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Abstract Free fatty acids can enter the enterocyte via the apical 
or basolateral plasma membrane. We have used the Caco-2 in- 
testinal cell line to examine the polarity of free fatty acid uptake 
and metabolism in the enterocyte. Differentiated Caco-2 cells 
form polarized monolayers with tight junctions, and express the 
small intestine-specific enzymes sucrase and alkaline phospha- 
tase. Cells were grown on permeable polycarbonate Transwell 
filters, thus allowing separate access to the apical and basolateral 
compartments. Total uptake of [3H]palmitate bound to bovine 
serum albumin (palmitate-BSA 4:l) was twofold higher (P < 0.05 
or less) at the apical surface than at the basolateral surface. The 
relative apical and basolateral membrane surface areas of the 
Caco-2 cells, as measured by partition of the fluorophore tri- 
methylammonium-diphenylhexatriene (TMA-DPH), was found 
to be 1:3. Thus, apical fatty acid uptake was sixfold higher than 
basolateral uptake per unit surface area. Analysis of metabolites 
after incubation with submicellar concentrations of [3H]palmi- 
tate showed that the triacylglycerol to phospholipid (TG:PL) ratio 
was higher for fatty acid added to the apical as compared to the 
basolateral compartment (20% at 60 min, P < 0.025). Little 
fatty acid oxidation was observed. Preincubation with albumin- 
bound palmitate, alone or with monoolein, increased the incor- 
poration of both apical and basolateral free fatty acids into 
TG. The results suggest that the net uptake of long-chain 
free fatty acids across' the apical plasma membrane is greater 
than uptake across the basolateral membrane. In addition, a 
small increase in the TG:PL ratio for apically, compared to baso- 
laterally, added free fatty acids suggests that polarity of metabo- 
lism occurs to a limited extent in Caco-2 enterocytes.-Trotter, 
P. J., and J. Storch. Fatty acid uptake and metabolism in a hu- 
man intestinal cell line (Caco-2): comparison of apical and baso- 
lateral incubation. J Lipid Res. 1991. 32: 293-304. 

lipoprotein particles, and secreted into the lymph via the 
serosal (basolateral) membrane (1, 2). 

FFA from the plasma are also taken up into the entero- 
cyte via the basolateral membrane. Plasma FFA have 
been reported to be metabolized differently than those ab- 
sorbed from the lumen. In 1975, Gang1 and Ockner (3) 
reported that when rats were administered FFA by duo- 
denal infusion or via intravenous injection and metabo- 
lism by the small intestinal epithelium was analyzed, FFA 
absorbed from the lumen were mainly incorporated into 
TG, whereas FFA taken up from the plasma were primar- 
ily oxidized or incorporated into PL. A similar study 
using human jejunal biopsy samples also showed that 
plasma FFA were preferentially incorporated into PL or 
oxidized (4). Similar metabolic polarity was evident in 
both villus and crypt cells (3). The observed polarity of 
FFA metabolism in the intestinal epithelium was thought 
to be at the level of the enterocyte (3); however FFA meta- 
bolic polarity at the cellular level has not yet been directly 
demonstrated. 

The mechanism of FFA uptake across the enterocyte 
plasma membrane is also not definitively understood. Al- 
though long thought to occur by passive diffusion (5, S), 
long chain FFA uptake into the enterocyte has recently 
been proposed to occur via a specific and saturable pro- 
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Long chain free fatty acids (FFA) are major hydrolysis 
products of dietary fat in the lumen of the intestine, and 
are subsequently absorbed by the enterocytes that line the 
small intestine. After uptake across the microvillus (api- 
cal) plasma membrane, FFA are reincorporated into tri- 
acylglycerol (E) and phospholipid (PL), packaged into 

Abbreviations: BSA, bovine serum albumin; CE, cholesteryl ester; 
DG, diacylglycerol; FABP, fatty acid-binding protein; FABPPM, plasma 
membrane fatty acid-binding protein; FFA, free fatty acids; I-FABP, in- 
testinal FABP; L-FABP, liver FABP; MG, monoacylglycerol; PA, phos- 
phatidic acid; PBS, phosphate-buffered saline; PBS-GCM, PBS sup- 
plemented with glucose, CaC12, and MgCI2; PC, phosphatidylcholine; 
PE, phosphatidylethanolamine; PL, phospholipid; PS, phosphatidylser- 
ine; TG, triacylglycerol; TMA-DPH, 1-[4-(trimethylamino)-phenyl]-6- 
phenylhexatriene; TLC, thin-layer chromatography. 
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cess at the plasma membrane (7). A 40-kDa plasma mem- 
brane fatty acid-binding protein (FABPPM) is thought to 
be involved in long chain FFA uptake, and has been iso- 
lated from jejunum as well as liver and adipose cells (7-9). 
In the intestine, FABP~M has been localized primarily to 
the apical membrane of the enterocytes, with lesser 
amounts on the basolateral membrane (8). 

