to
displacement of the 8:0 from the BSA by the added long
chain fatty acid.

As it has been proposed that a plasma membrane
protein may be involved in fatty acid uptake into cells,
it was of interest to determine whether a membrane
protein is responsible for the apparent saturable and
competitively inhibitable uptake of fatty acid by Caco-2
cells. The 40-kD plasma membrane protein FABPp, has
been proposed as a long chain fatty acid transporter in
a number of rat cell types (9), and Western analysis of
Caco-2 cell homogenates was performed to determine
whether these cells express a protein immunoreactive

Table 1. Effect of fatty acid addition on oleate, palmitate, and
octanoate uptake by Caco-2 cells.

Labcled FA in Added FA Uptuke Inhibition
Medium (ub [FA)) Unlabled
ub [FA) i )
Y pmol/mg/ 10 sec %
[*H]oleate (0.02 ps) 0 78+ 1.7
Plus oleate 1.3 23+0.4 71 (82)
Plus octanoate >6 10.9 = 1.54 none
[*H]palmitate (0.02 unm) 0 204 +14
Plus palmitate 1.3 33+£0.2 88 (85)
Plus octanoate >6 26.0 £ 0.1 none
[HCloctanoate (1.2 pn) 0 9.6+0.2
Plus oleate 1.3 121+ 1.3 none
Plus palmitate 1.3 164 £2.1 none

[*H]oleate, [*H]palmitate, or [C]octanoate were complexed to
100 pum BSA to give unbound fatty acid concentrations of 0.02, 0.02,
and 1.2 pwn, respectively, as noted in parentheses. Excess unlabeled
fatty acids were added at the unbound concentrations listed. Uptake
was monitored at 23°C for 10 sec. Data from one of at least two similar
experiments are expressed as mean  SD. The values in parentheses
are the calculated theoretical levels of inhibition as depicted in Fig. 5.
Abbreviations: FA, fatty acid(s); ub {FA], unbound fatty acid concen-
tration.
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Fig.5. Competitive inhibition of oleate (A) and palmitate (A) uptake
by Caco-2 cells. To a fixed concentration of BSA (100 uM), labeled fatty
acid was added to give a constant unbound concentration of 0.02 uM,
and various amounts of inhibitor (unlabeled) fatty acid were added to
give a range of unbound fatty acid concentrations. The solid line (—)
represents the experimental values, and the dashed line (---) represents
the theoretical values based on competitive kinetics and calculated as
described in Materials and Methods. Data are the average + SD (n =
2-4) from one of two experiments

to the polyclonal anti-rat FABP,,, antibody. Figure 6
shows that this antibody does react with a protein of the
correct molecular weight in undifferentiated (day 2) and
differentiated (day 10) Caco-2 cells, as well as rat jeju-
num, but not human red blood cell ghosts (RBC). It has
been reported that this antibody blocks long chain fatty
acid uptake in a number of rat cell types (9). However,
oleate uptake by Caco-2 cells was not inhibited by treat-
ment with the antibody (2.5 or 5 mg/ml IgG), as com-
pared to treatment with normal rabbit serum or normal
rabbit IgG (data not shown).

The role of a plasma membrane protein in long chain
fatty acid uptake by Caco-2 was further investigated by
pretreatment of the cells with the proteases trypsin and
pronase (Table 2). Cells were treated under conditions
in which the enzyme did not significantly impair the
transepithelial resistance of the monolayers. Uptake of
18:1 at both surfaces was resistant to protease treatment.

Uptake at the BL surface was increased by low concen-
trations (0.05 mg/ml) of both proteases, most likely
indicating an increase in transport surface area and cell
permeabilization. The AP surface was resistant up to
much higher concentrations of protease (0.5 mg/ml).
The BL membrane is probably more sensitive to pro-
teases than the AP membrane because of differences in
composition of these two membranes in intestinal epi-
thelial cells (41).

