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Abstract Polarized monolayers of intestinal Caco-2 cells were 
used to study the effects of saturated palmitic acid (16:O) and 
polyunsaturated linoleic acid (182) on triglyceride synthesis and 
lipoprotein secretion. Monolayers were incubated for 24 h, at 
the apical or lumenal side, with palmitic acid (16:O) or linoleic 
acid (18:2) in physiological concentrations. Incubation with 1.0 
mM 16:O or 18:2 resulted in differences in the composition and 
amount of secreted lipoproteins. Radiolabeled lipids in the 
lipoproteins secreted during incubation with 18:2 were found in 
the chylomicron/VLDL (very low density lipoprotein) density 
whereas with 16:O the secreted lipoproteins were in the inter- 
mediate density/low density lipoprotein (IDL/LDL) density 
range. More triglyceride was secreted into the (basolateral) 
medium during incubation with 1.0 mM 18:2 (41 * 12% of total 
triglyceride synthesized) than with 1.0 mM 16:O (18 + 3% of to- 
tal). The biochemical findings correlate with conspicuous mor- 
phological changes in the cells in the presence of 160, but not 
18:2. Increasing concentrations of 16:O (0.1-1.0 mM) caused 
gradual accumulation of intracellular membrane. Microvilli be- 
came strongly reduced in number. With 1.0 mM palmitic acid 
we found an increased incorporation of [l-'+C]palmitic acid into 
phosphatidic acid (14.8% of total incorporation into phospholipid 
with 16:O vs. < 0.5% with 18:2) and diacylglycerol (12.5% with 
16:O vs. 0.5% with 18:2) and the amount of intracellular phos- 
pholipid doubled. The morphological changes were completely 
reversed after 24 h with 1.0 mM 18:2. We conclude from our 
results that, compared to 18:2, 16:O is not efficiently incorporated 
into triglycerides. 16:O is incorporated into cellular phos- 
pholipids in a greater proportion than 18:2, causing accumula- 
tion of intracellular phospholipid and the precursors phospha- 
tidic acid and diacylglycerol. Different processing of 18:2 and 
16:O by Caco-2 cells resulted in profound differences in triglycer- 
ide synthesis and lipoprotein composition and secretion. -van 
Greevenbroek, M. M. J., W. F. Voorhout, D. W. Erkelens, G. 
van Meer, and T. A. W. de Bruin. Palmitic acid and linoleic 
acid metabolism in Caco-2 cells: different triglyceride synthesis 
and lipoprotein secretion. J. Lipid Res. 1995. 36: 13-24. 
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In enterocytes and hepatocytes, apolipoprotein B is trans- 
located across the membrane of the endoplasmic reticu- 

lum and subsequently secreted as structural protein of 
lipoproteins. ApoB mRNA in these cells is abundantly 
translated into apoB protein. A generally accepted hypothe- 
sis on the mechanism of regulation of lipoprotein synthe- 
sis in intestinal cells and hepatocytes is that it occurs at the 
level of protein degradation. In this process, microsomal 
transfer protein is the obligatory protein for co-translational 
transfer of triglycerides into the lipoprotein particle (1). In 
case of incomplete protein translocation or improper as- 
sembly of the particle, apoB is degraded intracellularly at 
the cytoplasmic side of the endoplasmic reticulum mem- 
brane (2-4). In the past 8 years the effect of fatty acids on 
the secretion of lipoproteins has been studied in HepG2 
cells (2, 5, 6), in Caco-2 cells cultured on plastic supports 
(7-lo), and in polarized Caco-2 cells cultured on permea- 
ble supports (11-13). Caco-2 cells, a human cell line der- 
ived from a colon carcinoma, differentiate in culture into 
enterocytes (14). Monolayers grown on permeable supports 
act as polarized permeability barriers between two com- 
partments and show important functional properties of 
transporting epithelium. Caco-2 cells generate a polarized 
distribution of membrane lipids (15) and proteins (E), show 
polarized protein secretion (16), uptake and metabolism 
of fatty acids (17) and drugs (18), and uptake and trans- 
port of bile acids (19). Confluent monolayers ofCaco-2 cells 
o n  filters have well-developed microvilli and express a var- 
iety of cell surface markers that are also found in entero- 
cytes of the intestinal villus. They exhibit well-developed 
tight junctions providing a monolayer unpenetrable for 

Abbreviations: DMEM, Dulbecco's modified Eagle's minimum essen- 
tial medium; FCS, fetal calf serum; BSA, bovine serum albumin; d, den- 
sity; LDL, low density lipoprotein; IDL, intermediate density lipoprotein; 
VLDL, very low density lipoprotein; LPFS, lipoprotein-free serum; HP- 
TLC, high performance thin-layer chromatography; HRPO, horserad- 
ish peroxidase; 16:0, palmitic acid; 18:2, linoleic acid. 
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macromolecules (20) and thus provide an  isolated model 
of the human intestinal cell. Caco-2 cells can synthesize 
both apoB-48 and apoB-100, secreted as the structural pro- 
tein of lipoproteins (12) and the apolipoproteins A-I, A-IV, 
C-111, and E (8, 12). The  results published concerning the 
regulation of lipoprotein synthesis in Caco-2 cells are some- 
what conflicting. This may be due to varying differentia- 
tion levels of the cells in various studies. Differentiation of 
the Caco-2 cells depends on the culture supports and cul- 
ture conditions used, and on time after confluence of the  
monolayers. It may also depend on the source and passage 
number of the cells. It has been suggested that fatty acids 
in the culture media of Caco-2 cells determine the amount 
of lipoproteins secreted and the composition of these par- 
ticles. Addition of oleic acid stimulates the secretion of 
lipoproteins by Caco-2 cells compared with fat-free incu- 
bations (8). In 1988, Field, Albright, and Mathur (7) 
studied the regulatory effect of saturated and unsaturated 
fatty acids on synthesis and secretion of triglyceride-rich 
lipoproteins by Caco-2 cells. They reported that oleic acid 
potently stimulated the triglyceride secretion by Caco-2 cells 
grown on petri dishes, followed in descending order by 
linoleic, linolenic, palmitic, and myristic acids. Eicosapen- 
taenoic acid, from fish oil, has been described as stimulat- 
ing triglyceride secretion by Caco-2 cells grown on filters 
in a similar way as oleic acid (13). Eicosapentaenoic acid 
caused a slight decrease in secretion of apoB compared with 
oleic acid. Murthy et al. (lo), on the other hand, reported 
that oleic acid was predominantly incorporated into cellu- 
lar triglycerides whereas eicosapentaenoic acid was prefer- 
ably incorporated into cellular phospholipids. 

Not many data are available on the effects of palmitic 
acid (16:O) and linoleic acid (18:2) on lipoprotein secretion 
by Caco-2 cells, despite their abundance in the human 
diet. In a preliminary abstract regarding thc effects of 
fatty acids on lipoprotein secretion, we reported that 
palmitic acid decreased the secretion of apoB by the 
Caco-2 cells (21). Under the same circumstances linoleic 
acid increased apoB output to evcn higher levels than 
caused by oleic acid, a commonly used fatty acid in a 
number of studies on lipoprotein synthesis (7,  8, 22). 
Most studies on the effects of fatty acids on lipoprotein 
secretion focus specifically on the lipoprotein synthesis 
pathway. In the present study we compared the uptake 
and metabolism of palmitic acid and linoleic acid by pola- 
rized Caco-2 cells, their incorporation into cellular lipids, 
their effects on cell morphology, and on lipoprotein secretion. 