In order to study the polarity of FFA uptake and 
metabolism in the intestinal cell, a system whereby one 
can separately manipulate the medium on the apical and 
basolateral sides of the epithelium is required. Cultures of 
intact sheets of normal intestinal epithelium are impracti- 
cal because the normal basolateral membrane organiza- 
tion is rapidly lost (10). Caco-2 is a human colon adeno- 
carcinoma cell line that has been shown to be a useful in 
vitro model for small intestinal epithelium. When grown 
on plastic or permeable filters, Caco-2 differentiates into 
an enterocyte-like cell with microvillus and basolateral 
membranes separated by tight junctions (11, 12). Culture 
on permeable filters allows separate access to the apical 
and basolateral surfaces of the cells. Differentiated Caco-2 
cells express the intestine-specific enzymes sucrase and 
alkaline phosphatase, and the activities reach approxi- 
mately half the activities in small intestine (13). Field, Al- 
bright, and Mathur (14) report that rates of lipid synthesis 
in Caco-2 cells are similar to those of isolated rat entero- 
cytes under comparable culture conditions. Further, 
Caco-2 cells synthesize and secrete apoB-containing lipo- 
proteins (15) in a polarized manner (16), and lipoprotein 
formation appears to be regulated by the presence of FFA 

In the present studies, we used the Caco-2 cell line to 
study directly the polarity of long chain FFA uptake and 
metabolism in the enterocyte. We have compared the up- 
take of palmitic acid, a major dietary fatty acid, added to 
the apical versus the basolateral sides of filter-grown 
Caco-2 monolayers. In addition, the intracellular metabo- 
lism of apically versus basolaterally added palmitate was 
determined. The results show that the net uptake of 
palmitate is significantly greater at the apical plasma 
membrane. In addition, a modest increase in the incorpo- 
ration of FFA into TG relative to PL for apically, as com- 
pared to basolaterally, administered FFA was observed. 

(1 7 - 20). 

MATERIALS AND METHODS 

Cell culture 

Caco-2 cells were obtained at passage 19 from the 
American Type Culture Collection (Rockville, MD), and 
cells from passages 20 through 42 were used for all experi- 
ments. Cells were cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) with 4.5 g/1 glucose, 4 mM glutamine, 
100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco- 
BRL, Grand Island, NY) and supplemented with 15% 

fetal bovine serum (FBS, Hyclone, Logan, UT) and 1% 
nonessential amino acids (Gibco-BRL) in a 95% air/5% 
CO:, atmosphere at 37°C. Cells were maintained in 
175-cm2 flasks (Falcon, Lincoln Park, NJ). They were 
plated at densities 2 104/cm2 and were split when they 
reached 70-90’70 confluence using 0.25% trypsin-1 mM 
EDTA (Gibco-BRL). In all cases the medium was changed 
at least three times per week. 

For the experiments, cells were plated at a density of 
4 x 105/cm2 (near confluent density) on 6-mm or 24-mm 
polycarbonate Transwell filter inserts with 0.4 pm pores 
(Costar, Cambridge, MA). The inserts fit into 24-well or 
6-well culture plates, respectively, thereby allowing 
separate access to the upper and lower surfaces of the cell 
monolayers. Tight junction formation was assessed in two 
ways. The flux of the impermeant fluorophore Lucifer 
Yellow (0.5 mM; Sigma, St. Louis, MO) across the 
monolayer (apical to basolateral) was measured at 37 OC 
(12) in order to determine the extent of paracellular 
diffusion of a marker with a molecular weight (mol wt 
457) similar to long chain FFA. Transepithelial resistance 
was monitored with a Millicell-ERS apparatus (Milli- 
pore, Bedford, MA). Alkaline phosphatase activity was 
determined by the method of Ray (21) as modified by 
Hubbard, Wall, and Ma (22), and sucrase was deter- 
mined as described by Dahlqvist (23). 

Electron microscopy 

Cells were plated and grown on filters as for experi- 
ments. Monolayers were fixed in 2.5% glutaraldehyde 
buffered with 0.1 M sodium cacodylate for 1 h at 4OC. 
The cells were then post-fixed for 30 min in 1% osmium 
tetroxide in sodium cacodylate buffer. After post-fixation, 
the cells were stained en bloc with uranyl acetate, de- 
hydrated with graded ethanols and propylene oxide, and 
embedded in Epox 812 resin (24). Ultrathin sections were 
cut on an M T  6000 microtome, stained with uranyl ace- 
tate and lead citrate, and examined with a Philips 300 
electron microscope. 

Fatty acid uptake studies 

Solutions of 200 pM [3H]palmitate (New England 
Nuclear, Boston, MA) complexed to 50 pM bovine serum 
albumin (BSA, essentially fatty acid-free; Sigma, St. 
Louis, MO) were made by addition of [3H]palmitate from 
ethanolic stock (< 0.5% V/V) to BSA in phosphate-buffered 
saline (137 mM NaC1, 2.7 mM KCl, 1.5 mM KH2P04, 
8 mM Na2HP04, pH 7.4) supplemented with 25 mM glu- 
cose, 10 pM CaC12 and 1 mM MgC12 (PBS-GCM) to 
make a solution with specific activity of 500-1200 
dpm/pmol. 