DISCUSSION

It has long been known that in the intestine short
chain fatty acids traverse the epithelium to the portal
circulation intact and unesterified, whereas long chain
fatty acids are taken into enterocytes and esterified
before secretion into the lymph as components of lipo-
proteins (42). This difference has been attributed pri-
marily to the greater degree of esterification activity for
the long chain fatty acids within the enterocytes (42), but
it could also reflect a specific absorption mechanism for
long chain fatty acids into the cells.

The kinetic data obtained for fatty acid uptake by
Caco-2 cells indicate a saturable component in the up-
take of long chain but not short chain fatty acids at both
the AP and BL membranes (Figs. 1, 3, and 4). The
demonstration of competitive inhibition for long chain
fatty acid uptake further supports the saturable nature
of long chain fatty acid uptake (Fig. 5, Table 1), while
the inability of the short chain 8:0 to inhibit long chain

Caco-2 rat

d2 d10 Je). RBC
KD
58_» 'q"
48.5_, S
— —
36.5_

Fig. 6. Immunoblot of FABPpm in Caco2 cells. Proteins were
separated by SDS-PAGE, electrophoretically blotted to PVDF mem-
brane, and reacted with anti-FABPpm antibody as described in Mate-
rials and Methods. Lane 1, 100 ug homogenate protein from undif-
ferentiated (day 2) Caco-2 cells; lane 2, 100 pg protein from
differentiated (day 10) Caco-2 cells; lane 3, 50 ug rat jejunal homogen-
ate; lane 4, 100 pg human red blood cell ghosts.
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Table 2. Effect of proteases on oleate uptake by filter-grown

Caco-2 cells
Surface Protease Time Uptake
min pmol/mg/ 10 sec
AP Control 263
Trypsin (0.5 mg/ml) 10 30+10
20 26+ 6
Pronase (0.5 mg/ml) 10 191
20 20+ 2
BL Control 68+1.0
Trypsin (0.05 mg/ml) 10 76122
20 212
Pronase (0.05 mg/ml) 10 35+ 16
20 88t 31

Filtergrown cells were treated with protease for the given time
periods under conditions in which the transepithelial resistance of the
monolayers were not affected, as described in Materials and Methods.
Oleate uptake was subsequently determined within 5 min at an
oleate:BSA ratio of 1:1. Data are the mean £ SD (n = 3) from a
representative one of 3 similar experiments.

fatty acid uptake, as well as the inability of 8:0 uptake to
be inhibited by long chain fatty acids (Table 1), also
indicate that short chain and long chain fatty acids are
taken up by different mechanisms. Although there is a
diffusive component in the uptake of long chain 18:1
and 16:0 by Caco-2 cells, as shown by the incomplete
saturation of uptake at high fatty acid concentrations,
the presence of a saturable component is suggestive of
a carrier-mediated transport process (12, 13). The linear
relationship between 8:0 concentration and cellular up-
take implies that uptake of this short chain fatty acid
likely occurs entirely by a passive diffusion process (1,
5).

Calculation of the kinetic parameters of long chain
fatty acid uptake by Caco-2 cells gives an apparent Km
for uptake of approximately 0.3 uM unbound fatty acid.
The apparent Ky, values for long chain fatty acid uptake
by Caco-2 cells are similar to those reported for other
intestinal cell preparations, which range from 0.1 uM
(14) up to 0.4 pM (28). Stremmel (14) reported that
uptake of fatty acid from taurocholate micelle solutions
by isolated perfused rat intestinal segments consisted of
a saturable component predominant at low unbound
fatty acid concentrations (< 0.1 uM), as well as a diffusive
component prevalent at higher unbound fatty acid con-
centrations. Goré and Hoinard (28) reported that up-
take of linolenic acid from taurocholate micelles by
isolated hamster intestinal cells was saturable with a Kn,
of 0.38 pM. Ranheim et al. (43) compared uptake and
metabolism of albumin-bound versus micelle-bound
fatty acids by Caco-2 cells, and demonstrated that micel-