EXPERIMENTAL PROCEDURES 

Materials 

[l-l4C]palmitic acid (57 mCi/mmol) and [ l-14C]linoleic 
acid (53 mCi/mmol) were purchased from New England 

Nuclear (Boston, MA). Palmitic acid and linoleic acid 
(both 99% pure by gas chromatography) and essentially 
fatty acid-free BSA were obtained from Sigma (St. Louis, 
MO). HP-TLC plates (Silica 60 FZ5*) were purchased 
from Riedel de Haen (Seelze, Germany) and autoradio- 
grams were made on Fuji Medical X-ray film (Fuji, Til- 
burg, Netherlands). 

Cell culture 

Caco-2 cells (14) of intermediate passages (69-92) were 
grown in DMEM supplemented with 20% heat- 
inactivated FCS, 1% nonessential amino acids, 100 U/ml 
penicillin, and 100 pg/ml streptomycin (Gibco BRL, 
Grand Island, NY). The Caco-2 cells were maintained in 
a hydrated atmosphere at 37*C/5% C 0 2  and subcultured 
weekly at a surface dilution of 1:25 using trypsin-EDTA 
(15). Stock cultures of cells were grown in 75-cm2 culture 
flasks (Costar, Cambridge, MA) and medium was 
changed on days 3, 5, and 6 after plating. 

For experiments, cells were cultured on microporous 
membranes of 0.45 pm pore size (Transwell COL-'", 
Costar, Cambridge, MA). The filter diameter and surface 
area were 24.5 mm and 4.7 cm2, respectively. Filter inserts 
were suspended in six 20-mm high polypropylene rings, 
and placed into a 150-mm diameter glass petri dish with 
90 ml medium. Caco-2 cells were plated on filters at a sur- 
face dilution of 1:25 from stock cultures in 75-cm2 flasks. 
Apical medium was changed every other day starting at 
day 5 after plating. Basolateral medium was changed on 
days 7 and 11 after plating. Confluence of the cell 
monolayers was visually determined by phase contrast 
microscopy. The  filters were transferred from the petri 
dishes to 6-well cluster dishes 1 day before the experi- 
ments which were performed on days 14-18 after plating. 
Monolayers were than 8-10 days postconfluent. 

BSA-fatty acid complex preparation 

Fatty acids were complexed to essentially fatty acid-free 
BSA in serum-free D M E M  according to Van Harken, 
Uixon, and Heinberg (23). Two-hundred pl 50 mkf 
linoleic acid in 96% ethanol was added, during vortexing, 
to 400 pl 100 mM NaOH in 96% ethanol. In the case of 
palmitic acid, 2 ml 5 mM in 96% ethanol was added to 
400 pl of the NaOH stock solution to prevent formation 
of precipitate. The  ethanol mixture was evaporated to 
dryness using N2 and the pellet was dissolved in 0.5 ml hot 
bidistilled water and added to 9.5 ml of stirring cold 
serum-free DMEM/l% BSA solution. The fatty acid con- 
centration of the fatty acid-BSA solutions was 1 mM. 
The  ratio of fatty acid to BSA was 7.5:l on a molar basis. 
Fatty acid-BSA solutions were warmed to 37OC before 
addition to the Caco-2 cells. When used, [l-14C]palmitic 
acid or Il-'+CJlinoleic acid was added to the correspond- 
ing fatty acid stock solution in ethanol. 
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Incubation of cells with palmitic acid or linoleic acid 

Monolayers on filters were rinsed 3 times with serum- 
free DMEM before adding 1.5 ml fatty acid-BSA com- 
plexes to the apical cell surface. Three ml of serum-free 
DMEM without BSA or fatty acid was applied to the 
basolateral side of the filters. Cells were incubated with 
fatty acids for 24 h at 37OC unless stated otherwise. After 
the incubation, apical and basolateral media were col- 
lected and centrifuged at 1,000 rpm (TJ-6 centrifuge, 
Beckman Inc., Palo Alto, CA) for 10 min to remove cell 
debris. The lipid content of cells and media was analyzed 
on one- and two-dimensional TLC. Total cellular 
cholesterol and triglyceride were determined with an en- 
zymatic color reaction (Boehringer Mannheim, Ger- 
many). Density of lipoproteins secreted by Caco-2 cells 
was determined in a KBr density gradient according to 
Redgrave, Roberts, and West (24). 

Neutral lipids and phospholipids in Caco-2 cells and 
media 

Apical and basolateral media were collected in glass 
tubes on ice at the end of each incubation. Caco-2 
monolayers were rinsed twice with serum-free DMEM. 
The filters were cut out of the insert and transferred into 
0.5 ml ice-cold PBS. Lipids were extracted from cells and 
media according to the method of Bligh and Dyer (25). 
The chloroform phase was dried under N2 and extracts 
were analyzed by one-dimensional and two-dimensional 
TLC, respectively. 

Neutral lipia!s. Aliquots of the extracts were applied to 
HP-TLC plates using [ 14C]cholesteryl oleate and [ 14C]tri- 
oleoyl glycerol as standards. The solvent system used for 
the one-dimensional HP-TLC was hexane-diethylether- 
acetic acid 9O:lO:l (vol/vol) (26). After collecting triglycer- 
ide and cholesteryl ester, an additional run was performed 
using benzene-diethylether-ethyl acetate-acetic acid 
80:10:10:0.2 (vol/vol) to further separate phospholipids 
and diglycerides. 

Phospholipidr. Two-dimensional TLC was performed ac- 
cording to the method of Renkonen et al. (27). The lipid 
spots on the TLC plates were visualized with iodine vapor 
or autoradiography. The lipid-containing spots were 
scraped directly into counting vials. Ultima Gold (Pack- 
ard Instrument Company, Downers Grove, IL) was added 
before scintillation counting and radioactivity was meas- 
ured with a Packard 1900 CA Tri-Carb liquid scintillation 
counter. In unlabeled cells, cellular phospholipid phos- 
phate was determined according to Rouser, Fleischer, and 
Yamamoto (28). 

ml of basolateral medium was adjusted to d 1.250 g/ml 
with solid KBr in polyallomer tubes and overlaid with 2.8 
ml of KBr/NaCI, 1 mM EDTA solutions of d 1.063, d 
1.019, and d 1.006 g/ml, respectively. The gradients were 
centrifuged for 24 h at 32,000 rpm in a Beckman SW 41 
rotor. Fractions of 0.5 ml were aspirated and 75 pl was 
counted in a Packard 1900 CA Tri Carb liquid scintilla- 
tion counter. A control KBr gradient was processed iden- 
tically in each run to determine the actual density of each 
0.5-ml fraction. 