Caco-2 monolayers were grown on filters for 6 to 9 days 
and used only when the transepithelial resistance was 
2 200 ohm. om2. Monolayers were cultured overnight in 
serum-free medium or, as noted, in serum-free medium 
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plus 50 pM BSA to which 50 pM palmitate (Nu-Chek 
Prep, Elysian, MN) was added from ethanolic stock 
(<0.5% v/v, with equal ethanol in control medium 
without palmitate). Monolayers were washed twice with 
PBS-GCM at 37OC, and the 3H-labeled FFA solution was 
then added to the upper (apical, 200 pl) or lower 
(basolateral, 400 pl) compartment of the Transwell insert. 
PBS-GCM was added to the opposite side of the mono- 
layer. The cells were incubated at 37OC for 2-120 min. 
Uptake was stopped by removing the incubation medium 
and washing the monolayers twice on ice for 5 min with 
1% BSA in PBS-GCM. In separate experiments, it was 
found that washing cells on ice with BSA at concentra- 
tions above 0.5% for at least 5 min saturably removed ex- 
tracellular FFA (data not shown). The monolayers were 
then washed three times with PBS, scraped into 1 ml PBS 
with a rubber policeman, and sonicated for 30 sec. Ali- 
quots were removed and solubilized in Ultrafluor (Na- 
tional Diagnostics, Manville, NJ), and radioactivity was 
quantified using a Beckman LS-5000TD liquid scintilla- 
tion counter (48% efficiency for 3H). FFA uptake was de- 
termined from the specific activity of the incubation 
medium. Protein was determined by the method of Lowry 
et al. (25). Unbound concentrations of palmitate were de- 
termined using the palmitate association constants for 
BSA reported by Spector, Fletcher, and Ashbrook (26), 
and a calculation program kindly provided by Drs. Luis 
Isola and Paul Berk (Mt. Sinai Medical Center, NY), and 
based on the method of Wosilait and Nagy (27). 

Surface area determination 

Relative apical and basolateral membrane surface areas 
of Caco-2 cells were determined by partitioning of the 
impermeant fluorophore 1-[4-(trimethylamino)phenyl]-6- 
phenylhexatriene (TMA-DPH; Molecular Probes, Eugene, 
OR)  between the cells and unsealed erythrocyte ghosts, 
using a modification of the technique described by Lange 
et al. (28). This method assumes equal partitioning of the 
TMA-DPH between ghost membranes and cell plasma 
membranes. TMA-DPH labels only the plasma membrane 
of intact cells and appears to remain in the outer leaflet 
of the membrane bilayer (29). Moreover, since tight junc- 
tions are a diffusion barrier between the outer leaflets of 
the apical and basolateral membranes (30), partition of 
TMA-DPH between unsealed ghosts and cells could be 
used to assess the relative apical and basolateral surface 
areas of Caco-2 cells. The surface area of an unsealed 
ghost was taken as 297 pm2, 2.2-times greater than the 
reported surface area of 135 pm2 for sealed ghosts (28, 31). 
Apical surface area of Caco-2 cells was determined using 
tight monolayers ( > 300 ohm. cm'), and total surface 
area using monolayers that were made leaky (-70 
ohm. cm') by incubation with 1 mM EDTA in PBS (pH 
8) for 10 min at room temperature. Basolateral surface 

area was calculated by subtracting the apical from the 
total surface area. 

Caco-2 monolayers (approximately 2 x IO6 cells) on 
24-mm filters were incubated with gentle shaking for 5 min 
at room temperature with 106/ml unsealed erythrocyte 
ghosts prepared as described by Steck (32), and labeled 
with 1 pM TMA-DPH. Incubations were in PBS (pH 
8.0). Two ml ghosts plus TMA-DPH were added to the 
apical compartment and 3 ml PBS to the basolateral. 
After the incubation, the ghost suspension was removed 
and saved, the Caco-2 monolayer was rinsed, and the 
rinse was added to the ghosts. Cell debris was removed 
from ghosts by spinning at 400 g for 10 min at 4OC. The 
ghosts were then pelleted at 23,000 g for 15 min at 4°C 
and resuspended in 0.5 or 1 ml PBS. Caco-2 cells were 
scraped into the same volume of PBS and sonicated for 30 
sec. The number of Caco-2 cells recovered was estimated 
by average protein per cell (0.73 f 0.04 ng/cell, n = 3). 
Aliquots of ghosts and cells were solubilized in 0.5 or 1% 
Triton X-100 (National Diagnostics, Highland Park, NJ), 
and TMA-DPH fluorescence was measured using an 
SLM 8000 spectrofluorimeter, with excitation at 360 nm 
and emission at 430 nm. TMA-DPH concentration was 
quantified by using standard curves of probe added to 
Triton X-100 mixed with ghosts or cell sonicates. 

Fatty acid metabolism studies 

Submicellar solutions of [ 3H]palmitate were made by 
addition from ethanolic stock (<0.5% V/V) to PBS-GCM, 
and palmitate concentration (0.6 + 0.1 pM) was deter- 
mined relative to the specific activity (35,000 dpm/pmol) 
of the stock. Monolayers were incubated at 37OC with the 
submicellar palmitate solution apically (200 pl) or baso- 
laterally (400 pl), and washed as described above. Total 
cell lipid was extracted using the method of Bligh and 
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Fig. 1. Development of tight monolayers of filter-grown Caco-2 cells. 
Transepithelial resistance (TER. A) and Lucifer Yellow flux (LY flux, .) 
were monitored during differentiation as described in Methods. Data 
points represent the average of two filters. 
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Dyer (33), and extraction was found to be approximately 
80% efficient based on  the recovery of radioactive lipid 
added  to  the cell sonicate. After accounting for extraction 
efficiency, FFA oxidation was estimated by subtraction of 
the radioactivity recovered in the lipid extract from that 
in the cell sonicate, and averaged less than  2%.  [3H]Pal- 
mitate  incorporation  into lipid metabolites was deter- 
mined using two-step TLC as described previously (34). 
Extracts with added  carrier lipids (authentic cholesteryl 
oleate (CE), triolein (E), oleate (FFA), diolein (DG), 
and monoolein (MG) from Nu-Chek  Prep,  and phospha- 
tidic acid (PA), phosphatidylcholine (PC), phosphatidyl- 
ethanolamine  (PE),  and phosphatidylserine (PS) from 
Avanti Polar Lipids, Birmingham,  AL) were spotted 
under nitrogen gas onto 20 x 20 cm flexible TLC plates 
(polyester-backed silica gel G;  Whatman, Hillsboro, OR). 
The  TLC plates were activated before spotting by devel- 
opment in chloroform-methanol 2:l and  drying in a 
100°C  oven  for 60 min. The plates were developed to half 
the height of the plate in chloroform-methanol-acetic 
acid-formic acid-water 35:15:6:2:1,  allowed to dry, and 
then developed up the  entire height of the plate in 
hexane-diethyl ether-acetic acid 70:30:1. (Solvents are 
given  in volume ratios.) Lipids were visualized with 
iodine vapor. After allowing the iodine to evaporate, the 