342  Journal of Lipid Research Volume 37, 1996

lar fatty acids were absorbed and metabolized more
rapidly, although transport Kns were not determined.
The physiological range of albumin:fatty acid ratios
(0.15-2) corresponds to unbound fatty acid concentra-
tions in serum of below 0.4 uM (9). In situ concentrations
of unbound fatty acid at the lumenal surface are less
clear. Utilizing a polyethylene partitioning method,
Sallee (44, 45) estimated that the concentration of aque-
ous monomeric long chain fatty acid in complex mixed
micellar solutions ranges between 0.01 and 10 pM. It is
possible that in the postpradial state after a lipid-rich
meal, fatty acid levels exceed the apparent saturable
uptake mechanism. In the fasted state, where dietary
lipid levels are low and hydrolysis is restricted to
sloughed cells and biliary secretions, the saturable
mechanism may predominate. Thus, the saturable com-
ponent of uptake determined in the present studies
would appear to operate at relevant fatty acid concen-
trations at the AP and BL surfaces of the absorptive
epithelium.

The uptake experiments consistently showed a 2-fold
lower Vmax for oleate (18:1) as compared to palmitate
(16:0) uptake (Fig. 1). In order to determine whether
this difference was due to a greater diffusive component
for 16:0, the theoretical Vi of the carrier alone was
estimated graphically utilizing curves of initial uptake
velocity versus substrate concentration and assuming
that the putative carrier would be saturated at > 0.5 uM
of fatty acid uptake, as described by Neame and Richards
(37). A similar 2-fold difference between 18:1 and 16:0
Vmax was obtained when the values were determined in
this manner. If uptake occurs via passive diffusion, the
greater uptake of 16:0 may be due to a greater mem-
brane solubility than 18:1. In fact, equilibrium binding
experiments utilizing fatty acid solubilized in bile salt
micelles indicated that rabbit brush border membranes
bind more 16:0 than 18:1 (46). On the other hand, if a
carrier is involved in the saturable component of long
chain fatty acid uptake, the difference may be due to a
greater efficiency of the carrier in transporting 16:0,
despite a similar affinity for 16:0 and 18:1. Finally, if the
putative carrier is embedded deep in the membrane, it
may be exposed only to the long chain fatty acids that
have already partitioned into the membrane, and, as
mentioned, the effective concentration of 16:0 within
the membrane may be greater than that of 18:1 (46).

Previous studies using Caco-2 cells reported that fatty
acid is more efficiently taken up from micelles than from
BSA solutions (31, 43). In those studies, net uptake and
metabolism were determined after long incubation
times (time scale of hours). Total fatty acid levels were
equivalent in the BSA and micelle solutions, however,
the levels of unbound fatty acid were likely quite differ-
ent. It is generally thought that in the absence of other
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variables, unbound fatty acid concentrations determine
the level of uptake into cells (13). Thus, the apparently
greater uptake from micellar solutions may reflect
greater unbound fatty acid concentrations relative to
those in the fatty acid-albumin complexes, rather than
an inherent difference in albumin compared to micelles
per se. In order for there to be a mechanistic difference
in the effectiveness of albumin compared with micelles
as a vehicle for fatty acid uptake, the albumin or micelle
would have to directly interact with the surface of the
cell. While the presence of albumin receptors on the
surface of cells has been proposed (47), a direct interac-
tion of micelles with the enterocyte apical membrane
has not been described. In the present studies, we have
examined the initial rates of fatty acid uptake rather than
net accumulation and metabolism, and observed satura-
ble uptake at the apical surface from both micellar and
albumin solutions.