Vesicular transport in the fatty acid-incubated cells 

After incubation with 1.0 mM palmitic acid, 1.0 mM 
linoleic acid, or 1% BSA, the ability of the cells to synthe- 
size lipids and transport these via vesicular transport was 
assayed as described before (15). Fluorescent ceramide 
((26-[ 7-nitro-2,1,3-benzoxadiazol-4-yl]aminocaproy~-cer~ide), 
was applied to the apical side of the monolayers at the end 
of the 24-h experiments. It was converted to glucosylcera- 
mide and sphingomyelin. Arrival of these short chain ana- 
logs of native membrane lipids at the cell surface is a 
measure of vesicular transport in the cells. 

Cell morphology 
Monolayers of Caco-2 cells grown on filters were fixed 

in 0.1 M PIPES containing 2 %  paraformaldehyde and 
0.2 7% glutaraldehyde. Ultrastructural morphology of the 
cells was studied after freeze substitution according to the 
method described by van Genderen et al. (30). 

ApoB ELISA 

Total amount of apoB secreted by the cells to the 
basolateral medium during 24 h incubation was deter- 
mined using a sandwich ELISA for apoB adapted from 
Ordovas et al. (31). Sheep polyclonal anti-human-apoB 
antibody (Boehringer Mannheim, Germany) 1:5,000 was 
used as capturing antibody. The same antibody was 
purified over an LDL-coupled Sepharose 4B column 
(Pharmacia, Uppsala, Sweden). The purified antibody 
was coupled to HRPO and used as detecting antibody. 
We used purified human LDL (0-10,000 ng/ml) for a 
standard curve. No cross-reactivity occurred with HDL, 
apoA-I, albumin, or lipoprotein-free serum. Intra- and in- 
terassay coefficients of variation were 7.5% and 10.6%, 
respectively. 

Statistical analysis 

All values are expressed as mean f standard deviation 
(SD). Mean differences between groups (palmitic acid vs. 
linoleic acid) were calculated by unpaired Student's 1- 

Density gradient ultracentrifugation of secreted 
lipoproteins 

The lipoproteins secreted into the basolateral media 
were separated on a KBr density gradient (24, 29). Three 

tests. Statistical significance is reached when P < 0.05 
(two-tailed). 

uan Greeuenbroek et al. Palmitic and linoleic acid metabolism in Caco-2 cells 15 

 at U
niversiteitsbibliotheek U

trecht, on M
ay 15, 2014

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/


RESULTS 

Uptake of [l-14C]palmitic acid and [l-14C]linoleic acid 
by Caco-'2 cells 

Free fatty acids were efficiently taken up by the cells: 
85% of the apical [l-I4C]palmitic acid and 81% of apical 
[ l-14C]linoleic acid was absorbed and metabolized by the 
Caco-2 cells. Total incorporation of label into lipid was 
equal with palmitic acid and linoleic acid with both 1.0 
mM and 0.1 mM fatty acid (16 ~f: 2 KBq vs. 15 f 3 KBq, 
respectively, with 1.0 mM, and 4.4 2.0 KBq vs. 
5.4 f 2.7 KBq, respectively, with 0.1 mM fatty acid). No 
more than 0.5% of the original labeled free fatty acid in 
the apical compartment had crossed the monolayer and 
the filter at the end of the incubation. This confirms that 
the monolayers were not permeable to fatty acids or fatty 
acid-BSA complexes. Less than 2.5 x nmol free fatty 
acidhmol phospholipid was present in the cells after any 
of the incubations with roughly 250 nmol of free fatty acid 
left in the apical medium. This shows that the apical cell 
membrane maintained its integrity with the concentra- 
tions of fatty acid used in the study. 

Incorporation of fatty acids into lipids 

Fatty acids were equally incorporated into phospholipid 
and triglyceride with 0.1 mM palmitic acid and with 0.1 
mM and 1 mM linoleic acid. After incubation with 1.0 
mM palmitic acid, the incorporation of this fatty acid into 
phospholipids was %fold higher than the incorporation 
into triglycerides (Table 1). Total phospholipid mass was 
significantly higher in the cells incubated with 1.0 mM 
palmitic acid than with 1.0 mM linoleic acid or 1% BSA 
(580 k 20 vs. 370 f IO and 380 k 30 nmol phos- 
phate/filter, respectively, P < 0.001 n = 4). In addition, 
the total amount of newly synthesized triglyceride and 
phospholipid differed significantly between palmitic acid 
and linoleic acid at 1.0 mM concentration ( P  < 0.02 and 
P < 0.025, respectively, Table 1). In  all incubations, only 

TABLE 1. Total synthesized triglyceride and phospholipid after 24 
h incubation with [ l-14C]linoleic acid or [ 1 -'+CJpalmitic acid 

Fatly A< id 'l'riglywridv t'hosphdipirl 

16:0, 0 . 1  mM n = 5  744 63 837 t 223 
18:2, 0 .1  mhl n = 5  996 I 25 1065 'I 82 

16:0, 1 . ( I  IIlM n = 6  3289 f 1683 10291 i 3340 

P = 0.06 I' = 0.06 

18~2 .  1.0 mhl n = S  5614 + 2767 5726 f 3054 
P < 0.02 P < 0.025 

trace amounts of labeled cholesteryl esters were found in 
the cells. We found a significant increase in the relative 
amount of intracellular 16:0/16:0 phosphatidylcholine 
when monolayers were incubated with 1.0 mM palmitic 
acid (38% vs. 3% of total phosphatidylcholine). With 1.0 
mM linoleic acid, an increase in 18:2/18:2 phosphatidyl- 
choline was found: 25% of total phosphatidylcholine com- 
pared with 0.5% in the control incubation. 

A higher incorporation of labeled fatty acid into diacyl- 
glycerol and phosphatidic acid was found in the incuba- 
tions with 1.0 mM palmitic acid than with 1.0 mM linoleic 
acid. Relative incorporation of labeled fatty acid in diacyl- 
glycerol was 12.5% with palmitic acid versus 0.5% linoleic 
acid, and in phosphatidic acid incorporation was 14.8% 
versus not detectable, respectively. The cellular mass of 
phosphatidic acid was increased with palmitic acid versus 
linoleic acid (52 nmolhlter vs. 3 nmol/filter, respectively). 
Diacylglycerol and phosphatidic acid are precursors of 
phospholipid and triglyceride in the glycerol-3-P pathway, 
which is important in Caco-2 cells. 

The cellular mass of cholesterol was 167 k 19 
nmol/filter in all incubations. Intracellular triglyceride 
mass was 215 k 35 nmol/filter after incubation with 1.0 
mM palmitic acid, 323 f 8 nmol/filter with linoleic acid, 
and it was 90 f 3 nmolhlter in the control incubations 
(n = 2). 

Triglyceride secretion by Caco-'2 cells 

The basolateral/apical polarity of triglyceride secretion 
was high in all incubations. It was similar after incuba- 
tions with 0.1 mM palmitic acid or linoleic (2.5 & 1.2 
n = 7 and 2.8 k 1.2 n = 4, respectively). However, with 
1.0 mM linoleic acid it was significantly higher than with 
1.0 mM palmitic acid (4.7 ? 1.4 n = 6 vs. 2.9 f 1.0 
n = 7, respectively; P < 0.05). 