mv 

area  corresponding to each lipid was cut  out, placed in 
10 ml Ultrafluor, and  counted. The metabolism of 
[3H]palmitate was determined by the percent of radio- 
activity found in each lipid fraction. Less than 5% of the 
counts were unidentified, and these were not included in 
calculations. Where metabolism is expressed as a  ratio of 
TG to phospholipid (PL), PL includes PC,  PE,  and PS. 

Electrophoresis  and  immunoblotting 
Western analysis was used to detect a protein in Caco-2 

cytosol that was immunoreactive with antibody to cyto- 
solic rat liver fatty acid-binding protein (L-FABP). The 
rabbit polyclonal antibody was generously provided by 
Dr. Teruo Ono (Niigata University School of Medicine, 
Niigata, Japan).  Comparable results were obtained using 
an antibody generously provided by Dr. Nathan Bass, 
University of California,  San Francisco. Cross-reactivity 
with human L-FABP in Caco-2 cells was anticipated 
inasmuch as the proteins are  82% homologous (35). Pro- 
teins were separated by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE) using 15%  gels 
(36). The separated  proteins were electrophoretically 
transferred to PVDF  membrane (Immobilon-P; Milli- 
pore) according  to the method of Matsudaira (37). The 
blotting membrane was  blocked with 5% nonfat dry milk 

Fig. 2. Electron micrographs of  Caco-2 cells grown on filters (0. Cells were  plated as for experiments, and  fixed 
for  microscopy on day 2 (A) and day 7 (B). Note that  at  day 2 (A) cells are relatively flat and have  few unorganized 
microvilli (MV). Day 7 cells (B) are columnar and (inset) have  tight junctions (TJ) and prominent microvilli (MV); 
magnification: A, 5,980 x ;  B, 4,400 x;  inset, 16,800 x .  
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and  then  incubated with the anti-L-FABP antibody at a 
1:lOO dilution. Antigen-antibody complexes were detected 
by incubating  the  membrane with goat anti-rabbit I g G -  
horseradish peroxidase conjugate (1:3000; Pierce, Rock- 
ford, IL),  and finally with 4-chlor-l-naphthol (0.3 mg/ml) 
and H202 (0.03%). Corresponding blots incubated with 
normal  rabbit  serum showed no reactivity. 

Statistical  analysis 

Data  are expressed as the  mean * standard error. 
P values  were calculated by Student's t-test or paired t-test 
as noted. 

RESULTS 

Caco-2 cells plated on permeable polycarbonate filters 
differentiate into polarized epithelial cells  with charac- 
teristics of small intestine. The levels of enterocyte-specific 
enzymes increase during differentiation. At 8 days after 
plating, the cells express sucrase (1.52 * 0.05 mU/mg, 
n = 4) and alkaline phosphatase (10.7 * 0.9 mU/mg, 
n = 4); these activities are  similar to those reported by 
others for Caco-2 (14). In addition, development of tight 
junctions between Caco-2 cells  grown on filters was evi- 
denced by the decrease in transepithelial flux  of the im- 
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permeant fluorophore Lucifer Yellow, and by the con- 
comitant increase in transepithelial resistance (Fig. 1). 
Electron microscopy revealed that Caco-2 cells had ultra- 
structural characteristics consistent with those of small in- 
testine. After 2 days, cells attached to the filter and began 
to form intercellular contacts, but were relatively flat and 
had only a few short unorganized microvilli (Fig. 2A). By 
day 7, the cells had become tall and columnar, and had 
developed junctional complexes and many taller micro- 
villi (Fig. 2B and inset). 

The total uptake of [3H]palmitate from apical and 
basolateral solutions of BSA:palmitate (1:4, mo1:mol) is 
shown in Fig. 3. The net uptake from both apical and 
basolateral compartments appears linear with time, but 
the net accumulation of apical FFA is 'approximately twice 
that of basolateral accumulation at all time points mea- 
sured. The absolute amount of apical and basolateral up- 
take was independent of the volume of incubation medium 
placed in the apical and basolateral compartments (data 
not shown). Experiments using submicellar palmitate 
concentrations (no BSA) showed approximately equal 
levels of uptake from apical and basolateral compart- 
ments, and absolute levels of uptake that were lower than 
from BSA-bound FFA despite similar calculated unbound 
concentrations. However, these studies were complicated 
by the fact that in the absence of BSA, FFA sticks to the 
filter and culture well, making quantitation of basolateral 
accumulation, in particular, very difficult. 