Very few studies have investigated fatty acid uptake at
the two surfaces of polarized cells. Shasby, Stoll, and
Spector (48) reported differences in the net uptake and
metabolism of various long chain fatty acids at the AP
and BL surfaces of filter-grown bovine aortic endothelial
cells, but the kinetics and mechanism of uptake at the
two surfaces were not investigated. Trimble (49, 50)
studied the uptake of long chain fatty acids by rat renal
cortical brush border (BBMV) and basolateral mem-
brane vesicles (BLMV). Results from these experiments
indicate that fatty acid uptake by BLMV, but not BBMV
may occur via an ion exchange mechanism, which is
blocked by the anion transport inhibitor 4,4"-diisothio-
cyano-stilbene-2,2¢-disulfonate (DIDS). The current ex-
periments with filter-grown Caco-2 cells show that up-
take of long chain fatty acid is apparently saturable with
a similar K;;, at both the AP and BL membranes, indicat-
ing that the saturable component of uptake at the two
surfaces may be similar. Short chain fatty acid uptake,
on the other hand, was linear and likely to be diffusional
at both surfaces (Fig. 4). Immunocytochemical localiza-
tion of FABPpn, in sections of rat intestinal epithelium
has demonstrated the presence of this protein at both
the AP and BL membranes. Reactivity was reportedly
greater in the AP membrane (14). Thus, if a plasma
membrane protein carrier is involved, it would be ex-
pected to be localized at both surfaces of Caco-2 cells.

Uptake of fatty acid was greater at the AP as compared
to the BL membrane (Fig. 4). As the difference is
observed for both long as well as short chain fatty acids,
this suggests that the diffusive parameters of uptake at
the two surfaces differ. Although previous measure-
ments of AP versus BL surface area of Caco-2 cells
indicated that the BL membrane surface area is 3-fold
greater than the AP surface area (30), the basolateral
membrane is in contact with neighboring cells and the

substratum, and may therefore not be readily accessible
for fatty acid uptake. Also, there are large compositional
differences as well as differences in membrane lipid
order between the AP and BL membranes of intestinal
epithelial cells, including Caco-2 (41, 51, 52) that may
affect the diffusive component of uptake. The differen-
tial effect of protease treatment on uptake at the AP and
BL surfaces (Table 2) underscores the presence of sig-
nificant differences in the characteristics of these two
surfaces.

Attempts were made to demonstrate more directly
the involvement of a plasma membrane protein in fatty
acid uptake by Caco-2 cells. Western analysis of Caco-2
cell homogenates (Fig. 6) demonstrated that these cells
express significant levels of a protein immunoreactive
with a polyclonal antibody to the rat liver FABP.
Although this antibody blocks uptake of fatty acid by a
number of rat cell types (9), no effect on oleate uptake
by Caco-2 cells was observed (data not shown). It is
possible that the protein detected by Western analysis is
not involved in fatty acid uptake (see below). Alterna-
tively, as the antibody was made against the rat protein,
it may not recognize an epitope involved in uptake by
human cells, or may not have sufficient affinity for the
human protein to block uptake. Attempts to localize the
protein in Caco-2 cells by immunocytochemical meth-
ods failed to show consistent plasma membrane staining
(data not shown), suggesting that the antibody may bind
to the denatured protein in the Western blot, but may
be unable to bind the native protein on the cell surface.
This could explain the inability of this antibody to block
fatty acid uptake by Caco-2 cells. Schurer et al. (53) also
found that saturable uptake of fatty acids into cultured
human keratinocytes was not inhibited by an antibody
to the rat liver FABP,,. As mentioned earlier, a number
of distinct proteins have been proposed as membrane
fatty acid transporters, and it will be of interest to
determine the presence of these proteins in Caco-2 cells
and the effects of specific antibodies on fatty acid up-
take.