Triglyceride secretion was determined as a measure of 
lipoprotein secretion in the incubations with 0.1 mM and 
1.0 mM palmitic acid or linoleic acid. With 1.0 mM fatty 
acid, a significant difference was found in basolateral 
secretion, Le., 37.4 k 12.2% of total synthesized triglycer- 
ide (n = 9) with linoleic acid and 16.3 + 6.7% (n = 7) 
with palmitic acid (P = 0.001). In addition, also with 
low fatty acid concentrations (0.1 mM) we found a 
significant difference in the secretion capacity of the cells 
(18.3 2 2.5% witil linoleic acid, n = 4, vs. 12.7 2.0% 
with palmitic acid, n = 5, P < 0.01). In control incuba- 
tions with 1% RSA, using trace amounts of 
[ 1-'4C]palmitic acid, the basolateral triglyceride secretion 
was 6.9 0.8% (Fig. 1). Thus, the triglyceride secretion 
by the cells is lower with palmitic acid than with linoleic 
acid in both concentrations used. 

Total incorporation of label into triglyceride and phospholipid recovered To study the time-dependency of the effects of palmitic 
acid and linoleic acid on Caco-2 cells, we incubated the 
cells for 0, 3, or 9 h with 1.0 mM unlabeled palmitic acid 
or linoleic acid before incubation with the corresponding 

from the basolateral medium, apical medium, and cells after 24 t i  incuba- 
tion with 0.1 or 1.0 m M  [1-1C]paImitic acid or [I-'*C]linoleic acid. Data are 
expressed as total Bq 
was 3,700 Bq with 0.1 m M  and 37,000 Bq with 1.0 mM fatty acid 

SD. The total amount of radioactive label applied 
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" 
0 m M  0.1 m M  1.0 m M  

fatty acid concentration 
Fig. 1. Triglyceride secretion during 24 h incubation with palmitic acid or 
linoleic acid. The basolateral triglyceride secretion was different between 
palmitic acid and linoleic acid with both 0.1 mM (P < 0.01) and with 1.0 
mM (P = 0.001) fatty acid. .. 

radiolabeled fatty acid (Fig. 2). After 0, 3, and 9 h prein- 
cubation with unlabeled fatty acid the transport of newly 
synthesized triglyceride to the basolateral side of the 
monolayer was significantly lower in cells incubated with 
palmitic acid than in the linoleic acid incubations. Longer 
preincubation times (3 and 9 h) with unlabeled palmitic 
acid reduced the percentage of newly synthesized 
triglyceride secreted into the basolateral compartment. 
The opposite was observed after preincubation of the cells 
with linoleic acid. 

Diminished basolateral secretion was also observed 
when assayed independently by quantitating the trans- 
port of the membrane lipid sphingomyelin from the Golgi 
complex to the plasma membrane. Newly synthesized 
sphingomyelin is transferred to the plasma membrane by 
vesicular transport and it has been demonstrated that 
short chain sphingomyelin analogues can be used as a 
marker of secretion (32-34). At the end of the 24-h incu- 
bation, basolateral transport of sphingomyelin during 1 h 
37OC was 12% of total synthesized after incubation with 
palmitic acid, compared to 27% and 26% with linoleic 
and BSA (control), respectively. This indicates that vesic- 
ular transport was affected after incubation with palmitic 
acid. The biochemical and functional differences found in 
the cells suggested that palmitic acid and linoleic acid 
might have different effects on the overall appearance of 
Caco-2 monolayers. 

Morphology of Caco-2 cells after incubation with fatty 
acid 

In two independent experiments, an ultrastructural in- 
vestigation was performed on Caco-2 cell monolayers af- 
ter 24 h incubation with palmitic acid, linoleic acid, or 
BSA as control. No morphological differences were ob- 
served between the 1.0 mM linoleic acid and control incu- 

bations. After seeding, Caco-2 cells formed confluent 
monolayers with a clearly polarized morphology. The api- 
cal side of the cells was homogeneously covered with 
microvilli and no irregularities were observed in the 
confluent monolayers. Glycogen is visible mainly in the 
apical part of the polarized cells whereas the cell nuclei 
were predominantly seen in the basal half of the cells (Fig. 
3, panel a). 

With increasing concentrations of palmitic acid 
(0.1-0.25-0.5-1.0 mM) the ultrastructural morphology of 
the cells showed increasing changes compared to the 
linoleic acid and control incubations (Fig. 3, panels a-d); 
no differences were seen with 0.1 mM or 0.25 mM fatty 
acid. Polarized Caco-2 cells changed conspicuously with 
0.5 mM and even more with 1.0 mM palmitic acid com- 
pared to linoleic acid or control incubations. These con- 
centrations of palmitic acid strongly reduced the presence 
of microvilli at the apical side of the cells. Cells rounded 
off and an increase in the interstitial space between cells 
was seen whereas tight junctions remained intact. A 
pronounced accumulation of membranes occurred in the 
cells. The changes of the cells incubated with palmitic 
acid, however, had no effect on the functional confluence 
of the monolayers as no free fatty acid had crossed the 
filter membrane to the basolateral compartment during 
the incubation (see above), We observed that the palmitic 
acid-incubated cells were laden with membranes extend- 
ing throughout the cells without accumulation of lipid 
droplets or lipoprotein-like particles in any distinct part of 
the cells (Fig. 3, panel d). These findings agree with both 

0 1  mM 16:O I1 mM 182 

â  ' -  I .- 8 60 

50 

B - 40 

3 30 

* 

- m 
Q4 

E .- E 20 

g 10 
0 

n 
T=O h .  T=3 h. T=9 h 

Time of preincubation with unlabeled fatty acids 

Fig. 2. Transport of newly synthesized triglycerides to the basolateral side 
of the Caco-2 monolayer, measured after 0, 3, or 9 h preincubation with 
palmitic acid and linoleic acid prior to [1-"Clpalmitic acid and 
[1-*4C]linoleic acid incubation, respectively. The transport of triglycerides to 
the basolateral medium increased after prolonged preincubation with 
linoleic acid whereas it decreased after preincubation with palmitic acid. 
The total amount of triglyceride synthesized by the cells in 24 h after prein- 
cubation with palmitic acid for 0 h, 3 h, or 9 h was 4590 Bq, 4190 Bq, and 
4700 Bq h, respectively. After preincubation with linoleic acid these amounts 
were 7230 Bq, 6410 Bq, and 6400 Bq, respectively. 
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d 

Fig. 3. Electron micrographs of monolayers of Caco-2 cells gmwn on Transwell-COL filters for 13 days. The cells were incubated for 24 h with 1% BSA, 
1.0 mM linoleic acid, or increasing concentrations of palmitic acid. Panel a: morphology of cells incubated with 1.0 mM linoleic acid was equal to the control 
incubation with 1% BSA. A representative example is given in this panel. Panel b With 0.1 mM palmitic acid, no morphological changes are seen. Panel 
c: with 0.5 mM palmitic acid some intracellular membrane accumulated in the cells ( a m ) .  Panel d: With 1.0 mM palmitic acid the cells are laden with 
intracellular membranes; microvilli are strongly reduced. 
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the higher level of newly synthesized cellular phos- 
pholipids in the cells incubated with [l-14C]palmitic acid 
(Table 1) and with the increase in total cellular phospholipid. 