To determine whether the greater apical uptake was 
due to greater apical plasma membrane surface area, or 
whether the observed differences were independent of the 
absolute area available for transport, the relative apical 
and basolateral membrane surface areas were deter- 

60 [ 

20 40 60 80 100 120 140 
time [mini 

Fig. 3. Uptake of [3H]palmitate (16:O) by Caco-2 monolayers: Apical 
(AP) versus basolateral (BL). Monolayers were incubated with 200 pM 
[3H]palmitate complexed to 50 p M  BSA in either the AP (m) or BL (A) 
compartment for various periods of time. The data represent the 
mean f SE for three filters; *, P < 0.05 or lower for AP compared to 
BL. 

mined. Relative partition of the impermeant fluorophore 
TMA-DPH between erythrocyte ghosts and intact or 
EDTA-treated Caco-2 monolayers was used to quantify 
the surface area of apical and basolateral plasma mem- 
branes, as described in Methods. Results show that the 
ratio of apica1:basolateral membrane surface area is ap- 
proximately 1:3. The  apical surface area is 4,123 391 
pm2 and the basolateral area is 12,414 1,055 pm2 
(n = 7). Thus, when the net FFA uptake is normalized for 
relative surface area, it appears that apical uptake of 
palmitate is about sixfold greater than basolateral uptake. 

Caco-2 monolayers were incubated with submicellar 
concentrations of [3H]palmitate (0.6 pM), and the rela- 
tive metabolic fate of apically and basolaterally admin- 
istered FFA was determined (Table I). Results are ex- 
pressed as percent incorporation into each lipid class. 
Both apically and basolaterally added palmitate are pri- 
marily esterified to TG and PC. The  substantial amount 
of palmitate incorporation into PC as well as TG is consis- 
tent with esterification via the glycerol-3-phosphate path- 
way (38). Relative T G  accumulation increased up to 60 
min, whereas incorporation into other metabolites re- 
mained at a relatively constant level (PL, CE) or de- 
creased (DG, PA) with time. A small but significant differ- 
ence in metabolic fate of apically versus basolaterally 
added FFA was evident. Palmitate added at the apical sur- 
face was incorporated somewhat more into TG than was 
basolateral palmitate (Fig. 4A), and basolateral palmitate 
was incorporated more into PL than apical palmitate 
(Fig. 4B). These differences increased with time of incu- 
bation up to 60 min. Although the differences in T G  and 
PL metabolism are small, the polarity of FFA metabolic 
fate is more apparent when the data are expressed as the 
TG:PL ratio for each monolayer (Fig. 4C). The  TG:PL 
ratio was 4% higher for apical FFA than for basolateral 
FFA at 2 min, and the difference rose to 20% by 60 min 
(P < 0.025, paired t-test). By 120 min the increase in per- 
cent TG leveled off (Fig. 4A) and the difference in apical 
and basolateral metabolism decreased, perhaps owing to 
TG secretion via lipoproteins (19). Addition of 2-monoolein 
(MG) to the submicellar palmitate solution (molar ratio 
2:1, pa1mitate:MG) did not significantly alter the meta- 
bolic fate of palmitate at 10 min (data not shown). 

Since it is possible that metabolism is affected by sub- 
strate availability, the effect of palmitate preincubation on 
[ 3H]palmitate incorporation was examined and the 
results are shown in Table 2. Monolayers were incubated 
for 18 h with serum-free medium with or without palmi- 
tate (50 p ~ )  complexed to albumin (50 pM) in both the 
apical and basolateral compartments, and were then 
washed and incubated with [3H]palmitate (0.6 pM) for 10 
min, as described above. FFA preincubation caused a sig- 
nificant increase in the incorporation of palmitate into TG 
relative to PL for both apically and basolaterally admin- 
istered FFA (Table 2, Set A). Net uptake was not affected 
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TABLE 1. Incorporation of [3H]palmitate by Caco-2 monolayers 

Percentage of Total Incorporation‘ 

Apical Basolateral 
Lipid 
Class 2 Min 15 Min 60 Min 2 Min 15 Min 60 Min 

CE 2.0 f 0.1 2.4 i 0.5 2.2 f 0.2 1.5 * 0.1 1.4 f 0.2 1.6 i 0.3 
T G  34.2 f 1.3 45.9 i 1.4b 58.0 i 1.2* 32.2 + 0.7 40.7 + 1.1 54.0 i 0.7 
DG 12.3 i 0.8 6.3 f 0.8 4.6 i 0.6 10.6 f 0.8 8.3 * 0.6 4.7 0.9 
MG 8.3  f 0.5 4.9 f 0.4 3.7 f 0.4 8.1 i 0.5 6.1 f 0.6 4.5 f 0.5 
PA 10.7 0.8 4.2 i 0.5 2 .7  f 0.4 12.5 f 0.9 4.6 * 0.5 2.3 f 0.3 
PE+PS 5.0 f 0.5 4.2 f 0.8 6.0 + 0.5 5.6 f 0.5 10.0 -t 0.9 6.3 * 0.4 
PC 27.6 f 0.6 28.8 f 1.0 22.8 f 0.5* 29.8 i 0.8 28.9 + 1.8 26.6 * 1.0 

“Mean % of total radioactive palmitate incorporated into metabolite (not including FFA) f SEM; n = 10 at 
2 min, n = 6 at 15 min, and n = 5 at 60 min. The percent FFA at 2, 15, and 60 min for apical was 9.6, 8.5, 
and 6.670, and for basolateral was 18.1, 12.8, and 7.1’36, respectively. (Differences between apical and basolateral 
incorporation were also statistically significant when FFA were included in the calculations.) 

b p  < 0.05 or lower as compared to basolateral by paired t-test. 