Trypsin and pronase did not significantly inhibit
oleate uptake by Caco-2 cells at either the AP or BL
surfaces (Table 2). Transepithelial resistance was dis-
rupted at relatively low protease concentrations, per-
haps too low to effect proteolysis of a putative fatty acid
transporter. It is conceivable that an apical plasma mem-
brane transport protein in intestinal epithelial cells
might be particularly resistant to protease treatment, as
intestinal cells are frequently exposed to significant
levels of digestive enzymes. The protection of epithelial
plasma membrane proteins from digestive enzymes is
generally thought to be a function of the glycocalyx, a
layer of carbohydrate at the cell surface made up of the
oligosaccharide chains of plasma membrane glycopro-
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teins and glycolipids (54, 55). The glycocalyx is promi-
nent at the AP surface of the epithelium and is largely
removed when plasma membrane vesicles are prepared
from intestinal epithelial cells (54), which may account
for the sensitivity of fatty acid uptake to trypsin in rat
jejunal microvillus membrane vesicles (17). It has been
reported that the glycolipid glucosylceramide is en-
riched in the AP membrane of Caco-2 cells (52) indicat-
ing that cultured Caco-2 cells may possess a glycocalyx
capable of protecting its plasma membrane proteins
from proteases.

The lack of effect of proteases on long chain fatty acid
uptake may also indicate that a plasma membrane pro-
tein is not involved in the saturable component of long
chain fatty acid uptake by Caco-2 cells. A number of
alternate mechanisms might explain the current data.
The saturable component could reflect a limiting solu-
bility of fatty acid in an unstirred water layer at the cell
surface (27). Such saturation of palmitate uptake would
be expected to occur at much lower concentration than
oleate, as its aqueous solubility is orders of magnitude
lower than oleate (40). However, as the apparent K, of
uptake determined here for palmitate and oleate was
found to be similar, this mechanism is not probable. In
addition, apparent saturable uptake may reflect binding
of fatty acid to membrane lipids rather than a protein,
and the rate thus reflects the diffusion across the bilayer.
Although this mechanism has been suggested by others
(2, 3, 5), it does not seem likely as the cells were washed
with excess fatty acid-free BSA after uptake to remove
extracellular and exofacial fatty acid, and as competitive
kinetics are observed at very low fatty acid concentra-
tions. In addition, the fact that protease treatment at the
BL surface of Caco-2 increased fatty acid uptake suggests
that the plasma membrane represents a barrier to trans-
membrane transport. It would not be expected that
passive diffusion-mediated uptake through the lipid bi-
layer would be influenced by membrane protein disrup-
tion.

The saturable component of long chain fatty acid
uptake may represent titration of cytosolic fatty acid
binding proteins (FABP). Caco-2 cells express the liver
form of FABP. (L-FABP., (30)), and this protein is
proposed to be involved in intracellular fatty acid trans-
port in the intestine (56, 57). The observed Ky, of long
chain fatty acid uptake by Caco-2 cells is similar to the
reported affinities (Kq) for long chain fatty acid binding
to L-FABP (57). The amount of L-FABP. in Caco-2 cells
was estimated to be about 1/10 of that in rat jejunum,
or < 40 pmol L-FABP, in 1 mg homogenate protein (30).
The Vimax of fatty acid uptake was determined to be an
order of magnitude greater than this (> 200 pmol/mg
per 10 sec), suggesting that uptake is not directly limited
by the concentration of FABP..
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The current investigation examined long chain fatty
acid transport in the Caco-2 cell model of polarized
intestinal epithelial cells. The kinetic data obtained are
consistent with a similar saturable uptake mechanism at
both plasma membrane surfaces. This, in turn, is consis-
tent with the reported subcellular localization of a puta-
tive plasma membrane fatty acid transporter in rat
jejunum (14). Further, it was found that Caco-2 cells
express a protein immunoreactive with the anti-rat
FABPpn, antiserum, although preincubation with this
antibody did not inhibit long chain fatty acid uptake by
Caco-2 cells. Similarly, protease pretreatment did not
inhibit long chain fatty acid uptake. Elucidation of the
mechanism of long chain fatty acid uptake by Caco-2
intestinal cells will require localization of the saturable
component and isolation and reconstitution of the pro-
tein, if any, that is involved. B8
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