Rwersibility of the morphological effect of high 
palmitic acid concentrations 

We determined whether the effects of 1.0 mM palmitic 
acid on Caco-2 cell morphology, i.e., the intracellular ac- 
cumulation of membranes, were reversible. We extended 
the 24-h incubations with an additional incubation for 24 
h with 0.5 or 1.0 mM linoleic acid, known to have no ad- 
verse effects on morphology and function. The effects of 
palmitic acid were reversed in part with 0.5 mM linoleic 
acid and completely reversed to normal morphology with 
1.0 mM linoleic acid. The intracellular membrane ac- 
cumulation disappeared and microvilli and morphologi- 
cal polarity were restored (Fig. 4). .. 
Lipoprotein secretion and particle size after 1.0 mM 
palmitic acid or linoleic acid incubation 

Subsequently, we studied whether palmitic acid, in ad- 
dition to the cellular effects, would also influence the type 
of lipoprotein particles that were secreted. We fractio- 
nated basolateral media on 1.006-1.250 g/ml KBr density 

gradient (24). Lipoproteins secreted to the basolateral medium 
after incubation with 1.0 mM [1-W]linoleic acid appeared 
mainly at chylomicron density, d < 1.006 g/ml (Fig. 5, 
panel A). In contrast, lipoproteins secreted during 
[1- Wlpalmitic acid incubation were present at d 
1.020-1.067 g/ml or LDL density, indicating secretion of 
relatively triglyceride-depleted or phospholipid-enriched 
lipoproteins. Lipoproteins secreted in the incubation with 
palmitic acid or linoleic acid, therefore, differed in com- 
position. Immunoblotting of the three peak fractions was 
done to verify the presence of buoyant lipoproteins at the 
peak fractions of the Redgrave gradient (Fig. 6). 
ApoB-100 and apoB-48 were found at chylomicron and 
LDL density, in agreement with the presence of lipid 
(Figs. 5 and 6). The fraction with the highest density con- 
tained only a small amount of apoB-48 and no apoB-100. 
ApoB proteins secreted to the basolateral medium were 
measured using a sandwich ELISA for total apoB. 
Secreted apoB was 680 f 300 ng/filter (n = 16) with 
BSA, 700 k 310 ng/filter (n = 21) with palmitic acid, and 
1140 k 570 ng/filter (n = 22) with linoleic acid 
(P < 0.01). The basolateral secretion of triglyceride was 
20, 23, and 93 nmol/filter with BSA, 1.0 mM palmitic 
acid, and 1.0 mM linoleic acid, respectively. Thus, the 

Fig. 4. The morpholo& effects of 1.0 mM palmitic acid on the Caco-2 cells, as shown in Fig. 3, panel d, were reversed by linoleic acid. Panel a: after 
24 h incubation with 1.0 mM palmitic acid the cells were incubated with 0.5 mM linoleic acid. Normal morphology of the cells is pardy restored. Panel b 
Cells after 24 h incubation with 1.0 mM palmitic acid followed by 24 h incubation with 1.0 mM linoleic acid. The normal morphology of the cells is almost 
completely restored. The accumulated membranes have disappeared from the cells and functional morphology is restored. 
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Fig. 5. Characteristics of secreted lipoproteins in density gradient analysis. Panel A: Density gradient profiles of 
lipoproteins in the basolateral medium after 24 h fatty acid incubation. Lipoproteins were recovered from the 
basolateral media of Caco-2 cells incubated in two independent experiments for 24 h with 1.0 mM [l-14C]palmitic 
acid or 1.0 mM [l-l*C]linoleic acid, and separated on a 1.006-1.250 g/ml KBr density gradient. Panel B: MDCK 
cells were incubated with 1.0 mM [l-14C]linoleic acid and 1.0 mM [1-1*C]palmitic acid as control for the shedding 
of membrane fragments into the basolateral medium. 
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Fig. 6. Apolipoprotein B-100 and B-48 in secreted lipoproteins. lmmunoblot of'apoB-100 and apoB-48 in 
the different density fractions of the basolateral medium after incubation with 1.0 mM 16:O or 1.0 mM 182. 
The duplicates are the results of two independent experiments. Lane A: d < 1.007, lane R: 1.020 < d < 
1.068, lane C: d > 1.080, L D L  delipidated human LDL. 
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buoyant lipoproteins secreted during linoleic acid incuba- 
tion contain 2.5-fold more triglyceride per apoB than in 
palmitic acid or BSA incubations. These data are consis- 
tent with the secretion of lipoproteins closely resembling 
chylomicrons in the incubation with linoleic acid. We esti- 
mate that the ratio of triglyceride over apoB was 3000:l 
mol/mol in the lipoproteins secreted with linoleic acid, 
1200:l mol/mol with palmitic acid, and 1OOO:l mol/mol in 
the BSA incubation, respectively. 

In both the [1-14C]palmitic acid and the [l-14C]linoleic 
acid incubations, a considerable amount of total activity 
appeared in the most dense part of the gradient (d > 
1.080 g/ml) that contains mainly proteins (Fig. 5, panel 
A). As a control to the separation capacity of the KBr gra- 
dient, confluent monolayers of MDCK I1 cells were 
grown on polycarbonate filters and incubated with 
[l-14C]palmitic acid and [l-14C]linoleic acid under the 
same conditions as Caco-2 cells. MDCK 11, a kidney- 
derived cell line, is known to release membrane fragments 
and is not capable of synthesizing lipoprotein particles. In 
the density gradient of the basolateral medium from cul- 
tures of MDCK I1 cells incubated with radiolabeled fatty 
acid, the label was found in the protein fraction (Fig. 5, 
panel B) and no radioactivity was present at lipoprotein 
densities. It is, therefore, most likely that the radioactivity 
appearing in the LPFS obtained from the Caco-2 incuba- 
tions represents secreted or disrupted cellular membrane 
fragments or non-lipids. We conclude that the radioactive 
label appearing in lipoprotein densities in the basolateral 
media was not contaminated with membrane fragments 
but represented newly formed lipoprotein particles. 