(data not shown). Addition of monoolein (100 p M )  to the 
preincubation medium containing palmitate complexed 
to BSA increased further the incorporation of [ 3H]palmi- 
tate into TG over PL (Table 2, Set B), again without 
affecting net palmitate uptake (data not shown). Preincu- 
bation with FFA or FFA plus MG abolished the apical- 
basolateral polarity of FFA metabolism observed when 
cells were preincubated in the absence of lipid. 

Two separate cytosolic fatty acid-binding proteins 
(FABP) are expressed in small intestinal epithelium, the 
intestinal (I-FABP) and liver (L-FABP) forms (39). These 
proteins are thought to be involved in FFA uptake and 
metabolism (40). Caco-2 is reported to lack I-FABP 
mRNA expression (41). In order to establish the presence 
of L-FABP in Caco-2, Western analysis was performed. 
Fig. 5 shows that Caco-2 cells express L-FABP, and that 
L-FABP abundance increases by about twofold during 
differentiation. The apparent level of reactive protein was 
lower in Caco-2 than in rat intestinal cytosol. This might 
be due to lower reactivity of the anti-rat L-FABP antibody 
with human L-FABP. However, Coomassie blue-stained 
SDS-PAGE gels showed that the protein band correspond- 
ing to FABP was much lighter in Caco-2 than in rat intes- 
tine cytosol, perhaps due to the lack of I-FABP as well as 
lower L-FABP levels (data not shown). 

DISCUSSION 

The Caco-2 cell line has been used to examine the 
polarity of intestinal cell protein and membrane transport 
(42, 43) as well as to study intestinal lipoprotein metabo- 
lism (15-17, 19, 20). Caco-2 cells express sucrase and alka- 
line phosphatase activities that are characteristic of small 
intestine enterocytes. Cells plated on filters have a mor- 
phology similar to differentiated enterocytes (Fig. 2). In- 
tercellular tight junction formation is evidenced by the 
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Fig. 4. Metabolism of [3H]palmitate (16:O) by Caco-2 monolayers: Ap- 
ical (AP, .) versus basolateral (BL, A). Sonicates of cells incubated 
with 0.6 p~ 16:O were analyzed as described in the text. (A) Percent 16:O 
esterified to triacylglycerol (TG). (B) Percent 16:O incorporated into 
phospholipid (PL), including phosphatidylcholine, phosphatidyletha- 
nolamine, and phosphatidylserine. (C) Ratio of 16:O esterified to TG as 
compared to PL. Data are expressed as the mean f SE for 5 to 11 filters; 
*, P < 0.05 or lower for AP compared to BL by paired t-test. 
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TABLE 2.  Effect  of palmitate and palmitate-monoolein preincubation (18 h) on palmitate 
incorporation (10 min) by Caco-2 monolayers 

Apical Basolateral 

Treatment' 46 T G ~  TG:PL' 46 TG TG:PL 

Set A 
( - )  FFA  39.1 f 0.7 0.98 0.02 
( + )  FFA 

36.3 f 0.3 
44.0 f 1.1 

0.94 f 0.02 
1.37 f 0.09 44.7 f 0.8 1.45 f 0.07 

P < 0.005 P < 0.025' 
Set B 

( + )  FFA 
( + )  FFA, MG 

42.2 * 0.6 1.36 f 0.06 36.9 f 0.5 
47.5 f 0.3 1.73 f 0.03 51.1 f 0.5 2.27 f 0.09 

1.35 f 0.05 

P < 0.05 P < 0.025 

"Monolayers were  grown for 18 h in serum-free medium f 50 p~ palmitate complexed to 50 p~ BSA (Set  A), 
or with  50 p~ palmitate complexed to 50 FM BSA f 100 p~ 2-monoolein (Set  B). Additions were to both the api- 
cal and basolateral compartments. Incubation was carried out for 10 min. 

bMean % of total [SH]palmitate (not including free palmitate) incorporated into TG f SEM; n = 6 for Set A 
and n = 3 for Set B. 

'Ratio of [SH]palmitate incorporation into TG to that in PC + PE + PS. Calculated for each sample separate- 
ly and expressed as mean f SEM  (n = 6 for Set A, n = 3 for  Set  B). 

dP values were determined by Student's f-test. 

junctional complexes seen in the electron micrographs, 
the increasing transepithelial resistance, and the decreas- 
ing Lucifer Yellow flux across the monolayer (Fig. 1). 
Caco-2 cells  have been shown to secrete lipoproteins in a 
polarized manner (16). Therefore, this cell line is well 
suited to investigate the polarity of  FFA uptake and 
metabolism in the enterocyte. 

The net uptake of palmitate (palmitate-BSA 4:1, un- 
bound palmitate  concentration 1.3 pM) from the apical 
compartment was  twofold higher  than  uptake from the 
basolateral compartment (Fig. 3). As will be discussed be- 
low, the relative apica1:basolateral plasma membrane  sur- 
face area was found to be 1:3; thus,  the  net uptake of 
palmitate was sixfold greater from the apical compared  to 
the basolateral compartment  per  unit surface area. 

It is  possible that the greater apical FFA uptake is due 
in part  to the presence of the 40 kDa FABPPM. This pro- 
tein, which has been found in small intestine and  has been 
proposed to be involved  in FFA uptake (7-9), has been 
shown by immunocytochemical studies of rat intestine to 
be  localized mainly in the apical membrane of the  rat 
enterocyte, with lesser staining of the basolateral mem- 
brane (8). The K,,, of the FABP~M in jejunal mucosal cells 
is reported to be 93 nM for oleic acid (9). Consistent with 
the proposed protein-mediated uptake, our uptake studies 
for palmitate complexed to BSA showed apparent  satura- 
tion of net uptake, both at the apical and basolateral sur- 
face,  for unbound FFA concentrations above 300 nM 
(data not shown). Furthermore, little increase in net up- 
take was observed for submicellar solutions of free palmi- 
tate  ranging from 370 nM to 740 n M  (data not  shown). 

Greater apical FFA uptake might also be related to 
differences in the plasma membrane composition between 
the apical and basolateral domains of the cell (44). Alter- 

natively, greater apical uptake could reflect more rapid 
metabolism of apically absorbed FFA due to greater com- 
partmentalization of enzymes in the apical half of the cell. 
It is unlikely that the presence of the filter is responsible 
for the lower basolateral uptake of such a small molecule 
as  palmitate, since the filter pore size  is 0.4 pm,  and 
Caco-2 cells secrete lipoproteins through filters with a 
similar pore size (16). In addition, Shasby, Stoll, and 
Spector (45) reported apical and basolateral uptake of 
various FFA  by bovine aortic endothelium grown on poly- 
carbonate filters, and found that in some cases FFA up- 
take was equal or greater at the basolateral surface. Final- 
ly, our  data show that  the increased apical uptake of  FFA 

21 

12.5 

6.5 

1 2 3  4 5 
Fig. 5. Immunoblot of L-FABP  in Caco-2 cells. Proteins were sepa- 
rated by SDS-PAGE. electrophoretically blotted  to PVDF membrane, 
and reacted  with anti-LFABP antibody as described in Methods. Lane 
1, molecular weight standards  (kDa) stained with Coomassie blue; lane 
2.0.3 p g  purified rat liver FABP; lane 3, 10 p g  rat intestinal cytosolic pro- 
tein; lane 4, 50 pg cytosolic protein from undifferentiated Caco-2 cells; 
lane 5, 50 p g  cytosolic protein from differentiated Caco-2 cells. 
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is not due to greater apical plasma membrane surface 
area. Thus the increased apical uptake is likely to reflect 
enterocyte-specific FFA transport. 

Partitioning of the impermeant cationic fluorophore 
TMA-DPH (28) between erythrocyte ghosts and Caco-2 
cells was used to determine the relative surface areas of 
apical and basolateral plasma membranes and the results 
indicate that the ratio of apical to basolateral surface area 
is approximately 1:3. Morphometric analysis of hamster 
and rat enterocytes in vivo showed a ratio of 1:l (46) and 
k1.3 (47), respectively. When rats were treated with col- 
chicine a 1:2.6 ratio was found, and the difference was 
primarily due to a decrease in the length of the microvilli 
(47). Measurement of the dimensions of Caco-2 cells 
showed that the length of the microvilli does not reach 
that of rat enterocytes (12); therefore, a ratio of 1:3 for 
apical to basolateral membrane surface seems reasonable 
for Caco-2 cells. 

The absolute surface areas obtained for Caco-2 cells 
using this partitioning method are about three times 
larger than enterocyte surface areas obtained using 
morphometric techniques (46, 47). It is not likely that 
Caco-2 cells are substantially larger than enterocytes, as 
the reported total cell height and width (12) are similar. 
Surface area might be overestimated if TMA-DPH is in- 
ternalized via transmembrane flip-flop or endocytosis. 
However, Storch, Shulman, and Kleinfeld (29) found no 
evidence of TMA-DPH internalization in 3T3F442A cells 
for at least 10 min at room temperature. Thus, the TMA- 
DPH fluorescence likely arises from partitioning into the 
plasma membrane only. It is noteworthy that the plasma 
membrane surface areas obtained using TMA-DPH, as 
originally reported by Lange et al. (28), are much larger 
than the surface areas reported for similar cells using 
stereologic techniques. For example, the absolute surface 
area of canine liver cells, as determined with TMA-DPH, 
was sevenfold larger than that obtained by stereologic 
determinations for rat liver cells (48). It is conceivable 
that the TMA-DPH method, which is based on the parti- 
tioning of a fluorophore into the membrane, might mea- 
sure fine structure of the membrane that is not detected 
by morphometry. 

The present results with the Caco-2 cell line show that 
a somewhat greater percentage of apical as compared to 
basolateral FFA is incorporated into TG. In addition, in- 
corporation into PL is increased to a small extent for 
basolateral as compared to apical FFA (Fig. 4). Thus, the 
TG:PL ratio is 20% greater for apical FFA at 60 min, al- 
though this degree of metabolic polarity is far less than 
that reported in vivo. The in vivo studies (3, 4) showed 
that FFA taken up from the lumen of the intestine are es- 
terified primarily to TG (60%), whereas plasma FFA are 
oxidized (42%) and incorporated into PL (28%). Interest- 
ingly, a similar polarity of FFA metabolism was found in 
the crypt as well as the villus cells (3). It was suggested 

that the marked polarity of FFA utilization was a result of 
the structural or functional polarity of the enterocyte. For 
instance, ultrastructural studies have demonstrated a 
more apical localization of endoplasmic reticulum (ER) 
and Golgi (49), and of the monoacylglycerol and glycerol- 
3-phosphate acyltransferases present in the smooth and 
rough ER, respectively (50). On the other hand, mito- 
chondria were found to be uniformly distributed in the 
cell (49). Thus, the small differences between apical and 
basolateral FFA metabolism observed in Caco-2 cells may 
reflect a polarity of enzyme activity or pools of intermedi- 
ary metabolites. 