DISCUSS ION 

In the present study, different effects of 0.1 mM and 1.0 
mM palmitic acid and linoleic acid on polarized Caco-2 
cells were found, with respect to metabolism of the fatty 
acids, incorporation into phospholipids and triglycerides, 
cell morphology, and the density of the secreted 
lipoproteins. Palmitic acid and linoleic acid are quantita- 
tively important constituents of the human diet and the 
concentrations used in the present study are physiological 
in the human postprandial intestine. It should be realized 
that the Caco-2 cell line has its specific limitations com- 
pared to the in vivo situation of the human intestine. 
Caco-2 cells lack the intestinal fatty acid binding protein 
(FABP) but do express, like the normal enterocyte, the 
liver-FABP abundantly (35). The major intestinal path- 
way for synthesis of triglycerides is the monoacylglycerol 
pathway. Fatty acids absorbed by intestinal cells can, 
however, be assimilated to triglycerides via the phospha- 
tidic acid pathway (36) and it has been established also 
that, in the absence of luminal 2-monoacylglycerol, fatty 
acids are effectively incorporated into triglycerides of 

lymph chylomicrons (37). A specific characteristic of the 
Caco-2 cell line is that it uses the glycerol-3-phosphate 
pathway for the synthesis of triglycerides (17, 38). It is evi- 
dent, however, from the results of other investigators (7, 
11, 13, 39) and from our present results, that Caco-2 cells 
are able to synthesize and secrete lipoproteins at 
chylomicron density. Caco-2 monolayers cultured on 
filters are, despite their drawbacks, currently one of the 
best models available of the human intestine in vitro to 
study the synthesis and secretion of intestinal 
lipoproteins. The Caco-2 monolayers we used showed 
polarized triglyceride secretion directed toward the 
basolateral side of the monolayers. The control 
monolayers after 14 days in culture showed functional 
morphology with electron microscopy: the cells expressed 
a well-developed brush border (Fig. 3 panel a). Less than 
2.5 x 10-3 nmol free fatty acidhmol phospholipid was 
present in the cells after 24 h incubation and no difference 
was found between palmitic acid and linoleic acid. With 
roughly 250 nmol of free fatty acid left in the apical 
medium at the end of the incubation, it is very unlikely 
that the apical membrane had been damaged. No differ- 
ences were observed in the absorption of linoleic acid or 
palmitic acid from the fatty acid-BSA complexes in any 
of the incubations. 

With low (0.1 mM) concentrations of palmitic acid and 
linoleic acid, we found a significant difference in the 
basolateral triglyceride secretion of the cells (18.3 f 2.5% 
with linoleic acid vs. 12.7 +_ 2.0% with palmitic acid). 
With this low fatty acid concentration, no difference was 
observed in cell morphology or in incorporation of fatty 
acids into triglyceride and phospholipid (Table 1; Fig. 3, 
panel b). 

With high (1.0 mM) concentrations of linoleic acid and 
palmitic acid we found distinct differences in lipid synthe- 
sis. With 1.0 mM palmitic acid, a higher amount of phos- 
pholipid and a lower amount of triglycerides was synthe- 
sized compared to the incubation with linoleic acid (Table 
1). Phospholipids synthesized in the 1.0 mM palmitic acid 
incubation were primarily retained in the cells. Both the 
intracellular amount of saturated phospholipid species 
(16:0/16:0-phospholipids) and the total mass of intracellu- 
lar phospholipid were higher in the cells incubated with 
1.0 mM palmitic acid compared to 1% BSA or 1.0 mM 
linoleic acid. Less lipoprotein was secreted with 1.0 mM 
palmitic acid than with 1.0 mM linoleic acid, measured as 
lower apoB concentrations in the basolateral media. The 
basolateral triglyceride secretion was increased compared 
to the low fatty acid concentration (37.4 + 12.2% with 
linoleic acid and 16.3 6.7% with palmitic acid; Fig. 1). 

Increasing concentrations of palmitic acid caused in- 
creasing changes in cell morphology (Fig. 3). With 1.0 
mM palmitic acid this resulted in accumulation of in- 
tracellular membrane and strongly diminished microvilli. 
These abnormalities in cell morphology were partly rever- 
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sible with 0.5 mM linoleic acid. Normal morphology was 
completely restored with 1.0 mM linoleic acid (Fig. 4). 

We hypothesize that in cells incubated with 0.1 mM 
palmitic acid the cause of the lower secretion capacity is 
the saturation of endoplasmic reticulum membranes with 
16:0/16:0-phospholipids. Membranes composed of satu- 
rated lipid species may be abnormally rigid and are there- 
fore likely to hamper vesicular transport. We used the 
delivery of a short chain sphingomyelin to the apical and 
basolateral plasma membrane as marker to assay the con- 
dition o f  the secretory pathway (15). In the presence of 1.0 
mM palmitic acid, decreased delivery of sphingomyelin to 
the basolateral side of the Caco-2 cells was observed in- 
dicating decreased vesicular transport from the Golgi 
complex to the plasma membrane. 

There may be two possible explanations for the effects 
of palmitic acid on the cells. First, palmitic acid nmy 
cause increased saturation of  cellular membranes due to 
increased synthesis of phospholipids with excess saturated 
fatty acid species. These more rigid membranes may 
result in reduced vesicular transport and, therefore, 
reduced triglyceride and lipoprotein secretion. Synthesis 
of triglyceride may then be inhibited via a feed-back 
mechanism. The accumulating pool of free palmitic acid 
in the cells will subsequently be routed into the phos- 
pholipid synthesis pathway. This feed-back hypothesis is 
not supported directly by data from literature (40, 41) 
reporting that enterocytes are able to accumulate large 
amounts of intracellular triglyceride or lipoproteins if 
secretion is hampered. O n  the other hand, the tripalmitoyl- 
glycerol that is synthesized in the cells during incubation 
with palmitic acid is not abundantly present in normal 
physiology. Possibly, excess palmitic acid, accumulating in 
the cells as a result of reduced vesicular transport, cannot 
be stored as triglyceride as tripalmitoylglycerol is a solid 
crystal at 37OC and, as such, potentially toxic lor the cell, 
explaining the preferential incorporation into phos- 
pholipids. Secondly, the effects caused by palmitic acid 
can be the result of a direct metabolic effect. The sub- 
strate affinity of palmitic acid for ditrerent enzymes in- 
volved in triglyceride and phospholipid synthesis is 
unknown. Nevertheless, our results suggest that palmitic 
acid may be preferentially incorporated into phos- 
pholipids rather than triglycerides. With low palmitic acid 
concentrations, these more saturated phospholipid species 
will then be synthesized and this results in a reduction in 
vesicular transport, explaining the observed low triglycer- 
ide secretion. With 1.0 mM palmitic acid, both the 
decrease in vesicular transport and triglyceride secretion, and 
the increase in cellular phospholipid can be explained. Even- 
tually, this process results in the accumulation of intracellu- 
lar membranes observed by electron microscopy. 

Incubation of  cells with linoleic acid increased the 
transport of triglycerides and resulted in the secretion of 
chylomicrons. In 1988, Murthy et al. (9) studied the effect 

of chronic incubation of Caco-2 cells with low concentra- 
tions of palmitic acid. They found 60% of the radiola- 
beled palmitic acid in cellular triglycerides. In our experi- 
ments, palmitic acid added in a low concentration (0.1 
mM) was incorporated equally into triglycerides and 
phospholipids. With high concentrations, incorporation 
of fatty acid into phospholipids was 3-fold higher than 
into triglycerides (Table 1). The differences in the effects 
of isolated fatty acids, palmitic acid, and linoleic acid, 
used in our experiments illustrate that the next step in this 
kind of experiment is to study the metabolic fate of radi- 
olabeled fatty acids in a mixture of fatty acids resembling 
the human diet. This will provide a physiological situa- 
tion of assessing lipoprotein secretion by Caco-2 cells. 

More triglyceride was secreted into the basolateral than 
into the apical medium in all incubations. This is in 
agreement with the results of Trotter and Storch (17) in  
their 60-min incubations of Caco-2 cells with palmitic 
acid. Levin and co-workers (42) have reported lack of' 
polarity of triglyceride secretion by Caco-2 cxlls. 