The percentage incorporation of FFA into TG by Caco-2 
is lower than that reported for lumenal FFA, but higher 
than that for plasma FFA (3). Preliminary results suggest 
that Caco-2 cells may have a lower total acytransferase 
capacity than do mature intestinal cells (data not shown). 
The in vivo studies (3, 4) also showed significant oxidation 
of plasma FFA (42%) and little oxidation (15%) of lu- 
menal FFA. In contrast, virtually no oxidation (< 2%)  of 
either apical or basolateral FFA was observed in Caco-2 
cells. The cells were grown in high glucose medium (25 
mM), so that glucose was in excess under the experimen- 
tal conditions used. A recent report shows that Caco-2 
cells synthesize and store glycogen (51). Thus, it is not 
surprising that glucose might be preferentially utilized as 
a source of fuel (52). Increased FFA oxidation might be 
expected using lower glucose concentrations. Experi- 
ments in which filter-grown Caco-2 monolayers were pre- 
incubated in the absence of glucose were not possible, 
however, because the transepithelial resistance was lost in 
monolayers preincubated without glucose. 

The lack of marked polarity of FFA metabolism in 
Caco-2 cells could be due to a number of factors. Al- 
though, as discussed above, Caco-2 cells are a good model 
of small intestinal epithelium, they express some charac- 
teristics consistent with less differentiated crypt cells (11, 
53). Nevertheless, polarity of FFA metabolism was de- 
scribed not only in villus cells but also in the relatively less 
absorptive crypt cells (3). Another possible explanation 
might be that these cultured cells are not exposed to hor- 
mones that affect FFA metabolism in vivo. For example, 
Vidal et al. (54) have reported that vasoactive intestinal 
peptide causes a switch from glucose to FFA oxidation in 
isolated rat enterocytes. 

Differences in FABP levels or activities might also be 
considered as a possible cause of the less marked meta- 
bolic polarity. FABP have been suggested to play a role in 
cellular uptake of FFA, modulation of enzyme activities, 
and targeting of FFA to specific organelles (40). The small 
intestinal epithelium expresses both the intestinal (I-FABP) 
and liver (L-FABP) forms of FABP (39). Caco-2 lacks 
I-FABP mRNA expression (41) and we were unable to de- 
tect it on Western blots using an anti-rat I-FABP antibody 
(data not shown). Fig. 5 shows that Caco-2 cells do ex- 
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press L-FABP. Although no consistent differences in sub- 
cellular localization of I-FABP and L-FABP in the entero- 
cyte have been found (39, 55), L-FABP and I-FABP differ 
in  characteristics of ligand binding (56) and  in regulation 
of expression (57). I t  has  been proposed that the two 
FABPs have different functions within the enterocyte, 
perhaps related to the polarity of FFA metabolism (56). 
However crypt cells, which as  mentioned above were 
demonstrated to have polarity of FFA metabolism com- 
parable to  villus cells (3), have little or  n o  expression of 
either FABP (39, 55, 58, 59). T h u s  it seems unlikely that 
the lack of I-FABP in Caco-2 cells should affect metabolic 
polarity, but  the question requires further study. 

Finally, the Caco-2 cells were grown under  relatively 
unpolarized nutritional conditions as  compared to entero- 
cytes in situ. Monolayers received the same medium api- 
cally and basolaterally throughout differentiation. T h e  
enterocytes of the intestine, on  the other  hand,  a re  period- 
ically exposed to  relatively large amounts  of dietary lipid 
at  the apical surface and continuously exposed to  small 
arnounts of FFA from the plasma, a t  the basolateral sur- 
face. Such extracellular nutritional polarity may con- 
tribute to  the metabolic polarity within the enterocyte, 
since it has  been reported that lipid-metabolizing en-  
zymes are  sensitive to  substrate availability (60, 61), a n d  
that  the subcellular localization of lipid metabolic en-  
zymes may be  polarized (50). Our results (Table 2) sup- 
port the concept that either enzyme activation or  in- 
creased storage of metabolic intermediates (e.g., diacyl- 
glycerol) occurs in Caco-2 when substrate availability is 
increased. Perhaps the apical compartmentalization of 
lipid-esterifying enzymes within the enterocyte described 
by Higgins a n d  Barrnett (50) occurs in response to greater 
lipid concentration in the lumen of the intestine. U n d e r  
unpolarized nutritional conditions, such compartmentali- 
zation may not occur. 

In conclusion, we have used the Caco-2 cell line to  
study the polarity of FFA uptake and metabolism at  the 
level of the enterocyte. Net apical uptake of palmitate is 
markedly greater than  basolateral uptake. A somewhat 
greater percentage of apical as compared to  basolateral 
palmitate is incorporated into T G .  M o r e  pronounced 
polarity of FFA metabolism may be dependent upon 
extracellular factors such as  hormones a n d  substrate 
availability. I 
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