Caco-2 cells incubated with linoleic acid sccreted 
lipoproteins at chylomicron density. In contrast, after in- 
cubation with 1.0 mM palmitic acid, cells secreted morc 
dense lipoproteins (Fig. 5, panel A). The amount ol' 
triglyceride/apoB (nmol/ng) is 2.5 times higher- with 
linoleic acid than with palmitic acid. A higher triglycer- 
ide/apoB ratio implicates lower density of the lipoproteins 
and confirms the results of the density gradient. 'I'hese 
results are in agreement with the results of Kalogeris and 
Story (43) who reported that chylomicrons isolated from 
lymph of  rats fed butter oil were smaller than those of rats 
fed corn oil diets. 

In the present study, we have compared the effects ofO.l 
and 1.0 mM linoleic acid and palmitic acid on polarized 
monolayers of Caco-2 cells. We studied the uptake and 
metabolism of the two fatty acids and compared their 
effects on Caco-2 cell morphology and lipoprotein secre- 
tion. After a 24-h incubation with 1.0 mM of either fatty 
acid, palmitic acid had been preferentially used for phos- 
pholipid synthesis. By contrast, linoleic acid was incorpo- 
rated in equal amounts into triglycerides and phos- 
pholipids. Phospholipids were retained in the cells 
whereas triglycerides were mainly secreted. Furthermore, 
cells incubated with increasing concentrations of palmitic 
acid showed increasing accumulation of membranes in 
the cells, whereas no  morphological changes were seen in 
the cells incubated with linoleic acid and control cells. 
Vesicular transport was reduced in the Caco-2 cells in- 
cubated with 1.0 mM palmitic acid. The effects of 1.0 mM 
palmitic acid were reversible with 1.0 mM linoleic acid. 
The  triglyceride secretion capacity of the cells was lower 
with palmitic acid than with linoleic acid with both 0.1 
and 1.0 mM fatty acid. Lipoproteins secreted by the 
Caco-2 cells incubated with linoleic acid were present in 
the d < 1.006 g/ml or chylomicron fraction whereas those 
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secreted during palmitic incubation were at LDL density. 
We conclude from our results that palmitic acid in low 
concentration induces reduced secretion capacity of the 
cells. With higher concentrations of palmitic acid this 
results in increased synthesis of phospholipid which is 
subsequently retained in the cells giving raise to the ob- 
served morphological effects. I 

This work was supported by a fund from the National Nutri- 
tional Science Network in the Netherlands and the Foundation 
of Lipid Research of the Utrecht University Hospital. T. W. A 
de Bruin is Senior Clinical Investigator of the Dutch Heart 
Foundation. 
Manuscript receiued 18 A u ~ u t  1993 and in reuisedform 14 July 1994 

1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

REFERENCES 

Wetterau, J. R., L. F? Aggerbeck, M. Bouma, C. Eisenberg, 
A. Munck, M.  Hermier, J. Schmitz, G. Gay, D. J. Rader, 
and R. E. Gregg. 1992. Absence of microsomal triglyceride 
transfer protein in individuals with a-betalipoproteinemia. 
Science. 258: 999-1001, 
Dixon, J. L., S. Furukawa, and H. N. Ginsberg. 1991. Ole- 
ate stimulates secretion of apoB-containing lipoproteins 
from HepG2 cells by inhibiting early intracellular degrada- 
tion of apoB. J.  Biol. Chem. 266: 5080-5086. 
Davis, R. A., R. N. Thrift, C. C. Wu, and K. E. Howell. 
1990. Apolipoprotein B is both integrated into and translo- 
cated across the endoplasmic membrane. J.  Biol. Chem. 
265: 10005-10011. 
Sato, R., T. Imanaka, A. Takatsuki, and T. Takano. 1990. 
Degradation of newly synthesized apoB-100 in a pre-Golgi 
compartment. J Biol. Chem. 265: 11880-11884. 
Ellsworth, E. L., S. K. Erickson, and A. D. Cooper. 1986. 
Very low and low density lipoprotein synthesis and secre- 
tion by the human hepatoma cell line HepG2: effects of free 
fatty acid. J Lipid Res. 27: 858-874. 
Byrne, C. D., T. W. M. Wang, and C. N. Hales. 1992. Con- 
trol of HepG2-cell triacylglycerol and apolipoprotein B 
synthesis and secretion by polyunsaturated non-esterified 
fatty acids and insulin. Biochem. J. 288: 101-107. 
Field, F. J., E. Albright, and S. N. Mathur. 1988. Regula- 
tion of triglyceride-rich lipoprotein secretion by fatty acids 
in Caco-2 cells. J Lipid Res. 29: 1427-1437. 
Dashti, N., E. Smith, and P. Alaupovic. 1990. Increased 
production of apolipoprotein B and its lipoproteins by oleic 
acid in Caco-2 cells. J Lipid Res. 31: 113-123. 
Murthy, S., E. Albright, S. N. Mathur, and F. J. Field. 
1988. Modification of Caco-2 cell membrane fatty acid 
composition by eicesapentaenoid acid and palmitic acid: 
effect on cholesterol metabolism. J Lipid Res. 29: 773-780. 
Murthy, S., E. Albright, S. N. Mathur, and E J. Field. 
1990. Effect of eicosapentaenoic acid on triacylglycerol 
transport in Caco-2 cells. Biochim. Biophys. Acta. 1045: 147-155. 
Traber, M. G., H. J. Kayden, and M. J. Rindler. 1987. Pola- 
rized secretion of newly synthesized lipoproteins by the Caco-2 
human intestinal cell line. J. Lipid Res. 28: 1350-1363. 
Wagner, R. D., E. Krul, J. B. Moberly, D. H.  Alpers, and G. 
Schonfeld. 1992. Apolipoprotein expression and cellular 
differentiation in Caco-2 intestinal cells. Am. J Physiol. 263: 
E374-E382. 

13. Ranheim, T., A. Gedde-Dahl, A. C. Rustan, and C. A. 
Drevon. 1992. Influence of eicosapentaenoic acid (20:5, n-3) 
on secretion of lipoproteins in CaCo-2 cells. J.  Lipid Res. 33: 
1281-1293. 
Pinto, M., S. Robine-Leon, M. D. Appay, M. Kedinger, N. 
Tridou, E. Dussaux, B. Lacruix, F? Simon-Assman, K. Haffen, 
J. Fogh, and A. Zweibaum. 1983. Enterocyte-like differentia- 
tion and polarization of the human colon carcinoma cell line 
Caco-2 in culture. Biol. Cell, 47: 323-330. 
van 't Hof, W., and G. van Meer. 1990. Generation of lipid 
polarity in intestinal epithelial (Caco-2) cells: sphingolipid syn- 
thesis in the Golgi complex and sorting before vesicular traffic 
to the plasma membrane. J.  Cell Bbl. 111: 977-986. 

16. Rodriguez-Boulan, E., and S. K. Powell. 1992. Polarity of 
epithelial and neuronal cells. Annu Rev. Cell Biol. 8: 395-427. 

17. Trotter, P. J., and J. Storch. 1993. Nutritional control of fatty 
acid esterification in differentiatine Caco-2 intestinal cells is 

14. 

15. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

25. 

26. 

27. 

28. 

29. 

30. 

" 
mediated by cellular diacylglycerol concentrations. J. Nutt: 

Artursson, P. 1990. Epithelial transport of drugs in cell culture 
I: a model for studying the passive diffusion of drugs over in- 
testinal absorptive (Caco-2) cells. J: phonn. Sci. 7 9  476-482. 
Hidalgo, I. J., and R. T Borchardt. 1990. Transport of bile 
acids in a human intestinal epithelial cell line, Caco-2. Bio- 
chim. Biophys. Acta. 1035: 97-103. 
Hidalgo, I. J., T J. Raub, and R. T Borchardt. 1989. Charac- 
terization of the human colon carcinoma cell line (Caco-2) as 
a model system for intestinal epithelial permeability. Gartmen- 
~BV~OQ. 96: 736-749. 
de Bruin, T. W. A,, M. M. J. van Greevenbroek, H. 
Bouritius, G. van Meer, and D. W. Erkelens. 1992. Linoleic 
acid is a very potent apolipoprotein B-48/B-100 secretagogue 
in polarized Caco-2 cells monolayers. Circulation. 86: 2974. 
Cianflone, K. M., Z. Yasruel, M. A. Rodriguez, D. Vas, and 
A. D. Sniderman. 1990. Regulation of apoB secretion from 
HepG2 cells: evidence for a critical rule for cholesteryl ester 
synthesis in the response to a fatty acid challenge. J Lipid Res. 

van Harken, D. R., C. W. Dixon, and M. Heimberg. 1969. 
Hepatic lipid metabolism in experimental diabetes. J Biol. 
C h .  244: 2278-2285. 
Redgrave, T G., D. C. K. Roberts, and C. E. West. 1975. 
Separation of plasma lipoproteins by density gradient 
ultracentrihgation. Anal. Biochem. 65: 42-49. 
Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total 
lipid extraction and purification. Can. J .  Biochen. Physiol. 37: 

Jagannatha, H. M., and F! S. Sastry. 1981. Cholesterol- 
esterifying enzymes in developing rat brain. J.  Neumchmz. 36: 

Renkonen, O., C. G. Gahmberg, K. Simons, and L. Kaariai- 
nen. 1972. The lipids of the plasma membranes and endoplas- 
mic reticulum from cultured baby hamster kidney cells (BHK 
21). Biochim. Biophys. Ach. 255: 66-78. 
Rouser, G., S. Fleischer, and A. Yamamoto. 1970. Two- 
dimensional thin-layer chromatographic separation of polar 
lipids and determination of phospholipids by phosphorous 
analysis of spots. Lipids. 5: 494-496. 
Castro Cabezas, M., T. W. A. de Bruin, H. Jansen, L. A. W. 
Kock, W. Kortlandt, and D. W. Erkelens. 1993. Impaired 
chylomicron remnant clearance in familial combined hyper- 
lipidemia. Artenosclet: Thromb. 13: 804-814. 
van Genderen, I. L., G. van Meer, J. W. Slot, H. J. Geuze, 
and W. F. Voorhout. 1991. Subcellular localization of Forss- 
man glycolipid in epithelial MDCK cells by immuno-electron 
microscopy after freeze-substitution. J Cell Biol. 115: 1009-1019. 

123: 728-736. 

31: 2045-2055. 

911-917. 

1352-1360. 

uan Greevenbroek et a/. Palmitic and linoleic acid metabolism in Caco-2 cells 23 

 at U
niversiteitsbibliotheek U

trecht, on M
ay 15, 2014

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/


31. Ordovas, J. M., J. P. Peterson, P. Santaniello, J. S. Cohn, 
P. W. E Wilson, and E. J. Scheafer. 1987. Enzyme-linked 
immuno-sorbent assay for human plasma apolipoprotein B. J.  

32. van Meer, G., E. H. K. Stelzer, R. W. Wijnandts-van- 
Resandt, and K. Simons. 1987. Sorting of sphingolipids in 
epithelial (Madin-Darby canine kidney) cells. J Cell Bid 105: 

33. Helms, J. B., A. Karrenbauer, K. W. A. Wirtz, J. E. Roth- 
man, and F. T. Wieland. 1990. Reconstitution of steps in the 
constitutive secretory pathway in permeabilized cells. J Bid. 

34. Karrenbauer, A., D. J. Jeckel, W. Just, R. Birk, R. R. 
Schmidt, J. E. Rothman, and F. T. Wieland. 1990. The rate 
of bulk flow from the Golgi to the plasma membrane. Cell. 63: 

35. Sweetser, D. A,, E. H. Birkenmeier, I. J. Klisak, S. Zollmann, 
R. S. Sparkes, T. Mohandas, A. J. Lusis, and J. I. Gordon. 
1987. The human and rodent intestinal fatty acid binding pro- 
tein genes. J Biol. C h .  262: 16060-16071. 

36. Clark, B., and G. Hubscher. 1961. Biosynthesis of glycerides 
in subcellular fractions of intestinal mucosa. Biochim. Biuplys. 

Lipid h. 28 1216-1224. 

1623-1635. 

C h .  265: 20027-20032. 

259-267. 

Acta. 152 479-494. 

37. Yang, L., and A. Kuksis. 1991. Apparent convergence (at 
2-monoacylglycerol level) of phosphatidic acid and 2-monoacyl- 
glycerol pathways of synthesis of chylomicron triacylglycerols. 

38. Trotter, l? J., and J. Storch. 1993. Fatty acid esterification dur- 
ing differentiation of the human intestinal cell line Caco-2. J 
Bid. C h  268: 10017-10023. 

39. Hughes, T. E., W. Vodek-Sasak, J. M. Ordovas, T. M. Forte, 
S. Lamon-Fava, and E. J. Schaefer. 1987. A novel cell line 
(Caco-2) for the study of intestinal lipoprotein synthesis. J 
Biol. C h  262: 3762-3767. 

40. Levy, E., Y. Marcel, R. J. Deckelbaum, R. Milne, G. Lepage, 
E. Seidman, M. Bendayan, and C. C. RT. 1987. Intestinal 
apoB synthesis, lipids, and lipoprotein in chylomicron reten- 
tion disease. J Lipid &. 28: 1263-1274. 
Halpem, J., l? Tso, and C. M. Mansbach. 1988. Mechanism 
of lipid mobilization by the small intestine after transport 
blockade. J Clin. Invest. 82: 74-81. 
Levin, M. S., V. D. Talkad, J. I. Gordon, and W. E Stenson. 
1992. Trafficking of exogenous fatty acids within Caco-2 cells. 

J Lipid Res. 33: 9-19. 
Kalogeris, T. J., and J. A. Story. 1992. Lymph chylomicron 
size is modified by fat saturation in rats. J Nu& 122: 1634-1642. 

J Lipid RB. 32: 1173-1186. 

41. 

42. 

43. 

24 Journal of Lipid Research Volume 36, 1995 

 at U
niversiteitsbibliotheek U

trecht, on M
ay 15, 2014

w
w

w
.jlr.org

D
ow

nloaded from
 

http://www.jlr.org/

